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Extended Abstract in Greek

Ewcaywyn

O1 avudpdaoeig verpoviov oe 1oo6tomna tou eppaviou (Ge) eivat moAu onpavtt-
KEG TOOO Yld IPAKTIKEG £PAPUOYEG, 000 Kal yia 1 OepeAdiddn Epeuva otov
Topeéa ng IMupnvikng duoikng. Ot mMpaktkEG epappoyeg rnepldapbavouv
doowpetpia, TNV AOTPOPUOIKY), TEXVOAOYia aviidpaotr)pwyV, TV IUPIVIKI) 1aTPl-
K1 Kabwg kat v eupeia xprjon t1ou Ge oe aviyveutég aktivoBoAiag-y. ‘Ooov
agopd otn BepeAd1ddn £peuva, KATOEG Ao tg avudpdaoelg (n,x) oe 10otoTIA
tou Ge, mapAyouv IUpr)veg o 100pEPelS Kataotdoelg uyndou ormv. H a-
od1€yepon TETO10U £160UG TTUPN VOV £§APTATAL ONPAVIIKA ATIO TV KATAVOUT)
TV OTTV OTO OUVEXT] X®WPO TV PACE®V, KAOKG KAl T®V AVIIOTOIX®V TIH®OV oIV
TOV H1aKPIIEV KATAoTAoe®V. AKP18n nelpapatikda dedopéva evepywmv dSltatopov
(n,x) avtibpdoewv ImouU ITapPAyouV TET010U £160UG TTUPTVEG, TTAI{OUV ONUAVIIKO
POAO ot peAétn Tou mapayopevou ouvbetou nuprjva. Mia mAnbwpa Kavaiiwv
avtibpaong sival dtabéoa mpog pedétn ano ta mévie otabepd 100TorA TOU
Ge (70-72.73.74.76Ge), artokadurttoviag diaitepa eviiadpepouosg ouotnpATL-
KEG, ONHAVIIKEG yia 11 BeATIOTOION O UMMOAOY1IOP®OV OTATIOTIKOV HOVIEAQDV.
H tautdoxpovn avanapaymyn oAV ToV MEPAPATIKA PETPOUHEVAOV KAVAAIDOV
avtidpaong, XPnolpornol®viag to 1610 oUVoAo TapaPEIp®V €10060U, UITOPET
va dpdaoel oG €va TOAU 10XUPOG TIEPIOPIOPOS OF UTTOAOY1OHOUS OTATIOTIKGOV
povtédav. Emnpoobetwg, akpiBn dedopéva evepywv H1atopwv Oe eVEPYELEG
VETpOVinV peyadutepeg amo ta 15 MeV, eivatl oAU onpavikeg, epooov og au-
T TV EVEPYELAKT] TIEPLOXI], 1] OUVEIOPOPA PAIVOPEVAV TTPO-100PPOTTiAG OTNV
arod1€yeporn) ToU OUVOETOU TTUPLvVa, YIVETAl ONUAVTIKY).

Ta neploocotepa amnod ta uvrndapyovia dedopéva evepymv H1aTopdV yid avit-
dpaoeig (n,x) oe 1ootomta tou Ge nou Bpiokovtat otn BiBAloypadia, Exouv pe-
TPnOel pe xprjon Puokav otoxev Meppaviou (M2LGe) kat eivat meploplopéva
O€ eVEPYELEG KAT® arto 15 MeV, pe peyaleg anoxkAioslg petadu toug. Ipémet
€iong va UTOYPAPHIOTEL 0Tl AVTIOTOIXEG ATIOKAIOEIS TIapatnpouvial petady

ix
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1OV UTIAPXoVvioV B1BA100NKoOV alodoynong, Ol OTI0Ieg yivovial ONPAVIIKEG O
PEYaAUTEPEG EVEPYELEG.

Bdoel oV Iaparndve, oty rapouod epyacid, ot avidpdoets /0Ge(n,2n)%9Ge,
72Ge:(n,p)72Ga, 72Ge(n,<11)69mZn, 73Ge(n,p)73Ga, 73’Ge(n,np/d)72Ga,
73Ge(n,na)®9MZzn, "4Ge(n,a)’1MZn, 74Ge(n,np/d)mGa kat "6Ge(n,2n)"°Ge
peAetOnkav oto evepyelako supog 14.0 - 18.9 MeV.

O1 evepyég dlatopég perpnOnkav nepapatika 8aoet tng peboédou ng ve-
TPOVIKIG EVEPYOTTIOINONG, AS10ITO1MVTAG ITEVIE 100TOITIKA EUIMAOUTIOPEVOUS OTO-
Xoug, toug ortoioug rtapeixe 1o n_TOF collaboration (CERN). Ot aktivoBoAr)-
oe1g €AaBav X®pa OTIS VETPOVIKEG EYKATAOTACELG:

* Tou ermtayxuvin 5.5 MV Tandem Van de Graaff tou EKE®DE “Anuoxkpt-
10G” (ABrva, EAAada).

* Tou erutaxuviy 2 MV Tandetron otnv eykataotaon "AMANDE”, IRSN
(TaAAia).

O1 mapaywyr] TV O10Vei-PIOVOEVEPYEIAKWY SeOP®V veTpoviov Baolotnke
omv avtidpaon SH(d,n)*He (D-T) kat oTig 60 VETPOVIKEG EYKATACTACELS, EVE
1 Arapaitntn VEIPOVIKI por) rpoodlopiobnke péow tng aviidbpaong avapopag
27Al(n,a)24Na. H padievépyela 1ou rporANOnke otoug otoxoug Ge kabwg rat
ota ¢pUAAa avapopdg Al, petprOnke PECK PACHPATOOKOITIG-Y, ASlOTO1OVIAG d-
vixveuteg HPGe. 'Eyive ertiong ouvéuaotikn xprjon v kodikov NeuSDesc
kat MCNP5 yua v ipoocopoinon tg 61adoong tng VEIPoVIKNG dEong, otoug
otoxoug Ge kat ota puAAda avapopdg.

TéAdog, akodouBnoe pia Oewpnuky peAétn v 9 avidpdoewv mou ava-
PEpOnKav napandve peon vrodoylopov Hauser-Feshbach péow tou kadika
EMPIRE 3.2.3 [1].

H M£0060og tng Netpovikng Evepyonoinong

Zta mAaiola autng g 618aKkTopikng 61atpBrg, Ot evepyEG H1aTOREG TV avit-
dpaoenv 9Ge(n,2n)9Ge, 72Ge(n,p)’2Ga, “2Ge(n,a)%9™Mzn, "3Ge(n,p)’3Ga,
73Ge(n,np/d)72Ga, 73Ge(n,na)®°MZn, 4Ge(n,a)’1MZzn, 74Ge(n,np/d)73Ga
kat 76Ge(n,2n)”°Ge pedewdnkav oto evepyelako eupog 14.0 - 18.9 MeV pe-
0® NG BeBOBOU NG VETPOVIKIG EveEpyOITOinong.

H 1p€0606og autry Baoidetat otn pérpnon g aktiBoAiag-y muprvev mou é-
Xouv rapaxBetl, petd anod v arkuvoBoAnon evog ruprjva otoyxou. ‘Otav pa
VETPOVIKI] HE0N MIPOOTIITIEL OE £vaV ITUPTVA-OTOXO0, TIAPAYETAL O AVIIOTO1X0G
oUVOETOG TTUPIVAG, O OIT010G PItopel va anodieyepbel PEow evog oUVOAOU Ka-
vaAiwv €€0dou. Ta duvata rpog pedétn kavadia pe ) péEbodo g VETPOVIKNG
evepyoroinong eivat autd rov 0dnyouv otV apayeyr) padlevepy®v Imuprvev
pe KatdAAndo xpovo npidwrng, aKtiveg-y KatdAAnAng evépyelag Kat Eviaong.
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O1 petpr)oelg IPaypatonot|fnKav ot VEIPOVIKEG EYKATAOTAOELG:

* Tou ermtayuvtr) 5.5 MV Tandem Van de Graaff tou EKE®E “Anpoxkpt-
105" (ABr)va, EAAGSQ).

* Tou erutayxuviry) 2 MV Tandetron otnv eykataotacony "AMANDE”, IRSN
(TaAAta).

H napayoyr) tov VEIpovikeOv deopdv oto evepyelako supog 14.0 - 18.9
MeV éyive 1éoe g aviibpaong SH(d,n)*He (D-T) kat otig U0 VETPOVIKEG
EYKATAOTAOETS.

H syratactaocn “AMANDE”

H napaywyyn tng verpovikig 6£01ung 0 autr] Vv MEPITIOON £Y1VeE PEO® NG
avtidpaong D-T, pe 6éopn deutepinv 443 keV 1 oroila srmtayyvetal HEO® TOU
erutaxuviy 2 MV Tandetron (Zxnpa 3.1), ¢ptavoviag otov MeEPAPATIKO X0-
PO TV aktvoBoAnoewv (Exnua 2) péoe pag ypappng petadopdg oto t€Aog
g oroiag eivat toroBetnévog o otdxog apaywyng verpovieov TiT. O otdxog
autog nrav tornofetnpévog os pia Kivoupevr Baor), n oroia og ouvéuaopo
HE oUveXT) TIAPOXT) aépa Katd 1 d1dpKeld 1@V AKTIVOBOANOE®V € OKOTIO TNV
arnouyn Beppikng Kataotpodrg tou otoxou. H mapaxkoAoubnon mbavev pie-
TaBoA®V NG VEIPOVIKNAG SEOUNG KATA Th S1dpKela T®V aKTivoBoAnoe®v £yive
péom evog aéplou avixveuty SHe. To ouvodo tev otdxev Ge kat puAdev ava-
popag, tornobetnOnkav os yovia 100° oe oxéon pe Tov ASova TG VEIPOVIKNAG
déopung wote va smiteuyOel 1edikn evépyela verpoviov 14.0 MeV (Exnpa 3).

Zxfqpa 1: O srutayuvirg 2 MV Tandetron™ tng eykataoctaong “AMANDE”
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ZxApa 2: O relpapdatlkog X®OPog akTVOBOANOE®V NG £yKATAOTAONG
“AMANDE”

ZxApa 3: To téA0g TG MEPAPATIKAG YPAPHNG g eykatdaotaong “AMANDE”
pe tov otoxo TiT kat 1o ouvoAo twv otoxwv Ge kat pUuAA®V avapopdg tortobe-
mpévav oe yovia 100° oe oxéon pe tov afova g VETPOVIKEG déoung.

H vetpoviky eykataotaocn tou EKE®E ”Anpoxkpirog”

IxApa 4: O ermtaxuvirg 5.5 MV Van de Graaff tou EKE®E “Anpoxkpttog”

H napayoyr] tov VETpovik®v dEopoV o8 AUt )V MEPITIOOon £y1ve KAt TIAAL pe
b¢opeg Seutepimv oto evepyelako eupog 1.8 - 2.8 MeV o1 oroieg ermttayuyvoviat
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péo® tou erutayxuvir) 5.5 MV Tandem Van de Graaff (Exnpa 4). Méow pag
YPAPHNAS HETAPOPAS PTAVOUV OTOV IMEPAPATIKO XOPO aKTvoBoAnoewv (Exnipa
5), oto téAog g oroiag eival TormodeNPIEVOG 0 OTOX0G MAPAYDYNS VETPOVIRV
TiT (Zxfpa 6). O otdx0g autdg PUXETAl KATd T S1dpKeld TV AKTIVOBOAT Oe-
@V eite pe agpa eite pe vepd, avddoya pe 1o pevpa g déopung deutepinv mou
npoortirtouv oe autov. [TiBavég petaBolég ot VETPOVIKY) por) Katd T didap-
KEld TV aKTvoBoAroemv rapakoloubouviatl pe aviyveuty BF3. To ouvolo
TV otoxewv Ge kat puAldwv avapopdg torobetouvial oe yovia 0° oe oxeon
HE ToV A§ova TRV VETPOVIKAOV HE0WV, Ol OITOIEG AVIIOTOIXOUV OTO EVEPYEIAKO
eupog 15.7 - 18.9 MeV.

Zxnpa 6: To 1€A0g NG MEPAPATIKEG YPAHHLS HE TOV 0TOX0 IAPAy®YHS VETPO-
viov TiT kat 1o ouvoAo tewv otoxwv Ge kat puAA®v avapopdg Al toroBetnuéva
oe yovia 0° oe oxéon pe 1ov afova tng VeETpovikng Séopung
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Ztoxot

O1 100T0TUKA EUIMAOUTIOREVOL OTOXO01 TTOU Xpnotponondnkav ya tg Jepn-
OE1G TV EVEPYMV d1aTop®V tng rapovoag diatpiBng nrav naotidieg GeOy pa-
¢ag ~2 g n rabe nia, g ornoieg rapeixe 1o n_TOF collaboration (CERN). Ta
TTO00O0TA EUITAOUTIONOU TV OTOX®V mtapouctadovial otov ITivaka 1. Ta Ao-
YOUG OUYKP101G, avadEPeTal 0Tt 1] PUOIKL] 100TOTTIKI] AVAAOYid T®V 100TOTIOV
70.72,73.74.76 Ge givar 27.45, 7.76, 36.52 and 7.75 %, avtiotoxa. Ot otdxot
autoi eixav didperpo 20 mm kat maxn petadu ~2.7 kat 3.4 mm. Ot otd-
X0t tav KoAAnpévot oe €va Aertd puAo mylar to oroio pe 1 og1pd Tou nIav
KOAANPEVO o€ €va daytudidl onwg paivetat oto Xxnua 7.

Al ring (frame)

Thin mylar foil
k‘\

Exnpa 7: Ztoxog GeOqy

IIivakag 1: [Toocootd epmAoUTIOROU TV otoXev GeOy

Zroxog/
Iootorukr) avadoyia (%) 0Ge 72Ge 73Ge 7"*Ge 76Ge
70Ge 97.71 2.23 0.02 0.03 0.01
2Ge 0.35 96.59 2.86 0.20 0.01
73Ge 0.04 2.84 96.07 1.03 0.02
4Ge 1.46 0.18 0.45 9551 2.40
76Ge 0.06 0.09 0.06 11.33 88.46

Qg otox01 avadopdg xprnotporoOnkav Asrtd petaddika ¢puida Al kat Au
uYPnAng kabapotntag drapérpou i6lag pe avtr) twv otoxewv Ge. Znueiwveratl
0Tl KATd 11 81dpKrela twv aktivoBoAr|oemv, ot otoxotl Ge torobstouviay petadu
dUo pUAA®V avapopdg.
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Toéoo o1 otoxotl Ge, 600 Kat ta Petaddikd puAda avadopdg tortobetrOnkav
oe e101kA oxedlaopevn Bk onwg gpaivetal oto oxnua

7
Neutron beam

Top view Rear view

(6") H 611kn twv otdéxev (6rieg gpaivetat
(a’) [Tave kat mAayla oyn g Onkng otnv arno nave) pe tov otoxo Ge va stvat
ortoia toroBetnOnkav ot otoxot Ge kat ta tortoBetnuévog petady duo puAdav Al
¢UAAa avapopdg. oe ipokabopiopéveg B€oetg

Exnpa 8: H 6rkn tov 0t0X®V IMOU XPNOIHOoIow)fnKe yia v aktvoBoAnon
TV Selypdtav.

AxtivoBoArnoeilg

ZUVOAKA TEVIE 0e1pEg arTvoBoAnoewv €AaBav xopa, kKaBe pa ano tig ornoi-
€G AVTIOTOLXOUOE Ot H1APOPETIKY EVEPYELA VETPOVIOV Kal £ixe didpkela pag
eB86opadag. Xtov mivaka 2 rmapouotddovial KATIOEG AETTTIOPEPEIEG TAOV AKTL-
VOBOAT 0@V OTI®WG 1] NUEpoUnvia 61e§aywyng toug, 1 VETPOVIKY] EYKATACTAOT
otnv ortoia €éAaBav xopa, n H1apKeld T0UG, TO PEUHA TNG 10VIIKNG dEoung Ka-
B¢ Kat n evépyela g 6€éoung deutepinv Kal tng aviiotolxng rmapayopevng
VETPOVIKNG 6éopng. O mp®tog 0Tt0X0g 0 KOs aKTivOBOAN 0N 1)Tav Tortofstnpe-
VoG o¢ arnootaot aro 2.5 €¢g 3.5 cm Kot va EIMTUYXAVETAl YOVIAKT) Artodox1)
g TéEng v 20°0tnVv oroia n 6¢opun Bewpeital oxedOV LOVOEVEPYEIAKT.

ITivarag 2: [Mepapatikég AmMIOPEPEIES T®V AKTIVOBOATOEDV

Hpepounvia Eykatdotaon Egq (MeV) Ej (MeV) I(pA)  tiy (h)

deB 2020 EKE®E ”A” 2.90 17903 04-06 5-25
Maiog 2021 EKE®E "A” 3.45 189£03 02-07 3-28
Aex 2021 EKE®E "A” 2.25 164+04 02-04 7-27
Iav 2023 EKE®E ”A” 2.09 15,705 20-3.0 5-7

DeB 2023 “AMANDE” 0.44 14.0£03 20-30 2-5
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Evépyela Netpoviov kat IIpocoporwoeig Monte Carlo

8x10*
7x10*
6x10°
5x10*
4x10*
3x10*

Fluence (n/cm?s)

2x10*
1x10*
0

4x10*

3x10*

2x10*

Fluence (n/cm?®s)

1x10*

0

IZxnpa 9: Ta paopatd 1V Se0POV VETPOVIOV OIM®S AUTA IIPOKUITIOUV ATTO TOV
kOd1ka NeuSDesc, AapBdvovtag uroytv ta 81adopeTtika XapaKINPIOTIKA TRV
OTOX®V MAPAY®YNS VETPOVIOV Yid KAOE TepIntoor), Onwg To rdX0g T0U 0TtOX0U
TiT, to rtaixog 10U PpUAAOU €10060U KAOBWG KAl TV ATOOTACT] ATO TOV ITPXOTO
0t0X0, OGS €ITiONG KAl 1 ywvia aviyveuong. I'a 0Aeg 11§ MePUTIOWOELG, TO
peuna g 6éoung deutepinv 1€OnNKe oto 1 PA, eved 1 aktiva TOU AVIXVEUTI] OTO

1 cm.

E, (MeV) = 0.440
E TiT thickness (um/cm?) = 780
Entrance foil: None
1 Distance (cm) =2.5 1
Angle (deg) = 100
13 14 15 16 17 18 19 20
Energy (MeV)
(a) Ep = 14 MeV
E, (MeV) = 2.250
TiT thickness (um/cm?) = 2123.5
Entrance foil: Mo
< Entrance foil thickness (um) = 10 1
Distance (cm) = 2.7
Angle (deg) =0
13 14 15 16 17 18 19 20

Energy (MeV)
Y) En = 16.4 MeV

Fluence (n/cm?s)

Fluence (n/cm?®s)

4X104 1 1 1 1 1 1
E, (MeV) = 2090
TiT thickness (um/cm?) = 2123.5
4 Entrance foil: Mo
3x10"  Entrance foil thickness (um) = 10 k
Distance (cm) = 3.5
Angle (deg) =0
2x10°+ .
1x10* .
0 L} L} Ll L} L} L}
13 14 15 16 17 18 19 20
Energy (MeV)
(6) E, = 15.7 MeV
2X1 04 1 1 1 1 1 1
E, (MeV) = 2.900
TiT thickness (um/cm?) = 2123.5
Entrance foil: Mo
Entrance foil thickness (um) = 10
Distance (cm) = 2.7
Angle (deg) =0
1x10* .
0 L} L} T T T T
13 14 15 16 17 18 19 20

Energy (MeV)
(8) En = 17.9 MeV

2x10* L 1
E, (MeV) = 3.450

Entrance foil: Mo

TiT thickness (um/cm?) = 2123.5

Entrance foil thickness (um) = 10

w
e Distance (cm) = 2.7
L Angle (deg) =0
5
o 1x10%4
o
C
@
3
Z
0 L \J
13 14 15

16

17 18 19 20

Energy (MeV)
() En = 18.9 MeV
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H avanapayoyrn 1ou ¢aopatog 1oV VETPovimv, J1€ OKOITO TOV IPod10plono g
KEVIPIKIG TIHNG TGS EVEPYELAG TOV VETPOVIOV Kal TG avtiotoixng aBebaiotn-
mag £ytve PE€o® NG ouvOUAOTIKNG XP1Nong teov Kadikeov NeuSDesc [2, 3] kat
MCNPS5 [4]. O kddikag NeuSDesc AapBdavel uTiogv 1) X®P1KL KAl EVEPYELA-
K1 6taoropd tng deopung deutepinv peom tou kKOdika SRIM 2008 [5], kat eivat
ureubuvog yla v napayeyr) g nnyng v verpoviov og SDEF kdaptag, 1
ortoia otn ouvexela eloayetat otov Kwdika MCNP, otov oroio €xet yivel akpt-
Br)g meptypadr) ng rielpapatikng diataéng. Ta arnotedéopata rpooopuoieong
TRV VETPOVIK®V deopav aro tov kodika NeuSDesc tapouoiddovtatl oto Zxnpa
9.

H vetpovikn 6éopn petadidetal péom tou kodika MCNP5S kat urntoAoyide-
Tat n avriotoixn péon por) (f4 tally) oe kaBe otoxo Ge kat puAdo avadopds.
To amotéAeopa autou Tou UTtoAoyiopou ¢aivetatl oto Zxnua 10a’. H xkopuor)
ITOU aVTIOTOIXel otV KUpla evéPyela VETPOoviov ouvodeUetal amno pia Xapn-
Aoevepyelakn) MAPACTITIKY] 0UPA VETPOViwV, 1 oroia odeidetatl oe oredaoelg
VETPOViIRV, OT®G £1Ti0Ng KAl o€ avidpdaoeig g deopung towv deutepimv pe ta u-
AKA NG Ypappng petadopdg Katl ToU OTOX0U MAPAY®YTS VETpoviev [6]. Ztnv
KOPU(PN auTi] ITPOooapHodetal pia yraouolavr]) Kapmnudn (Zxfpa 108), péow
TOV IAPAPETP®V TG ortoiag Ipoodlopidetal 1 KEVIPIKI) T TG EVEPYELAS TRV
VETpOVI®V (X¢) KAt n aviiotoiyxn aBeBadinta (o). E1d1kd ya v niepintoon tov
15.7 MeV, Aoyw anokAlong aro 1 yKaouolavy) Hopd1, ta avtiototya peyeé-
On unoAoyiotnkav Baostl v oxéoswv (4.21) kat (4.22) (Avagopad [7]) ya 1o
otadBuiopévo pEco O6po Kat v aviiotoixn draoropd.

— Al (front)
104 74Ge .
& 10°3 Al (back) 1 AS0
5, offset: y0=0
£ 107 3 center: xc=0
3 - width: w=2
T 1074 1 Areg 2reaiA=t
P/ —rwHM—
10°3 1 ( M P ‘ﬁvwwﬂw%qm PI/2))
¢ : : : w=FWHM/sqrt(In(4))
10° : ! I ' Yy i i i
0 5 10 15 20 -G X, o
Energy (MeV)

6) H - 9 ,
(@) O vumoloyiopdg tng péong (6) H yrkaouoiavr) KapruAn ripocappoyng
PONG VETpOViMV amod Tov KOSIKA
MCNP5.

ZxApa 10: 10a: Mua turkr popdn verpovikng pong (f4 tally) wg artotéde-
opa ripooopoiwong MCNP5, yia ta §Uo puAda avadopdg Al Kat yia tov otoxo
74Ge. To oxOa AVAPEPETAL OE EVEPYELA VETPOVIKNAG 8¢opng En = 17.9 MeV
1068: H yxkaouolavry KaummuAn mpoocappoyrg IMou XPIolHoItoleital yia tov
IPOO0d10P100 NG PEOTS EVEPYELAG VETPOVIOV KAl NG avtiotolxng aBeBaiotn-
1aG.
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Ot exteveig autég rpoocopoiwoelg Monte Carlo xpnotpornotouvtat eriong
KAl yld TOV IPOCd10p100 TOU AGYOU TV po®V PETASU TOU GUAOU avadopdag
Ka1 Tou 1pog pétpnorn otoyou (P/Py)). Ta arnotedéopata 1@v pomv IOU 1po-
KUTITOUV arod TG MPOCOHUOIMOEIS AUTEG, OUYKPIvovIal e TIS aviiotolXeg Ietl-
PANATIKEG TIHEG OAV TV S1abcomv pUAA®V avapopdg, Onwg ¢paiveral oto
Zxnpa 11. Epooov n oupgevia eivatl KaAr) evidg tov opiov tov aBeBatotrtov
TV PETPHOEWV, O1 TIPOCOH0IWOELS Be®pouvial a§loToTeg Kal PItopouv va Xpn-
oportonBouv yla tov rpoodloplopo TG VETPOVIKIG PONG OTOV ITPOG HETPN 0N
oto)O0.

2.5x10° 4—4+— : A
Au ® experimental
2.0)(105_ o MCNP
o
£ 1.5x10° Al
£ ®
3 1.0x10° Al2 e
L
. e
\ 10] "Ge
5.0x10 O ® ]
Al3
0.0 t
Foils

Zxfqpa 11: 'Eva turmko napddeiypa oUykplong UV pong otlg B€oelg towv
QUAA®V avadopdg OTwG AUTEG MTPOKUITIOUV HETA ATT0 IIPOCON0IN0T KAl PETd
ano nepapatiky pérpnon. To ouykekpipévo rapadetypa avapeépetat oty
axtvoBoAnon v otdxev /2 74Ge yla evépyela verpoviov Ep = 16.4 MeV

Metpnocig o Aviyveutég HPGe

Metd 10 répag TV aKTvoBOANOEDV 1] EVEPYOTNTA TV OTOX®V Ge Kal oV PUA-
Awv avadopdag petpnOnkav pe aviyveutég 'eppaviou uvyndng kabapotntag
(HPGe) oxetukng aviyveutikng anodoong aro 13 éng 80%. O1 petpriosig £yt-
vav oe anootaon 7-10 cm and 1o nmapdBupo Tou aviXveutr] ®ote va pelndet
onpaviikda n ouvelodpopd gpaivopévev oucowpeuong (pile-up) kat dBpotong
(summing) aApov. Tug 161eg arootdoelg tornobetOnkav rmnyés 122Eu yua
TOV IEPAPATIKO TIPO0O10p1010 TG Artod0oong TOU AVIXVEUTI] CUVAPTIOEL NG €-
vépyelag. Xto Zxnua 12 mapouotddetatl o aviXveutng OXETIKNG AVIXVEUTIKNG a-
nodoong 13% 1ou xpnotpornotr)OnKe otr) VETPOVIKY eykatdotaorn “AMANDE”,
evew oto oxnpa 13 nmapouoiddetat 1o avtiotolko diaypappa anodoong ouvap-
TNOE1 TV EVEPYEIDV AKTIVOV-Y.
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Pb shielding HPGe detector = —’,

(a’) O avixveutrg l'eppaviou OXETKNG AVIXVEU-
Tkng amnodoong 13% rmou xpnotporo)dnke
ot Verpoviky) eykatactaon “AMANDE”. O a- () H  tomobéin-
VIXVEUTNG autog rjtav katadAnda B@pakiope- on  evog  detypatog
vog e MoAuBbo, ©ote va peiwbei n ouvelopopd Ge  mpog  pétpn-
00U puolkou unoBabpou axtivoBoAiag-y OGS on oTov  aviveuty
HETPNOETS. C'eppaviou g verpo-
VIK)G €YKataotaong
“AMANDE”.

IZxnpa 12: O aviyveutg leppaviou oxeUKNG avixveutikng arodoong 13%
TIOU XP1O1HOTIOIONKE Otr) VETPOVIKY eykatdaotaon “AMANDE”

L '} '} 1 1 'l
) 152Eu
1 e )
8.0x10 L IAEA fit
\ 95% Confidence Band
\ Model iaea_efficiency (User)

-3 \ Equation A+ (BX) + (C/(x"2)) + (DI(x'3))
> 6OX1 O . Plot efficiency
%) A 2.20218E-4 + 1.93277E-4
c L] B 1.44453 £ 0.33369
K] [ ] c 230.46995 + 155.95412
o 3 @ D -27357.33451 + 21276.31424
£ 4.0x10° N Reduced Chi-Sqr 2.84406E-9
(] N R-Square(COD) 0.9996

Ny . |Adj. R-Square 0.99942
~ -
-3 »
2.0x10°4 ®o .
©°-9 -@
0.0

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

Zxnpa 13: H arnoAutn anodoon tou avixveutr) [eppaviou OXETKAG aviXVeU-
Tkng arnodoong 13% ouvaptrost g evépyelag aktivav-y. Ta pavpa onpeia
AVTIITPOO®ITEVOUV TIG TIEIPAPATIKEG TIHEG TNG ATTOS00NG TOU aviXVeutr BAaoet
Mg INynNs 152Fy, tortoBstnuévn oe andotaon 10 cm and to apdbupo tou
aviyveutn). H kokkivn dlakeKoppévn ypappr avarnaplotd v poocappoyn
1OV oNpei®v autev pe v mnpotetvopevn ano mv [AEA cuvaptnon [8], eva
1 YPAPHOOKIAOPEVE TIEPIOXT) AvATaploTd Ta S1a0TtPata EPIotooUvng EVIOG
95%.
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Metpoupeveg Avtidpaosig rat Ilepapatira ¢aopata

ITIivakag 3: Acdopéva anodieyepong yia 1ig avildpdoelg PETpnong Kat ava-
popdg (2%Al(n,a)2%Na, 197Au(n,2n)!196Au). O1 mo EVIATIKEG AKTIVEG-Y ITOU
napatnpnOnKav ota MEPAPATIKA GAaopdtd rmapouotadovial Pe T aviiotot-
XEG £VIAOEIS TOUG.

t: Ot avudpaoeig (n,np) and (n,d) nmapayouv tov 1610 Buyatpikoéd rmuprva Kat
EMOPEVOG OEV PITOPOUV va H1aX®P1oTouV Pe 1) 1EO060 NG VETPOVIKIG EVEPYO-
rnoinong.

Ztoxog Avtidpaon Ilapay. ITuprivag ty,9 (h) Ey (keV) Iy (%) Avao.
0Ge (n,2n) 69Ge 39.1 1106.77 36.0 + 4 [9]
574.11 13.3+18 [9]
871.98  11.9+1.6 [9]
1336.60  4.5+0.6 [9]
318.63  1.6+0.20 [9]
2Ge (n.p) 2Ga 14.1 834.13 95454+0.08  [10]

629.97 26.13 £0.04 [10]
894.33 10.136 £0.015 [10]

(n,a) 69mz 13.8  438.63  94.85+£0.07 [9]

3Ge (n.p) 73Ga 4.9 297.32 79.8 4+ 1.0 [11]
325.70 11.24+0.4 [11]

739.42 43403 [11]

(n,np/d)t 2Ga 14.1  834.13  9545+0.08 [10]

629.97 26.13 £0.04 [10]
894.33 10.136 £0.015 [10]

(n,na) 69mz 13.8  438.63  94.85+0.07 [9]

71Ge (n,a) 7Imz, 4.0 386.28 89.0 + 1.1 [12]
487.34 61.9+0.4 [12]

620.19 54.5 +0.7 [12]

(m.np/d)t 73Ga 4.9 297.32 79.8 4+ 1.0 [11]

325.70 11.24 0.4 [11]

739.42 4.340.3 [11]

76Ge (n,2n) SGe 1.4 264.60 114+1.1 [13]
198.60  1.19+0.12 [13]

271 (n,q) 24Na 15.0 1368.63 99.994 +0.002 [14]
197 Au (n,2n) 196 A 148.1 355.73 87 +3 [15]
333.03 22.9+0.9 [15]

v napovoa SiatpiBr) petpridnkav ot avudpdoetg /0Ge(n,2n)%9Ge,
72Ge(n,p)72Ga, 72Ge(n,a)69mZn, 78Ge(n,p]73Ga, 78Ge(n,np/d)72Ga,



Extended Abstract in Greek xxi

73Ge(n,na)®9MZn, "4Ge(n,a)’1MZn, 74Ge(n,np/d)73(}a ka1t "6Ge(n,2n)"°Ge
PE€o® NG PeBOOOU NG VEIPOVIKIG £VEPYOIIOINONG O OXEon He aviidpaoelg
avapopdag. Ta dsdopéva anodieyeporg toug tapouotalovrat orov ITivaka 3.
Znpewdvetal ermiong nwg 1 oUoYKeEKPIEVH péEBodog Baoiletat otn pétpnon g
axktivoBoAiag rmou mapdayet o Ouyatpikog rmupnvag. Xug avudpdoelg (n,np)
kat (n,d) mapdyestat o i610¢ TUprvag Kat enopéveg ta dUo autd kavaiila dev
HIToPOoUV va §EX®PioouV PE0K NG OUYKEKPIIEVNGS PeBodou. Ta tov Adyo autd,
Ta KavaAla autd petpouvtatl abpolotikda.

Turmkd paopata aktivav-y PETA TO TIEPAG TG AKTIVOBOANONG EVEPYELAG VE-
povinv 14.0 MeV napouotddovial ota Zxnpata 14 éog 18 kavovikonounpéva
OTO XPOVO ANYng aut®v.

010 1 . 1 ». 1 @
5741 keV
0.08- 1106.8 keV
© 0.06-
@ 871.2 keV
8 0.041
0.02- l
J 1336.6 keV
0,002 . e A
550 575 850 875 1100 1150 1300 1325 13
Energy (keV)

SxApa 14: Pdopa axktivov-y yia tov otoxo ‘0Ge petd and aktivoBoAn-
on oe evépyela verpoviov 14.0 MeV. Tlapouoiddovial ol aktiveg-y ImOU €K-
népnovial anoé tov Buyatpiké rupriva 89Ge axolouboviag mv avribpaon
70Ge(n,2n)%9Ge.
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0.08 '
834.1 keV
0.064 ]
Q)
% 0.04] 438.6 keV
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0.00 - - ' NJ '
400 450 550 600 850 a(
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Sxfpa 15: ddopa aktivev-y yia tov otoxo ‘2Ge petd and axtivoBoAnon os
evépyela verpoviov 14.0 MeV. Axtiveg-y and dUo Sradopetikeég aviidpAaoelg
rapatnpouvtal o€ auto 1o paopda:

72Ge(n,p)’2Ga: 630.0, 834.1 kat 894.3 keV

2Ge(n,a)%9mzn: 438.6 keV

8-13- 297.3 keV
0.08] 894.3 keV/

0.06-
0.04 325.7 keV 834.1 keV

0.024 I \
0.008- 438.6 keV 630.0 keV

0.0041 ~.

Mg sviimnriphona Ll

0.000 T T — = ;
250 300 350 400 650 700 750 800 850 90

Energy (keV)

cps (1/s)

Sxfipa 16: ddopa aktivov-y yia tov otoxo ‘SGe petd and aktvoBoAnon oe
evépyela vetpoviov 14.0 MeV. Aktiveg-y aro tpelg H1aPpopetikeg aviidpaoelg
IapatnPOVVIaL 0e AUTo 0 pdopa: ‘SGe(n,p)’3Ga: 297.3 kat 325.7 keV
73Ge(n,np/d)"2Ga: 630.0, 834.1 ka1 894.3 keV

73Ge(n,na)®9MZn: 438.6 keV
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0.08

0.06- 386.3 keV T
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Sxfipa 17: ddopa axtivev-y yia tov otoxo ‘4Ge petd anéd axtivoBoAnon oe
evépyela verpoviov 14.0 MeV. Axtiveg-y ard dUo Siadopetikég aviidpaoelg
rapatnpouvtal o€ auto 1o GpAopd:

71Ge(n,a)”1™Zn: 386.3 xat 487.3 keV

74Ge(n,np/d)73(}a: 297.3 keV

31 264.6 keV -
gl _
Py
o
(&)

14 ]

198.6 keV
0 ‘/\I T T |‘J
180 200 220 240 260 280

Energy (keV)

IZxfApa 18: @Pdopa aktiveav-y ylia Tov otoXo 76Ge petd and axtvoBoAn-
on oe evépyela verpoviov 14.0 MeV. T[lapouociddovial ot aktiveg-y ImouU €K-
néPnovtatl and tov Buyatpiko muprnva SGe akolouBoviag tnv aviidpaon
76Ge(n,2n)75Ge.
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ArnoteAéopata rat Tulntnon

YrnioAoyiopog Evepyou Awatoprg

O urtoAoy1opog g evepyou dlatopng TV unod pedétn avidpaoswv Baoiotnke
ot oxéon:

NY’m.(Syly'F'chNt)r @r

C— (1)
NY?r (SY . IY . F . D . fC . Nt)m @m

Om — Oy

Ot 6eikteg “m” kat “r” avtiotoiyouv otig Aggelg “measured” kat “reference”
avtiotorxa. Ot 6pot g oxéong 1 divovral napakdie:

Evepyog Siatopn avadopag - o,.¢

H evepyog dratopr) ya tv avtidpaon avapopdg 27 Al(n,a)24Na &ivetat and
B18A1001k1 agloAoynong ENDF/B-VIIL.O [16], eve n avtictoixn aBeBaidotnta
NG TIPS AUTng eKUPNOnKe o 0oooto 3% yla OAeg TG MEPUTINOELS.

Zuvoldo I'eyovotwv Pwtoxopudng - Ny

To oUVOAOD TV YEYOVOT®V TNG EKAOTOTE PATOKOPUPNS evOlaPEPOVTOG BpEONKe
arnd OAOKANP®ON TOV GACHAT®V AKTIIVOV-Y ON®OG AUTA IIPOKUITIOUV Artd ToV
aviyveut] 'eppaviou. Tia v avdduon tov paocpdtev Xp1notponoinonke 1o
npoypappa “ITv” [17], ano v ornoia pogkuye Kat 1 aviiotoixn abeBaiotnta
yld Tov €V AOY® OpO.

Anodoon tou avixveuty - &y

H anodoon tou aviyveutr] Bpebnke petd anod KkatdAAnAn mpooappoyn TV ret-
PAPATIKA PETPOUNEVRV ONHPEi®V NG arodoong Onwg autd IIPOKUITIOUV Artd
ONHEIAKN TNV 152Ey. Méow NG KAPITUANG MPOCAPHOYS KITOPEL va UTIoAo-
ylotel n ripn g anodoong tou aviXveuTr| OtV evepyela evolapEpoviog Kabwg
Kat n avtiotoixn aBeBaiotnta.

Evtaon aktivag-y - Iy

H évraon yla kdBe axktiva-y, kabwg kat ) avriototxn Tyt aBeBaiotntag mpo-
kurttet ano v IAEA ya toug ruprjveg evdagpépoviog [9-11, 13].
AopOwtikog ITapayoviag Evéoanoppogpnong - F

O 610pBwTIKOG autog rapdyoviag adopd OTo ITOCO0TO TV AKTIVEOV-Y ITOU a-
roppodvtal aro 1o id10 to deiypa. O rpoodloplopog ToU ETTUYXAVETAl PEOK
npoocopolwoswv Monte Carlo evo n aBeBaidtnta tou sivatl apeAntéa.
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AwopOwtikog IIapayovrag D

O 610pOwTKOG autdg Ttapdayoviag apopd otr H10pOwWon yla Toug ITUPIVES Ot
ortoiol arodieyeipovial Petd 10 mEpAg g aKtvoBoAnong. Atvetrat amnod v
oxéon:

D = e A1 oAl (2)

OTT0U t1 £lvatl 0 XpOvog rou pecoAaBei petady tou TEA0UG G aKTivoBOANong
Kal TG apxXns tng HErpnong otov aviyveutr leppaviou, to €ival 1o Xpoviko
draotpa pétpnong tou Selyatog oTtov aviXveutr) Kat A arotelet ) otabepd
d1doraong Tou 1Pog PEAETY 100TOTIOU.

AwopOwtikog Iapayovrag f.

O napayovtag f. apopd ot 810pOwon yla rmupnveg rou anodieyeipovial Ka-
1a ) 61dprela g aktvoBoAnong, AapBdavoviag urtowv rmbaveg PeTtaBoAEg
G verpovikng deopung katd t Hidpkela g aktvoBoAnong. Atlvetat amno 1
oxéon:

Cirr Atf t dt
fC — foe—() . ef)‘tirr (3)

S f(t)dt
o1I0U 0 0pog f(t) aroteAel 10 oUVOAO TOU AP1OPOY TV VETPOVIKV TTOU Ka-
Taypadel évag anaplduntng verpovinv (.. o avixveutrg BF3) oe dakpita
Xpovika dtaotrpata dt, ylia to oUvoAo tou Xpovou aktivoBoAnong (tiy)-

O ap1Opdg TOV NUPNVEV OTOXoU - N;

O ap1Bpog v ruprjvev Ny divetal ouvaptrjoet tou apBpou Avogadro (Npa),
G padag tou otoxou (m), tng apboviag Tou mPog HEAETN 100TOTIOU () Kat
10U padikou apiBpou (A), Baocel NG IMAPAKAT® OXEONG:

m - aj

A

Ni = Ny - (4)

I3 [ ’ @
Aoyog Powv Netpoviwv - T

O AGY0G TRV PO®V VETPOVIOV PETASU TOU OTOXO0U avapopdg KAl TOU Ipog Hé-
Tpnon otoXou uroAoyiletal Baoet npooopoiwoswv MCNP5. H aflormiotia tov
UTTOAOY10®V AUTOV €AEYXETAL PE XPL)0N ETNIMTALOV OTOX®V avapopdg (rt.x. Al,
Au).

ZNPEdVETAl TIOG 0TS MEPUTINOELS AVIIOPACE®V OTIOU UI|PXE EKITOUITL)
MOAAATIA®V AKTIVOV-Y KATd Vv anodiEyepon Tou Mapayopevou mupnva, n
evepyog Statopn g avtibpaong urodoyiotnke yla Kabe pia and auvteg exw-
P1OTd, KAl 1] TEAIKI] TIPL NG EVEPYOU S1aTONNG IMIPOEKUYPE G O OTaB10€EVOG
H£€00G 6p0g TOV TIHOV AUTOV, AapBdavoviag UTtoWv Ti§ OUCKETIOEIS PETASY TRV
EMMPEPOUG PETPTIOEWDV.
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ITivakag 4: ABeBa10TNTINEG ITOU £10AYOVIAL OTOV UTIOAOY10UO TNG EVEPYOU H1a-
topng(t: ovompatikn aBeBaiodtnta)

[Tapapetrpog ABeBairotnta (%)
Evepyog datopn avagopdg 3
Teyovota poTtoKOPUPHS 1-10
Amniodoon tou aviyveutr) HPGe 2-3
AlopBatikog Iapayoviag “F” -
‘Evtaon axtivag-y 0.2-13
Ap1Op06g ITupnvav otdoxou <1

AlopBatikog ITapayoviag “D” -
Aopbwtikog ITapayovrag “fe” -
AOYOG pO®V VETPOVIRV -

ITapaottiky oupd verpoviov! <2
Extetapévn yeopetpia o otoxev Ge' <3
Zuvelopopd YETOVIKQOV 1ootorIRvT <5

Ztov mivaka 4 napouotadetatl T0 oUvoAo tev aBeBatlotr)tewv ot oroieg abpoi-
{ovtal TEIPAY®VIKA yld TOV UTIOAOY1oR0 g TeAkng aBeBaidtntag ota arto-
teAéopata v evepynv datopav. IMapouoiddovial emiong Kal CUOTHATIKEG
aBeBaiotnteg ot ortoieg Hev abBpoidoviatl tetpaywvikd, addd npénet va AndOouv
UTIOY1V OTa TEAIKA ATIOTEAEOPATA EVEPYRDV D1ATOHMV.
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H avtidpaon 7°Ge(n,2n)%%Ge

Ta nelpapatika anoteAéopata evepyav S1atopov yia v aviidpaon 70Ge(n,2n)%9Ge napovoidoviat oto Lxfpa 19a’
kat otov ITivaka 5 yia 10 evepyelako eupog 14.0-18.9 MeV oe ouvbuaopo pe urtapxovia dedopéva ot Bi8Aoypadia
[18]. O mapayopevog rupnvag 99Ge éxet xpovo nuidens 39.05 h kat arnodieyeipetat otov ruprva 9Ga npéow
Staomiaong 8. O1 IO eVIATIKEG AKTIVEG-Y TIOU GUVOBEUOUV auUTH ThV arodiéyepon £xouv evépyeleg 1106.8, 574.1,
872.0 xat 1336.6 keV, kat avtiotoiyxeg evidoeig 36.0, 13.3, 11.9 kat 4.5%. H teAikr) tpn g evepyou diatoprng
yla v aviidpaon autr] IpoEKUYPE ATlo T0 otab1o0PEVO €00 OPO TV ETIHEPOUS EVEPY®V H1aTOP@V ITOU UrtoAoyidoviat
aro g aKtiveg-y evepyeldv 574.1 kat 872.0 keV. Ta aroteAéopata aro 1§ aKtiveg autég eivat petadu Toug ouvert),
onwg Pativerat kat orov ITivaka 5 eved n mpodtn €l e1iong xpnopornolendet otg ipoopateg epyaoieg twv Pu et al.
[19] kat Lan et. al. [20]. Ot T1p€G TV EvEPYROV S1ATOPMV TTOU MTPOKUITTIOUV AITo TIG AKTiveg-y evepyelwv 1106.8 rat
1336.6 keV, amnod v aAAn eival ouctnpatikd xapndotepeg. Ta anotedéopata g napovoag epyaciag Bpiokoviat
oe €§alpetiky] oupgpnvia pe ta dedopéva twv Hoang et al. [21] kat Pu Zhong-Sheng et al. [19] kat apketd KaAn
oupgpevia pe ta dedopeva twv of Pu et al., mou emiong xpnowonoinoav tv aktiva-y evépyelag 574.1 keV yua tov
UTTI0A0Y10110 TV evepywv dratopwv. H cupgwvia pe ta dsdopéva twv Konno et al. [22] eival kavormoinuikn. T'a
ta 8e6oj1éva autd XPnoHorow|OnKe 10otorkd epriloutiopévog otdoxos ‘O0Ge kat axtiva-y evépyetag 1106.8 keV
pe évraon (27 4+ 3)%, n omoia eivat katd 25% PIKPOTEPN AMO TNV AVIIOTOLXI TTOU XP1OIonoOnKe oty rnapouoa
dratp18r).

ITivakag 5: AroteAéopata evepyov dtatopmv tng avtidpaong 70Ge(n,2n)%9Ge

o; (b)

By (keV) Iy (%) |Enp=140MeV Ey=157MeV Ey=164MeV Ey =17.9MeV By = 18.9 MeV
1106.8 36 +4 0.30 £ 0.04 0.46 £+ 0.06 0.50 &= 0.06 0.60 =0.08 0.63+£0.10
1336.6 4.5+ 0.6 0.28 +0.04 0.45 +0.07 0.53 +0.08 0.55+0.09 -
h74.1 13.3+ 1.8 0.37 +0.05 0.56 +=0.09 0.58 +0.09 0.72+0.11 0.73+0.13
872.0 11.9+1.6 0.354+0.05 0.54 +0.08 0.58 4 0.09 0.69 +0.11 0.68 £0.12

o (b)
0.36 +£0.04 0.55 4+ 0.06 0.58 +0.06 0.71 +0.08 0.6940.10

TIIAXX
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H avtidpaon “2Ge(n,a)%°™Zn

Ta nepapatikd anotedéopata g aviidpaong “2Ge(n,a)9™Zn napouoiadoviat oto Txfpa 196 kat otov IMivaka 6.
O napayopevog ruprivag 99Zn napdyetat oty 10opepn kat ot Bacikn T0U oTdOUD, £vé MOV 1 IOOPEPTS PITOPET
va pedenBel péow g pebddou NG VEIPOVIKNAG evepyoroinong. O mapayopevog ruprjvag °“MZn anobieyeipetat
pog 1 B6aoikr) Tou otabun (eowtepikn petdabaon - IT 94.85%) pe xpovo nuideng 13.76 h. H anodiéyepon auvtr
ouvodeUETAl PE TNV EKIIOUIT TNG aKtivag-y evépyelag 438.6 keV pe avtiotoixn éviaon 94.85% [9]. H tun ng
evepyou dratopng yla svépyela verpoviov 14.0 MeV, Bpioketatl oe e§aipetikn oupdpovia pe ta dedopéva twv Konno
et al. [22], eved ta 6edopéva tov Hoang et al., paivetal va urnepektipouv eAappwg TG TIHEG TOV EVEPYRV HlatopdV
yla evépyeleg peyaldutepeg anod 15 MeV.

ITivakag 6: AroteAéopata evepymv diatop®v tng avtidpaong 72Ge(n,a)%9mzn

o (b)
By (keV) Ty (%) E,=140MeV  E,=157MeV  E,=164MeV  E,=17.9MeV  E, = 18.9 MeV
438.6  94.85+0.07 | 0.0063 & 0.0003 0.0073 + 0.0006 0.0073 & 0.0006 0.0070 - 0.0007 0.0069 + 0.0006

H avtidpaon 72Ge(n,p)’2Ga

Ta melpapatkd anotedéopata g aviidpaong /2Ge(n,p)’2Ga napouoiddoviat oto TxAua 19y kat otov Iivaka 7.
O napayopevog rupnvag 2Ga arodieyeipetat péow 8- (100%) didoraong otov rupfiva /2Ge. H anodiéyepon tou
rupnva /2Ge 1ipog ) BACIKL] TOU OTAOHN CUVOSEVETAL IO TNV EKIOUIT] AKTiVeaV-y evépyelag 834.13, 629.97 kat
894.33 keV avtiotoywv evtdoenv 95.45, 26.13 kat 10.14% [10] ot ortoieg xpnoponor)Bnkav yia tov pocdloptopiod
G teAKNG evepyou Sratopng. Ta armotedéopata tng evepyou Slatopng yia v evépyela verpoviov tov 14.0 MeV
Bploketal oe e§aipeukn ouppevia pe ta 6edopéva twv Konno et al., eve n tdon tov dedopévav tng mapovoag
dlatpBrg yia evépyeleg verpoviov peyalutepeg and 15 MeV Bpiokoviatl os Kadr ouppevia pe ta dedopéva tov
Hoang et al.

Y991X) Ul 10BIISAY PIPUIXT]



ITIivakag 7: Anotedéopata evepymv dtatop®v tng avtidpaong 2Ge(n,p)’2Ga

Ey (keV)
834.1
630.0
894.3

Iy (%)
95.45 £+ 0.08
26.13+£0.04

10.136 £ 0.015

En = 14.0 MeV
0.0324 £ 0.0015
0.0340 £ 0.0017
0.0319 £ 0.0026

En = 15.7 MeV
0.0348 £ 0.0026
0.0355 £ 0.0027
0.0347 £ 0.0028

o (b)

En = 16.4 MeV
0.0361 = 0.0020
0.0310 £ 0.0023

0.038 % 0.004
o (b)

En =17.9 MeV

0.0286 £ 0.0027

0.0269 £ 0.0029
0.028 = 0.004

En = 18.9 MeV

0.0342 £ 0.0025

0.0326 £ 0.0026
0.031 £ 0.004

0.0328 +£0.0014 0.0350 £+ 0.0025 0.0346 +0.0017 0.0280 4+ 0.0026 0.032 + 0.004

H avtidpaon 73Ge(n,na)®9™zn

Ta nielpapatkd anotedéopata g avtidpaong /SGe(n,na)9™MZn napovoidloviat oto xrpa 198 kat otov Iivaka
8. Aev BpéBnkav dAAa dedopéva ot BBAoypadia [18] yia ) ouykekppévn aviidpaon. To yeyovog autd odei-
Actal ot n mMAsoynogia TV neEpapatikev dedopévev mou unapxouv ot BiBAloypadia Xproipornolouyv Gpuolkoug
otoxoug Feppaviou. Ztn OUYKEKPIPEVH] TTEPIMTIOOT, O1 aviidpAoelg up73Ge(n,na)69mZn kat 72Ge(n,a)%9mzn odn-
youv otV napaywmyr Tou 161ou mmuprva, Kat EMOPEVROG OtV Mepim®aon 1oV PUOIK®V 1] EMPOAUVOT TOU KAVAaAlou
2Ge(n,)%9™MZn eivat apketd peydAn yia v Mepimtoon oV GUOKOV OTOX®V, KATL T oroio 8e oupbBaivel otnv re-
PIMIOOoN XP1ONG 100TOTIKA EUIMAOUTIOHNEVOV OTOX®V OIS AUTOl Iou Xpnotponor|dnkav otnv rnapouvoa diatpBn. O

UTIOAOY10110G NG evepyou diatoprng Baoiotnke otnv aktiva-y evépyelag 438.6 keV.

Iivarag 8: AnoteAdéopata evepydv Statopdv g aviibpaong /3Ge(n,na)%9™Zn

Ey (keV)
438.6

Iy (%)

o (mb)
B, = 16.4 MeV

94.85 £ 0.07 | 0.00058 4+ 0.00003 0.00237 + 0.00020 0.0029 £ 0.0005 0.0075 =+ 0.0005 0.0099 =4 0.0008
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H avtidpaon 73Ge(n,np/d)’2Ga

Ta nelpapatika anotedéopata g aviidpaong 73Ge(n,np /d)72Ga rapouotaloviatl oto Zxnua 19¢’ kat otov IMivaka
9. AermOpépeles yia TV Arodiéyeporn 10U mapayopevou rupnva ‘2Ga éxouv avapepBei mapandve. Ta mewpa-
Hatukda anotedéopata aving g dwatpiBrng Bpiokovial oe mMoOAU KaAr oupdavia pe ta pova urdapyovia dedopéva
twv Konno et al. mou BpéBnkav ot BiBAoypagia yia ) ouykekpipévn aviidpaor), ot oroiot aglonoinoav emiong
100TOIMTIKA £PrAOUTIoREVO oTox0 ‘3Ge. H avtibpaon auty arotedei akdpa éva rapadetypa g UIeEPOXNS ToV 1-
OOTOTTIKA EPUIMAOUTIOPEVOV OTOX®V AOY® TOV ONHAVIIKOV EITIPOAUVOE®V OTO PETPOUPEVO PpAoHA ATto TV aviidpaon
2Ge(n,p)"2Ga omv nepirmwon v puUokOV otdxmv Teppaviou.

ITivakag 9: AroteAéopata evepymv dtatopmv tng avtidpaong 73Ge(n,np /d)72Ga

oi (b)

By (keV) I, (%) Ep = 140MeV  Ey=157MeV  Ep=164MeV  En=17.9MeV  Ep = 18.9 MeV
834.1 95.45 + 0.08 0.00389 + 0.00018 0.0128 £+ 0.0010 0.0162 £+ 0.0012 0.0334 + 0.0022 0.045 + 0.003
630.0 26.13 +0.04 0.00397 £+ 0.00021 0.0127 4+ 0.0011 - 0.0337 £+ 0.0024 0.045 4+ 0.004
894.3 10.136 £ 0.015 - 0.0121 +0.0013 - 0.0318 4 0.0003 -

5 (b)
0.00392 £+ 0.00017 0.0127 = 0.0009 0.0162 4+ 0.0012 0.0333 +=0.0021 0.0454 + 0.0022

H avtidpaon “3Ge(n,p)’3Ga

Ta nepapatikd arotedéopata g avtibpaong “3Ge(n,p)’3Ga napouoidoviat oo TxApa 19¢° kat otov IMivaka 10.
O mapayopevog ruprvag 3Ga anodieyeipetal péoe Sidoraong 8- (100%) otov rupriva /3Ge. H amodiéyepon tou
TTUPIVaA AUTOU IIPOG Tr Bao1kr) Tou otddpn ouvodeuetal Ao TV KON AKIivVeV-y evépyelag 297.3, 325.7,739.4
Kat 767.8 keV pe avtiotoyeg evraoelg 79.8, 11.2, 4.3 kat 1.4% [11]. Ta amoteAdéopata g rapovoag epyaoiag
Bpilokovtal oe €ailpetiky oupdpwvia pe ta dedopéva twv Hoang et al. evidg tov opiev tov aBsBalotfjtov Toug yia
evépyeleg verpoviov ano 14.0 éng 16.5 MeV, eveo yla v neplmaoon evépyelag verpoviov 14.0 MeV unidpyet pa
aocupgevia pe ta debopéva twv Konno et al., g tagng tou ~15 %.
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ITivakag 10: AnoteAéopata evepywv datopwv g aviidpaong 73Ge(n,p)’3Ga

o; (b)

By (keV) I, (%) | En=140MeV By =157MeV B, =164MeV  Ey =17.9MeV B, = 18.9 MeV
297.3 79.8+ 1.0 0.0217 4+ 0.0010 0.0222 £+ 0.0016 0.0248 4+ 0.0021 0.0231 £+ 0.0015 0.0215 £+ 0.0016
325.7 11.24+04 0.0241 £ 0.0014 0.0232 £ 0.0020 - 0.0256 £ 0.0024 0.024 £ 0.004
739.4 4.3+0.3 0.0273 £ 0.0025 — - - -

767.8 1.44+0.09 | 0.0264 £ 0.0029 —

o (b)
0.0231 4= 0.0010 0.0226 4+ 0.0028 0.0248 +0.0021 0.0231 £ 0.0015 0.0216 4 0.0016

H avtidpaorn 74Ge(n,a)’1MZn

Ta MEPAPaTKA anoteAéo|ata evepyov d1atopay yia v avtidpaon “42Ge(n,a)’1™Zn napouoialoviat oto Txrpa 193
kat otov ITivaka 11. O Buyatpikdg ruprjvag /1 Zn napdyetat ot Baoikr) Kat oty petactadr) 10U Katdotacn. Lta
mAaiota g S1atpBrg autng, POVo 1) PeAéTn TG anodiéyepong Tng Hetaotafous otadpng mpog tov rupnva / LGa péoe
6™ drdortaong (100%) pe xpovo nuideong 4.14 h, nrav duvatr pe ) peBodo tng verpovikng evepyortoinong. H tedikr)
TII) TNG EVEPYOU H1ATONTG UTTOAOYIOTNKE ATTO TO OTAOPIOPEVO PECO OPO TV ETTIHIEPOUS TIHWV EVEPYRV O1ATOURDV OTIOG
AUTEG TIPOEKUPAV ATTO TIG aKTiveg-y evépyelag 386.4, 487.4 kat 620.1 keV pe avtiotoixeg evtaoesig 89.0, 61.9 kat
54.5% [12]. H uipn) tng evepyou diatopr|g yia evépyeta verpoviov 14.0 MeV Bpioketal og e§a1petiky ouppavia pe v
avtiotolyn T v 6edopévev twv Konno et al., eve yia peyalutepeg evépyeteg pExpt 16 MeV undpyet e§aipetikn
oupgpevia pe ta dedopéva twv Hoang et al.
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ITivakag 11: Anotedéopata evepywv dlatopwv g aviidpaong 74Ge(n,a)’1™Zn

o; (b)

By (keV) Iy (%) Ep = 14.0 MeV En=15.7MeV  Ep=164MeV  Eyp=17.9MeV  Ep = 18.9 MeV
386.3 89.0+ 1.1 | 0.00308 4+ 0.00016 0.0041 £ 0.0004 0.0037 £ 0.0005 0.0040 £ 0.0005 0.0049 + 0.0005
487.3 61.9+0.4 | 0.00311 £ 0.00017 0.0041 £ 0.0004 0.0038 4 0.0007 0.0040 4 0.0005 0.0051 £ 0.0005
620.2 54.5 £ 0.7 | 0.00308 £ 0.00020 0.0042 £ 0.0005 - - 0.0059 4 0.0007

5 (b)

0.00309 £ 0.00014 0.00410 4 0.00029 0.0038 4= 0.0004 0.0040 % 0.0005 0.0051 + 0.0004

H avtidpaon “2Ge(n,np/d)"3Ga

Ta MEPAPATIKA ATIOTEAEOPATA EVEPYOV S1ATOROV yia Vv aviidpaon /4Ge(n,np/ d)73Ga rapouotadovial oto Zxnpa
190’ xat otov ITivaka 12. H neptypadn g anodiéyepons 1ou Buyatpikou rupnva ‘SGa €xet 1181 yivel oe rponyou-
pevn evotnta. Ta melpapatikda anotedéopata g rapovoag d1atpibrg Bpiokovial oe KaAr] oUPP@Via 1000 ®G P0G
TNV TAOoT) TOUG, 000 KAl ®G IIPOG TNV T OtV NePint®or g evépyelag vetpoviov 14.0 MeV pe 1o povadikd ouvoldo
dedopévo twv Konno et al. mou unidpyet yia ) oUyKekppévn avtibpaor.

Mivarag 12: Anotedéopata svepyov Statopdv g aviidpaong /4Ge(n,np/d)’3Ga

| a (b)

By (keV) Iy (%) By = 14.0 MeV Ey=157MeV  Ep=164MeV  E, =17.9MeV  E, = 18.9 MeV
297.3  79.841.0 | 0.00219 +0.00016 0.0043 + 0.0004 0.0050 & 0.0006 0.0136 & 0.0014 0.0166 + 0.0014
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H avtidpaon 7Ge(n,2n)"°Ge

Ta nelpapankd anoteAéopata g aviidpaong 76Ge(n,2n)"°Ge rapouotadoviat oto Lxnpa 196" kat otov [Tivaka 13.
O Buyatpikog rruprvag 5Ge rapayestal ot Baoikn (pe xpovo npidwng 82.78 min) kat otn petaotabrn tou otadpn
(ne xpovo nuidwng 47.7 sec). Zta miaiola avtg g d1atpibrg, Perpr)OnKe n OUVOAIKI) evepyog Hl1atopr) Om+g TMOU
avtiotoikel oto dBpotopa v evepyav dratopav yia 1 Baoikr) kat petaotabr) otaburn, epooov n petaotadng otdd-
pn anodieyeipetat oe ocootd 100% mpog tn Baowkr). O mapayodpevog rupnvag ‘2Ge amodieyeipetal ev ouvexeia
péow drdaomaong 8™ (100%) otov ruprva /PAs eKIEPMOVIAG TV XAPAKINPIOTIKY aKTiva-y evépyelag 264.6 keV ne
avtiotorxn evraon 11.4% [13], n oroia xpnoprnombnke ya tov rpoodloptopd g evepyou diatopng. Ta arote-
Aéopata g datpBrg auvtng Bpiokovtal os TOAU KAAn oUpdavia pe ta nelpapatnka dedopéva v Steiner et al.
[23], ou aroteldel 1o povo ouvodo dedopévav yia evépyeleg peyadutepeg Tov 15 MeV, eve yla v repintoon tov
14 MeV undpxetl oAU KaAr] oupd®Vvia IPAKTIKA pe KaBe ouvoAo Hedopévav, eviog TV 0piev TV aBeBalot)i®v TV
HETPIoE®V.

IMivakag 13: Anotedéopata g aviidpaong “8Ge(n,2n)"°Ge

o (b)
Ey (keV) Iy (%) |En=140MeV E,=157MeV Ep=164MeV Ep=17.9MeV  E, = 18.9 MeV

264.6 114+£1.1 ‘ 1.174+0.13 1.18 £0.14 1.18 +0.14 1.15+0.13 1.24£0.15

;

YM991X) Ul 10BIISAY PIPUIXT]



Extended Abstract in Greek XXXV

ZUYRP101) anoteAeopateVv PUcirk®dVv
Kat Iootormika EpnAoutiopévav Z1oxXwv

H 1né006og tng verpovikrg evepyortoinong Baoidetat otn pérpnon tmg padie-
VEPYELAG TOU EKAOTOTE TAPAYOHEVOU TTUPHVA. LE KATO1EG MEPUTINOELS OPWG,
OU0 51aPopeTIKkEG AVTIOPAOELS YEITOVIK®V 100TOTIOV PUITOPETL va 08nyroouv otnv
Mapay®yr tou i61ou ruprjva. Ta napddetypa, o ruprvag “2Ge propet va ra-
paxOei arnd g avudpdoes 2Ge(n,p)’2Ga kat “3Ge(n,np/d)"2Ga. Tuvenag,
1O1aitepa oV NMeEPIMIOON PEIPHOEDV EVEPYWOV H1ATOP®V 1€ PUOTKOUG OTOXO0UG
TIPETIEL VA TTOOOTIKOTIO Ol 1] OUVEICHOPA TV ‘TIAPACITIKOV’ KAVAAIDV TTOU O-
dnyouv otnv nmapaywyn tou id1ou rmupnva pe autdv 1mou napdyetal arno v
exkdotote nipog peAétn aviidpaon. H ocuvelopopd autr) priopet va uvrodoytotel
He BempnTIKoUg UTIOAOY10110UG, 01 OTI0101 ®OTO00 cuvodeuovtal aro TG S1KEG
ToUg aBeBaiotnteg, KUPIwG CUOTIHATIKEG.

O1 petprioelg Pe 100TOITIKA EPUIMAOUTIOREVOUG OTOX0UG arod Vv aAAn, dev -
nnpeadoviatl t0oo (avaloya Je td IT0000Td EPITAOUTIONOU) ATTO TIS OUVEICPOPES
auteg, odnyoviag otV Mapay®yr] droteAsopdtav evepyou H1atopng Peyadu-
TepPNg akpibelag.

["a toug Aoyoug autoug, ota rmAaiowa g datpBng auvtrg, IPAYHATOIION]-
Onkav dUo oe1pég peTproewy yia evépyela déopng verpoviov Ep = 17.9 MeV.
21 Pty og1pd PETPIOE®V XPotponontnke puotkog otoxog Ge e oAa ta 1-
odtora ot puotkr) oug avadoyia (“0Ge 20.52%, 72Ge 27.45%, "3Ge 7.76%,
74Ge 36.52%, "6Ge 7.75%). i SeUtepn) Gelpd METPHOERV XPNOTHOMO)O1)-
KAV 100TOITKA EUITAOUTIOREVOL OTOXO1, 1€ OKOTIO TOV €AEYXO0 TG aKkpiBelag Kat
G evalodnoiag twv H10pOoeWV IToU Mperel va epappootouv [24]. H pébBodog
816pBwong mou epappootnke rapovotadetal otnv enopevn Iapaypago.

A10pOcoeig ITapaocttiROV AvtiSpacewv

To ouvoAo TV yeyovotwv (Y) Iou peTpouvial OTo MEPAPATIKO pAopia aktivoBoAiag-
Y Hlag ‘poAuopévng’ avtibpaong, arnotedeitat aro 1o abpolopa TV YEYOVOTRV

¢ avtidpaong eviiadepoviog (X) kat v avtiotoxn cuvelopopd tng rapaot-
KNG avtidpaong rmou odnyet otnv napaywyr) tou id1ou rmupnva. O Adyog TV

dvo napandave peyebov divetal ano ) oxéon:

Y o1 Ab;
S T it 5
X +02 Abo ©)

OTI0U
* Y To oUVvOAO T®V YEYOVOTOV POTOKOPUPHG OTO GpAacpia
¢ X Ta yeyovota ¢eToKopUPrg g I1pog peAétn avtibpaong

* 01 H tprn) ing evepyou diatopng ng Tapaottuikng’ aviidpaong, n onoia
AapBavetat arno karowa 818A1001kn agtoAdynong
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* o2 H 1pr) tng evepyou Sratopng g mpog peAétn aviidpaong, n onoia
AapBavetat aro v id1a B18A1001kn adloAoynong

* Ab; H agbBovia tou 100to1rou mou eivatl urneubuvo yla v IapaottiKy)
ouvelopopa

* Abo H apBovia tou 100t610U 10U O1oiou n avtidpaon pedetdatat

'Onwg napouotdletal oy Eiowon 5, n pebodoloyia autry e€aptatat €-
viova aro tyv ermdoyr] g B818A100rkng afloddynong yla tov rpocdloptopo
TOU AOYOU T®V evepynVv dlatopwv o1 /oe. H emdoyn tng idiag B1B8A1001kng a-
gloAoynong yla tig 600 TijEg evepy®Vv H1aTtopv UTIOOETEL OTL O1 UTIOAOY10HO01
OTATIOTIK®V POVIEA®V Yivovial Pe CUOTHATIKO TPOIo yid 0Aa ta KavdAia a-
vtibpaong, kat ot Sradopeg mOaveg ouotnpatkeg abeBalotnteg analdeipovrat
HE TN XP1)01 ToU AGYOU o1 /09, Kabiotodvrag 1 pebododoyia a§ioruorn.

H peboboloyia Oa epappootei otg avudpdoeig “6Ge(n,2n)"2Ge,
2Ge(n,)%9™MZn kat 72Ge(n,p]72Ga. Znpewwvetal o0t n rp®tn aviidpaon ée
POAUvETAl A0 KATTO10 YEITOVIKO 10010110, Katl 0a xpnotpornoinfel oav €éAeyxog
G pebododoyiag, eva o1 duo tedeutaieg poAuvovtatl arno avildpaoelg YEItovl-
KQOV 100TOTIRV.

H avtidpaon 76Ge(n,2n)”3Ge - un poAuvopévn

3 1 1 L 1 1 L
m  previous EXFOR data JEFF-3.3
1970,E.Steiner+ 1 == JENDL-5
i 2007,RViastou+  =—— TENDL-2021
c 2017, Megha Bhike+ — ——- ENDF/B-VIII.0
8 O present work - natural target
L 21 @ present work - enriched target
c
§e]
©
3 +
- e S e
[ v g ==
o 1 45’1% e
e 4{ i S,
o HH // '''''
0 ‘/ T T T T T
8 10 12 14 16 18 20 22

Energy (MeV)

IZxnpa 20: Ta amnotedéopata evepyou Owatopng g avtidpaong
76Ge(n,2n)75Ge

Ta nepapatika anotedéopata mg aviidpaong 76Ge(n,2n)"°Ge rapouotado-
vtat oto Xxnpa 20 padi pe nponyoupeva dedopéva tng BiBAloypadiag [18]
Kkat BiBA1001keg aglodoynong [16, 25-27]. Ztov [Tivaka 14 tapoucialoviat ot
OKTIVEG-Y TTOU XPNOoHoro)0nKav Kat td TeAKA aroteAéopata evepynv dia-
TOP®V Y1a TG PETP OIS PE PUOIKO KAl 100TOTUKA EUITAOUTIONEVO OTOXO.
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[Mapatnpeitat e§aipetikn ocupPavia Petady tov dUo aveapti@v PeTPr)-
OEWV, EVIOG TV 0PIV TV aBeBalotntov Toug, KATL TO Oroio urodeikvuel ot
dev unfjpxav cuotNRATIKEG HlaPopEg PETASU TOUG, OO0V aPopd otV avAAuon
TV 6eB0PEVOV 1] 1] OUVOAIKI] TEPANATIKT dladikaocia rmou akoAouOnOnke.
Enopéveg prmopet va yivel a§lomotn oUyKplon TV AroTEAEOPATOV TOV IO
OUVOETOV MEPUTIOOEDV TTOU AKOAOUBOUV.

ITivakag 14: H aktiva-y rou xpnowporow)dnke, padi pe mv éviaot] tng Kat
Vv avtiotoyn aBeBatotnta [13] yia tnv avtidpaon 76Ge(n,2n)"°Ge. Tapou-
oladovtal €Imiong Kat Ol UITOAOYIOHEVEG EVEPYEG O1ATOPEG HE TIG AVTIOTOIXES
aBeBaiotnteg toug.

tunog otoxou  Ey (keV) Iy (%) o(b)

natural 264.6 114+1.1 1.214+0.24
enriched 264.6 114+1.1 1.154+0.13

H avtidpaon 72Ge(n,a)®°™Zn - poAvopévn

0.016 [ previousl; EXFOR datal
i 2007,R.Vlastou+

m 0.014 ® 1993,C.Konno+
c ] ® 1992,H.M.Hoang+
g 0.012 @ present work - enriched target +
= k- |
8 0.0101 O present work - natural target
S 0.008-
?
o 0.006
3
£ 0.004-

0.002{ % &%

0.000 R TENDL-2021: GE-72(N,A)ZN-69-M1

' 8 10 12 14 16 18 20
Energy (MeV)

Zxqpa 21: Ta amoteAdéopata evepyou Owatopng g  aviidpaong
2Ge(n,a)%9mzn

Ta anotedéopata g aviidpaong 2Ge(n,)9™mZn rapouotadovial oto Xx1n-
Ha 21 yla v nepint@orn 10U GUOIKOU KAl 100TOITIKA EUIMAOUTIOPEVOU OTO-
Xou, padi pe mponyoupeva dedopéva ng BiBAloypadiag kat ) B18A1001KY
a§loAoynong TENDL-2021. Ztov ITivaka 15 mapouoiadetal n aktiva-y mou
XPNOHOITo)ONKe KAl Ta TEAKA ATTOTEAEoPATA EVEPYRV dratopav padi pe ug
avtiototxeg aBeBatdtntég Toug.

[Mapatnpeitat pla Stagopd ng tang tou 18% petaiu twv 6Uo petproe-
@V. ZNPEIDVETAL OTL Il CUYKEKPIIEVT aviidpaor poAuvetatl ano v aviidpaon
73Ge(n,na)%9™MZn oy nepintoon 1ou puotkou otoxou. H §16pOworn rou axo-
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Aoubrbnke oe auth) Vv nepintworn Bdoet g e§iowong 5 kat g B1BA100rKkNg
EAF 2010 [28] mapouctddetal mapakatw,

ITIivakag 15: H aktiva-y rou xpnowpornow)Onke, padi pe mv évtaot] tng Kat
mv avtiotoikn aBeBadta [9] yia v aviidpaon “2Ge(n,a)%9™zn. TMapou-
oladovtal ermiong KAl Ol UITOAOYIOUEVEG £VEPYEG O1ATOHPEG 1€ TIS AVIIOTOXES
aBeBailotnieg Toug.

wirog otoxou Ey (keV) Iy (%) o(b)
natural 438.63 94.85 4+ 0.07 0.0085 4 0.0012
enriched 438.63 94.85 4+ 0.07 0.0070 = 0.0007
25 1 " [ 1 [ 1
EAF-2010
1—JEFF 3.1 -A
2.04 -
1.5 -
\b(\l
=
1.0 -
0.54 -
00 v T s v L) M I

8 10 12 14 16 18 20
Energy (MeV)

SxfApa 22: O Adyog o1 /0y yia TV Mapacttiky aviidpaon /3Ge(n,na) og ou-
VAPTNOT NG EVEPYELAG VETPOVIWV.

IMapaocitiké KavdAl yia tnv avtidpaon 73Ge(n,na)®®™zn O Adyog v
eEvePYQV S1atopav o1 /oo g E§lowong 5 urodoyiotnke Bdoet tng 618A10011kng
a§lodoynong EAF 2010. O Adyog autog rmapouotaletal OUvaptroet TG EVEP-
yelag verpoviov oto Lxnpa 22 ya tg 818A100nkeg EAF-2010 [28] kat JEFF
3.1-A [29]. Ot anokAioelg Tou AGYOU aUToU auiavovial ONHaAvVIIKA CUVAPTIOEL
G evepyelag, odnywvtag oe TIoAU dapopetikd aroteAéopata 610p0wong tng
TEAIKIG TIPS £vEPYOU Hratoprg avddoya pe v ermAoyn g TUnNGg tTou Adyou
autou. ['a v nepimeon v 17.9 MeV, ot 610pBcoelg kupaivoviat ano 7.3
€wg 32.7% evidg Tou Slaotrpuatog g YPAPHOOKIAOREVNG TIEPLOXNS TOU XX1)-
patog 22, rou opidetat amo tig duo B1BA10011Kkeg. AUTo 10 yeyovog Oa propouoe
va dikatodoyrjoet tv andkAion g tadng tou 18% mou rnapatnpndnke.
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LZNPEwVeTal TIOG 1 OUYKERPIEVH pebodoloyia Oewpeitat a§omotn ya
EVEPYEIEG VETPOVIOV MIKPOTEPES TV 12 MeV avefaptnta and v ermdoyr) Bi-
BA1001KNG (t0 €Upog TV Slopbwoewv dev Eerepva 1o 3%). Emiong otnv mepi-
ITI®OT] TOU 100TOITKA ePrAouTiopévou otdxou 2Ge, 1 619pOworn tev 17.9 MeV
dev &enepva oe 0000To 10 3.5% ave€aptnta aro v ermioyr) 618A1001KNgG.

H avtidpaon 72Ge(n,p)’2Ga - poAuopévy

0.10 ] previo.usEXFORcliata = ENIDF/B-VIII.O
® 1992,H.M.Hoang+ TENDL-2021
— ® 1993,C.Konno+
g 0.08- 2007,R.Vlastou+
© @ present work - enriched target
2 O present work - natural target
c 0.06
.0
©
 0.04
o ] AL % g 4 L T $— FOT e -
S i T e
S 0.021 T o
PG
0.00bemszas ™ . . . .
6 8 10 12 14 16 18 20
Energy (MeV)
Zxfnpa 23: Ta amoteAdéopata evepyou Owatopng g aviidpaong

72Ge(n,p)72Ga

Ta amnotedéopata evepynv diatopov g aviidpaong 2Ge(n,p)”2Ga napou-
owadovtatl oto Zxnpa 23 yia v nepineorn GpuotkouU Kat 100TOIKA EPITAOU-
TIopévou otoxou padi pe mponyoupeva dedopéva tng BiBAloypadiag kat g
B18A1001keg aglodoynong ENDF/B-VIIL.O [16] kat TENDL-2021 [25]. Ztov
[Tivaka 16 mapouoiadovtal o1 aKtiveg-y IoU XPNotpono)fnkav yida tov Uro-
AOy10110 TV evepywVv H1ATOP®V HE TIS EVIAOEIG TOUG KAl TG aviiotoixeg abe-
Bailotnteg.

ITIivakag 16: Aiota 1@V AKTIVOV-Y TIOU XPNOTHOTIOW|0NKAV OTOV UTIOAOY1010
g evepyou Sratoprng, padl pe tg eviaoelg Kat tg aviiotoixeg aBeBaitotntég
toug [10] yia mv avtibpaon “2Ge(n,p)’2Ga. IMapouciadovial Kat ot TEAKES
TIHEG EVEPY®V d1ATOP®V e TS aviiotolxeg aBeBalotnteg.

turog otoxou  Ey (keV) Iy (%) oj (b) o(b)

natural 834.13 95.45+0.08 0.0361 +0.0027 0.0348 £ 0.0020
629.97 26.13 +£0.04 0.031 £+ 0.005
2201.59 26.874+0.12 0.031 £ 0.005

enriched 834.13 95.45+0.08 0.0286 4+ 0.0026 0.0280 =+ 0.0026
629.97 26.13 £0.04 0.0269 £ 0.0027
894.33 10.14 £ 0.02 0.0284 + 0.004
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[Mapatnpeitat pia Stapwvia g taéng tou 20% petady twv 6U0 PETPNoE®V.
ZNHUEIWVETAL OTL OV TMEPIMIOON TOU PUOIKOU OTOXO0U, XPNOIUOMolNOnKe 1
B18A1001k1 aglodoynong TENDL-2021 yia tov UrtoAOY1ol0 TG OUVEIGPOPAS
1OV MAPACITIK®V avilidpAacewV 73Ge(n,np)72Ga Kat 73Ge[n,d)72Ga, HEo® TOU
A()YOU o1 / 09.

IMapacitika KavaAia yua tnv avtidpaon 72Ge(n,p)’2Ga O A6yog o1 /09
1OV evepynv dlatopav g iowong 5 urnoloyiotnke Baoet tng B18A1001KNG
a§loAoynong TENDL-2021 yta tov ipocdloplopod g OUVEICPOPAS TV Ttapd-
OTKQV avtidpdoemv 73Ge(n,np)72Ga Kat 73Ge(n,d)72Ga.

0.8 0.6 | 3.5 3 '

Tir_‘o.:t ’,/' | 3.0 E“Z I. 1

02 ot ° ! |

0.6 / . s 2.5 ) p X
’ /

a 0'010 15 20 ! /, « 0 ! /. I
L Energy (MeV) o, [ b 2.0 12 1 6 1 20 , / L
o 0.4 /'/ ,/' N o Energy (MeV)

——CENDL-3.2 /,'/,"' i 151 —cenpL-a.2 i
— — FENDL-3.2 /4 10]- — FEnDL-32
024 JEFF-3.3 i I ] JEFF-3.3 i
—-—JENDL-3.3 Y —---JENDL-3.3
---- TENDL-2019 % ! 0.54-.-.-TENDL-2019 i
TENDL-2021 _,/”/ TENDL-2021
0-0 T - L} 0-0 L} L] L}
0 10 20 30 0 5 10 25 30
Energy (MeV) Energy (MeV)
(@) Gen.d)"%Ga (6) "Ge(n.np)’2Ga

Zxnpa 24: O Aoyog 01/09 TOV MAPACITIKGOV aAVvIIdPAOEDV 73Ge(n,d/ np)72Ga
®G OUVAPTNON NG EVEPYELAG VETPOVIDV.

O A0yo0g autog rapouctddetal CUVAPTIOEL TG EVEPYELAS VETPOVIDV OTO XX1-
pa 24 yua 818A100nkeg [25, 27, 30-33] mou BpeBnkav va £xouv rmAnpopopieg
EVEPY®V H1ATOP®OV TOOO0 Yld TIS MTAPACITIKEG aviidpAoelg, 000 KAl yld Tr) He-
Tpoupevn aviidpaon.

H gAdyiotn kat péyotn g tou Adyou o7 /oo Snpioupyel ) ypappookia-
o€V MEPLOXT) TTOU Itapouotadetal ota Zxnpata 24a’ kat 246’, evtog tng oroti-
ag propet va ermdexBel kamowa T yia tov Adyo op/o2. Ot évioveg S1apopeg
petady 1oV B1BA10ONKAV, e181KA 0e Peyadutepeg evépyeleg 08nyouv O TTOAU
dragpopetika anotedéopata H10p0W0EWV evepY®V HlatopdV otr) MePInmIOon TOV
PuoK®V otoxwv. ['a nmapddetypa, ya svépyela verpoviov 17.9 MeV ot 61op-
Bcoelg Kupaivoviat petagu:

* 1.7 ¢wg 10.6% yla v avtidpaon 73Ge(n,d)"2Ga
e 9.7 £0g 49.2% yia mv avtidpaon “3Ge(n,np)’2Ga

Kat yia 1ig 600 napaocttikég avudpaoetg, n ouvelopopda dev Eemépaoce o 1o-
00010 10 3% Y1a EVEPYELEG VETPOVIOV MIKPOTEPES TV ~14.5 MeV, otig oroieg
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N OUYKEKPEVT pebododoyia propet va BewpnOet adiormotn. Ot évioveg dia-
PopEG PeTady v B1BA100NK®V Propet va eivat o Aoyog 1V §1a(popoItoir|oemv
TRV PETIPHOEDV PE PUOTKO KAl 100TOITIKA EUITAOUTIOHEVO OTOXO ITOU £y1vayv otd
rmAaiola autig g dratpBrg.

Znpeldvetatl T€Aog 0Tl OtV MEPIUTIOOT TOU 100TOITIKA EUMTAOUTIOPEVOU OTO-
Xou 72Ge, 1] CUVELOPOPA TOV ITAPACTUKOV AVIIBPACE®V eV EEMEPATE OE TT0CO-
ot0 10 5%, ermBeBaiwvoviag v aglormotia IOV AroTeEAEoRATOV EVEPYQOV dila-
TOP®V ITOU ITPOKUITIOUV A0 100TOTKA EUITAOUTIOPNEVOUG OTOXO0UG.

Ocwpntikoi Yrniodoyiwopoi

Ext6g anod t1g nelpapatkeg PeIpnoelg, ota rniaiola mg napovoag diatpiBng
eywav Bewpnuikoi urtoAoyilopoi pe xprion tou kwdika EMPIRE 3.2.3 [1], o
ortoiog exktedel unodoylopoug Hauser-Feshbach [34] pe okornd v avana-
payeyn tov aviidpdosav /0Gen,2n)%9Ge, 2Gen,a)%9mzn, 72Ge(n.p)’2Ga,
73Ge(n,na)®9mzn, 73Ge(n,np/d)72Ga, 73Ge(n,p)73Ga, 71Ge(n,a)’1mzn,
74Ge(n,np /d)73Ga ka1 "6Ge(n,2n)"°Ge) nou peAet)OnKav, pe £va OUVEKTIKO
OUVOAO TTAPAPETP®V £100060U. O1 UTOAOY1OPO1 £y1vaV OTO EVEPYELAKO €UPOG 5
- 20 MeV.

O kodikag EMPIRE ermtpéniet v ermoyr] S1apop®v OMIK®OV HOVIEADV
duvapkou (péow g eviodng “OMPOT”) amnd v mo npoodatn B18A1001Kn
RIPL-3 (Reference Input Parameter Library), yia diagpopa £16n copatidicov.
O1urnodoyiopol t@v ouviedeotav d1€deuong yivetal péow tou kwdika ECIS [35,
36] ennpedadovial KUpiwg Ao TV €rmAoyI ToU OTKoU dUvapikou, Kat ivat
o euaiobnrot otnv Xapnloevepyelakrs reploxr pepkov MeV (kovtd oto e-
VEPYEIAKO KATOPAL TRV aviidpdoe®v). Ot urtodoyiopot otnv reploxr) uPnAote-
POV EVEPYELMV ATTO TNV AAA1), eivatl 1o euaioBntot oty emAoyr) twv S1aPopwv
HOVIEA®V MTUKVOTNTAG EVEPYEIAK®V Kataotdoewv (ta diabéoia povieda otov
kwb1ka tou EMPIRE eivat ta €€rg: Movtédo Aspiou @éput - Fermi-Gas Model
[37], MovtéAo Gilbert-Cameron - Gilbert-Cameron Model [38], T'evikeupévo
Movtédo Yrieppeoutou - Generalized Superfluid Model [39, 40] kat 1o BeAto-
pévo I'evikeupévo Moviedo Yrieppeoutou - Enhanced Generalized Superfluid
Model [41]) kaBng kat parvopévev rpo-toopportiag. Ta pawvopeva autd rept-
ypdadovtal p€om tov KBaviopnxavik®v poviedov Multi-step Direct [42] (péow
g evtoAng tou EMPIRE “MSD”) kat Multi-step Compound [43] (péow g
evtoAng tou EMPIRE “MSC”), kaBdhg Katl Tou patvopevoAOy1KOU HOVIEAOU &-
Sitoviov [44, 45] (péow g evioAng tou EMPIRE “PCROSS”).

O oxkorog G BePNTIKIG AUTIG PEAETNG N)TAV 1] ETTIAOYT] EVOG OUVEKTIKOU
OUVOAOU MAPAPETP@V £10060U PE OKOTTO TV TAUTOXPOVI] AVvATIApAY®DdYT OAGV
TOV KAvaAl®v rou pedetfnkav AapBdavoviag vnioyv oAa ta dabéopa met-
papatika dedopéva.

H oe1pd tev Bnudtev rmou akodoubrdnke sixe og e&ng: Epocov ta ka-
vaAwa (n,2n) €xouv 1 peyadutepn THI €vepyou dlatopng Kat ta 100tora
70.76Ge Slapépouv poévo katd 3 deuyn verpoviev, 1o pwto Brjpa mepteAdp-
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Bave TNV TAUTOXPOVI] PNEALTN TOV AVIIOPACERDV 70.76Ge(n,2n)%9-75Ge. ‘Eywav
0Aot o1 ouvduaopoi v dlabéoev onmukov dSuvapKoVv amnod 1 B618A100NKn
RIPL-3 katl t@v 81a0£0110V POVIEA®V ITUKVOTNTAG EVEPYEIAKWY KATAOTAOEDV
aro tov kKodika EMPIRE 3.2.3. O 6¢Atiotog cuvbuaopog Bpebnke va ei-
val 1o ortko duvapiko verpoviov B. Morillon and P. Romain [46] (RIPL-3
OMP index: 2411) kat 1o BeAtiwpévo I'evikeupévo Moviédo Yrieppeoutou -
Enhanced Generalized Superfluid Model [41] (péow tng evioArg “levden=0”
otov kwdka tou EMPIRE). Ta onmuika duvapikd yia npotovia, oopatidla-
a, Seutépla, Tpitia kat SHe apédnkav otig TPOKABOPIOPEVES TOUS TUIES OF
autn) Vv Pt npoogyytlon. Ot pnxaviopoi mpo-100pportiag evepyoronon-
KAV PEo® TV KBaviopnxavikov poviédov Multi-step Direct [42] (péow ng
evtoAnig tou EMPIRE “MSD=1") kat Multi-step Compound [43] (p¢ow g e-
vtoArig tou EMPIRE “MSC=1") kat T0U ¢paivopEVOAOYIKOU POVIEAOU £E1TOVIROV
(PCROSS=1.5 - péon uprn). AxkoAouBoviag tov rapdarndave cuvéuaopod ra-
PAPETP®V, 1] TAUTOXPOVI] AVATIAPAYRDYT] TOV KAVAAI®V 70.76Ge(n,2n)%9-75Ge
etval mdpa 1moAu kaln onwg gaiverat kat oto Lxpa 25. Ot1 unoAoylopot auv-
10l 0ot ouvéyxela enektaOnKav Kat oe XapnAotepeg evépyeteg (aro 0.1 péxpt
20 MeV) ka1t ta anotedéopata g rapapeTponoinong rnov avadpepdnke rapa-
MAvVe NTav €riong oe moAu KaArn cupgpevia pe dedopéva avudpdoewv (n,tot)
otav autd frav dabopa ot BBAoypadia.
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Sxfipa 25: Yrodoyiopoi EMPIRE yia g avudpdoeg 7% 76Ge(n,2n)%9-72Ge

Me 6e01EUNEVO OTITIKO SUVANIKO VETIPOVIOV KAl SECPEUPEVO HOVIEAO TTU-
KVOTITAG EVEPYEIAKMOV KATAOTACE®V, T0 HeUtepo Brjpa ftav 1 avanapayoyn
1OV KavaAlwv avtidpaong rmou sixav éva npetovio oto Kavdaltl e€66ou. Au-
g ftav ot avudpaoeig 72 73Ge(n,p)’273Ga kat 73 74Gen,np/d)’273Ga. To
OITIKO Suvapko twv A.J.Koning kat J.P.Delaroche [47] ui00etrOnke os auv-
1 Vv nepinmtwon (RIPL-3 OMP index: 5405), ev® 1 ouvelopopd PpatvopiE-
V@V TIPO-100pPOTHiAg TPOTIOnofnKav eAapp®g PNECK TOU POVIEAOU T®V &8L-
toviov (PCROSS=1.2, 0.6 kat 0.6 yia toug rupriveg /2:73:74Ge avtiotoya).
Ta ortikd duvapikd yla cepatidia-a, Ssutépla, tpitia kat SHe apédnkav
Kal aAt otg npoxkaboplopéveg toug Tipég. H avanapayoyr tov Kavaiiov
72.73Ge(n,p)’2"3Ga eival oAU Kaldr] dneg gaivetat ota TxApata 26a’ Kat
266, n orola meplAapBavel eKTOg A0 Ta AMOTEAEOPATA TG ITAPoUoag ep-
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yaoiag, Kat anotedéojiata PETPHoemv v avidpdoeav /2 /3Gen,p)’273Ga
arno rnaiaidtepeg perprnoelg tmg opadag Iupnvikng Puowkng tou EMII [48].
O1 untoAoytopoi v avtidpdoemv 73’74Ge(n,np/ d)’2-73Ga, patvetat va uro-
TIOUV eAaPPRG TIS TIHEG TV PETPOUHEVOV EVEPYROV d1ATOP®V, ONKS dpaivetatl
ota Zxnpuata 5.7c kat 5.7d.
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ZxApa 26: Yrodoylopoi EMPIRE yia ta kavdAia aviidpaong pe rmpatovio (p)
oto KavaAt §odou

Me Seopeupéva 1a omtika SUVAPIKA VETPOVIKV Kdl MPAToVieV, Kabwg Kat
TO POVIEAO TTUKVOTNTAG EVEPYEIAKWV KATAOTAOE®V, TO TPito Kat teAeutaio B1)-
Ha nTav n avanapayoyr) tov Kavaiiodv avtidpaong pe oopatidlo-a oto Kavait
£6060U, 1€0w KATAAANANG erMAOYNAG OrtikoU Suvapikou copatdiov-a. Erudé-
XOnke 10 ortiko duvapko twv V. Avrigeanu, P.E.Hodgson, and M.Avrigeanu
[49] RIPL-3 OMP index: 9600), eve® tporonotr|fnke 1 napaperpog a (evioArn
EMPIRE “ATILNO”) katd 19% (a = 0.81) yia tov napayduevo ruprva 9Zn
kat 16% (a = 0.84) yla tov mapayopevo rmuprjva 707n, aprvoviag IPaKuKA
avennpéaota ta urolouna 1pog peAétn kavadia aviidpaong. H avanapa-
yov v kavaAiov “2Gen,a)%9mzn kat “3Ge(n,na)®9™MZn eivatr moAv kalr
onwg Ppaitvetal ota Zxnuata 27a’ kat 27y, KAt 1o ornoio e oupbaivel yia tv
nepinmoon g avtidpaong “4Gen,a)’1™MzZn, 6neg paivetatl oto Zxfpa 276

Znpeldvetal 0t 0Aeg Ol TPOTIONOUOELS IOV £ytvav ota dedopéva 10060u
Katd ) d1dpkela peA€mg 1V evvéa avildpdoe®v rmou pedetOnkayv, Eytvav pe
OUVETT) TPOTI0 Kal dev ennpéaocav rponyovpeva Brjpata g peAemng.

[Tpénet emiong va 600¢et €pdpaon oTo yeEyovog OTL 1] IKAVOIIOUNTIKI] avara-
paynyn 9 kavadwv aviidpaong oe mévie ootora tou Ge ouprniepltdapBavo-
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vtag Baoikeg Kal petaotabeig otabpeg, e CUVEKTIKO TPOTIO0, erBeBAI®VEL TNV
a§lorotia tng IMapaPEIPOIOinong rmou UloBetrBnKe 0TOUG AVIIOTO1X0UG UTIO-
AOY1010UG OTATIOTIKOV POVIEAGDV.
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Zxnpa 27: Yriodoyiopoi EMPIRE yla 6Aeg 11§ avtidpaoeig pe oopatidio-a oto
ravait e§66ou

Tupnepaopata xai [IpoontirEg

Zinv ntapouca HwatpiBr), perpnOnkav ot evepyeg dlatopeg tov aviidpdoemv
70Ge(n,2n)%°Ge, 2Ge(n,a)®9Mzn, 72Gre(n,p)nGa, 73Ge(n,na)9mzn,
73Ge(n,np/d)72Ga, 73Ge(n,p)73Ga, 74Ge:(n,<11)71mZn, 74Ge(n,np/d)73Ga Kat
76Ge(n,2n)"9Ge péom g 11EBOEOU G VEIPOVIKHS EVEPYOITOINONG S ITPOG
mv evepyo Satopn g avtibpaong avapopds 27Al(n,a)24Na. H napayeyn
TOV VETPOVIK®OV OeOPRV £ylve PEO® NG aviidpaong SH(d,n)*He OT1G VETPOV1-
keg eykataotdoelg tou EKEDE “Anpoxkpitog” (EAAGSa) kat “AMANDE”, IRSN
(FaAAia). Ot gtdxo1 TTOU XpnotponodnKav 1ftav 100TOIIKA EUITAOUTIOHEVOL
otéyor /0-72.73.74.76 e ge poper) naotidtag GeOs, kat toug rapeixe o n_TOF
collaboration (CERN).

Ta neploodtepa ano ta nepapatikda dedopéva mou Bpiokoviat otn B1BA10-
ypadpia xpnoyonolovv otoxous MlGe yia Tig petprjoelg evepyodv Statopdv.
Zinv nepimoon avty) opeg dnpuioupyouvidl OAUVOELG ATTO YEITOVIKA 100ToItd
rou 0dnyouv oty Snuioupyia Tou 810U mapayodpevou upnval kat cuvelopé-

IH texvikn tng verpovikng evepyonoinong Baoiletatl ot pétpnon g padlevépyelag Tou
napayopevou rupnva. Emopéveg av 6Uo kavadia avtibpaong odnyouv oty nmapaywyr) tou
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POUV OTO PETIPOUNEVO paopd, Kabiotoviag avaykaia v epappoyn Oswpn-
KOV 610p0MoewV, 01 0roieg ouvodevovial amnod TG 61kEG toug aBeBatotnteg.
O1 ouveloPOPESG AUTEG Yivovtal PEYAAUTEPESG OUVAPTI|OEL TG EVEPYELAS VETPO-
vieov, 0dnyoviag oe d10pBwpéva dedopéva evepyav dratopnv approbntioing
arpiBelag. Autog Ba propouoce va eivat o AOyog yia ) onpavtiiky €AAewyn
MEPAPATIKOV dedOPEVROV OTIG avTidpAoelg TTOU PeAETHONKAV Yla EVEPYELEG Ve-
Tpoviev peyadutepeg tov 15 MeV, kabwg Kat yla 1§ acUPQaVieg PETASU TV
UTIAPXOVI®V IMEIPAPATIKOV SEB0NEVRV EVEPYWV S1aTOPOV.

H xpron 1o0otorukd eprmAoutiopévev otoXev aro v daddn, napayet de-
dopéva uyndotepng akpibelag, epocov TET010U 1doUg peTprioelg dev ennped-
dovtal onpavuka anod ta €i6n twv poAvvoenv rou avapépBnKav naparndave.
Enopéveg ta anotedéopata g rapovoag diatpibrg, mapExouv anapaitnra
dedopéva evepywv H1aTOPOV O€ 1A EVEPYELAKI] TIEPLOXT] TTOU UTIAPXOUV TTOAU
Atya 1 kat kaBodou avtiotorxa dedopéva. EmmpodoBeta, n Xprjon 100tormka
EUMMAOUTIOPEVOV OTOX®V ETTTPEIIEL T HMETPNON aviliOpAoe®V HE TIOAU XAun-
Aég TipEg evepyou Sratopung (rt.y. 73Ge(n,na)®9™Zn). Tautdxpova, autd ta
akp18r) dedopéva, prmopouv va dpdoouv g £vag suaiobntog €Aeyxog yia v
akpiBela Kat ta opla g pebodoloyiag rmou akodoubrOnke otnv nepinmmon
XPHong PUOKOV otoxmv Feppaviou (M8lGe). e autd 1o mAaioto, potddnke
Ha pebododoyia 610pbwong yia tétotou eidoug S1opbwoetg, n akpiBela kat ta
opla epappoyng g oroiag eAEyxOnkav nelpapatkd pe dU0 oe1peg PeIpr)oe-
@V og evépyela verpoviav 17.9 MeV. H rnpwtn oe1pd PETP|0e®V ITPAYATOITO] -
Onke 11e xpron otoxou "Ge kat ta S10pOepéva anoteAéopata cUYKPIONKav
HE Ta avtiotolxa arnotedéopata g Oeutepng Oe1pdg HETIPHOE®V TIOU TIPAY-
patono|fnKav pe Xpnorn I®V aviiotolX®Vv 100TOTTIKA EUIMAOUTIOREVOV OTOX®V
Ge.

Tnv nelpapatiky pedétn akodoubnoe pia Oewpntiky), PEO® TOU KOO1KA
EMPIRE 3.2.3. O ot6x0g r)tav 1 tautdXpovr) Kal IKAVOTIOINTIKI] avarapayo-
V1] @V evvéa Kavadiewv avtibpaong rou peAeOnkav AapBavoviag uroyy,
€KTOG AITO TA ATTOTEAEOPATA TNG EPYACIAG AUTIG, NETIPTOELS EVEPYHOV H1ATOPDV
G B1BAloypadiag kat anod rmadaidotepeg perpnoetg g opadag [Mupnvikng du-
o1kng tou EMII, xpnotpornotoviag £va OUVEKTIKO CUVOAO MAPAPETP®V £10080U.
H axkp18rg ieptypadn 1oV Kavaiidv aut®v ota Ievie puotkd tootorna tou Ge,
ota orota ouprieptAapBavetal 1 APAy®yr OUyatplkov Imupnvev t10oo oty Ba-
O1KI] 000 Kdl O€ 1010EPT] OTdOur, arnotedel £vav oAU 10XUpO TIEPIOPIOHRO OTIG
MAPAPETPOUG £10000U UTTOAOY1IOP®V OTATIOTIKOV HOVIEA®V, eruBeBaidvoviag
Vv akpiBela kat a§lormotia toug.

Yriapxet Op®g 1 avaykr eAEYX0OU TG IAPAPETPOITOIN0NG AUTNS KAl 08 AA-
Ad 100T01Ta YEITOVIKIG NAlIKNG TTEPLOXNS TTOU ITAPOUC1AdouV TEXVOAOYKO 1) KAl
BewpnTuiko evdlapépov (yia mapdadstypa 1o 100Torno "SAs avaypdagetat otnv
NEA Nuclear data high priority request list yia epappoyég doowerpiag). E-
rurtAéov Oa rapouciade peyado eviiadepov va yivouv in-beam petpriostg, et-
O1KA y1a TNV MEPIUTIOOT] OUYKEKPIHIEVRV AVIIOPACE®V 1€ OKOTTO TOV H1aX®P10H0

161o0u Buyatpikou ruprva, dev uTIApyYel TPOTI0G H1aXWPIOH0U TV U0 CUVEICPOPDV.
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1OV 0uleuypévev kavaAlov (n,d) kat (n,np). Télog, petprioeig evepyov diato-
POV PE XP1)01 100T0TIKA EUIMAOUTIOHEVROV OTOX®MV 08 CUYKEKPPEVOUG pecoBa-
pelg rmuprveg (.. ta otoxeia aptiou Z Fe, Ni, Zn, Se, Sr pe moAAd ¢puoka
1o0torta), aveddptnta arnd 1o KOOT0g ToUG Kat T SUoKoAia aroKinorg toug,
Ba ftav rmapa oAU onNPAvIKEG yia T BeATIOTONOIN 0 UTIOAOYIOP®V OTATIOTL-
KOV Poviedav, kat Ba odnyouvoav oe arpiBeotepeg PeAAOVIIKEG TTPOOTIAOELEG
a§loAoynong, dlaitepa otnv VYPnAoevepyelakn reploxn twv MeV, orou napa-
mpeitat EAAewyn nepapatikeov dedopévev peydAng akpibelag.



Chapter 1

Introduction

Neutron-induced reaction cross sections are of major importance concern-
ing both practical applications and fundamental research in the Nuclear
Physics field. Practical applications include dosimetry, astrophysical pro-
jects, reactor technology, nuclear medicine, and the wide use of Ge in y-ray
detectors. Regarding the fundamental research interest, some (n,x) reac-
tion channels on Ge isotopes produce residual nuclei in high-spin isomeric
states. The de-excitation of such nuclei is heavily dependent on the spin
distribution of the continuum phase space and the spins of the respective
discrete levels involved. Accurate experimental cross-section data of (n,x)
reactions that produce such residual nuclei can play a significant role in the
study of the residual compound nucleus. A plethora of reaction channels is
produced from the five natural occurring isotopes of Ge (70-72:73.74.76Ge),
revealing very interesting systematics, crucial for the optimization of statis-
tical model calculations. The simultaneous reproduction of all the experi-
mentally studied reaction channels, with the same set of input parameters,
can act as a very important constraint in statistical model calculations. In
addition, accurate cross-section data above 15 MeV are very important,
since in this energy region, the contribution of the pre-equilibrium effect in
the de-excitation of the compound nucleus becomes more significant.

Most of the experimental cross-section data of (n,x) reactions on Ge iso-
topes found in literature, are measured with "@'Ge targets and are limited
to energies below 15 MeV, with large discrepancies among them. It should
also be underlined that similar discrepancies are observed among the dif-
ferent evaluation libraries, that become more prominent at higher energies.

In this scope, in the present work the 70Ge(n,2n)69Ge, 72Ge(n,p)72Ga,
2Ge(n,a)%9mzn, 73Ge(n,p)73Ga, 73Ge(n,np/d)72Ga, 73Ge(n,na)9mzn,
71Ge(n,a)’1Mzn, 74Ge(n,np / d)73Ga and 76Ge(n,2n)75Ge reactions have been
studied in the energy range between 14-18.9 MeV.

1



2 CHAPTER 1. INTRODUCTION

The cross sections were experimentally measured via the activation tech-
nique implementing five isotopically enriched Ge targets provided by the
n_TOF collaboration (CERN). The irradiations were performed at the neu-
tron beam facilities of:

¢ The 5.5 MV Tandem Van de Graaff Accelerator of NCSR “Demokritos”
(Athens, Greece).

e The 2 MV Tandetron Accelerator of AMANDE, IRSN (France).

The quasi-monoenergetic neutron beams were produced via the 3H(d,n)*He
(D-T) reaction in both facilities, while the necessary neutron flux was deter-
mined via the 27Al(n,a)24Na reference reaction. The induced radioactivity
on the Ge targets and Al reference foils was measured by y-ray spectroscopy
employing HPGe detectors. The combined use of the NeuSDesc and MCNP5
codes, was implemented for the simulation of the propagation of the neu-
tron beam through the consecutive stack of targets and reference foils.

Finally, a subsequent theoretical study of the nine aforementioned re-
actions was performed by Hauser-Feshbach calculations via the EMPIRE
3.2.3 code.



Chapter 2

Activation Method & Residual
Nuclei

In this chapter, the basic formalism of the activation technique that was
used in this work for the calculation of the cross section values of the
70Ge(n,2n)69Ge, 72Ge(n,p)72Ga, 72Ge(n,c1)69mZn, 73Ge(n,p)73Ga,
73Ge(n,np/d)72(}a, 73Ge(n,na)®°mMzn, "4Ge(n,a)’1MZn, 74Ge(n,np/d)73Ga
and “6Ge(n,2n)”°Ge reactions will be presented, along with the decay prop-
erties of the residual nuclei that were studied.

2.1 Activation Method

neutron
(]

> o i a8 /

o B-particle

= Neutron 4
R copture 8
j— &

Radioactive

Target Compound \ Y decay
nucleus N
N QR SER
A A+ yg* A+1 % X
= 2 X e —

Prompt gamma

radiation = 4
PGAA
A+ A+1
Z+1 X Z+1 X

Decay gamma
radiation
NAA

Figure 2.1: Schematic representation of the Neutron Activation Analysis
method [50]
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The activation method is a very precise and non-destructive technique
that can be used for neutron flux determination, or for a qualitative and
quantitative analysis of elements of an unknown sample. This method is
based on the measurement of the prompt (Prompt Gamma Neutron Acti-
vation Analysis - PGNAA) or delayed (Delayed Gamma Neutron Activation
Analysis - DGNAA) y-ray emission from a sample that has been irradiated
at a specific neutron field. In the present work, the DGNAA was employed
for the cross-section measurements of reactions that will be presented in
section 2.3, leading to residual nuclei with half-lives of a few hours.

As seen in Fig. 2.1, when an incident particle (e.g. neutron) impinges
on a target nucleus ‘%X, the compound nucleus %X* is formed, and may
de-excite through the emission of a prompt y-ray and a prompt particle.
Then, the residual nucleus ‘%lllX de-excites most commonly by 8% decay
accompanied by the emission of the delayed y-rays.

The excited nucleus produced during the neutron irradiation starts de-
caying at the moment of their production. In this scope, the net production
of the radioactive nuclei can be described by the following differential equa-
tion:
dN = production — decay = dN =o-f(t)-Ny—A-N (2.1)
dt dt
where:

* o: the cross section of the reaction

* f(t): the time-dependent neutron flux impinging on the target
* N;: the number of nuclei in the target

¢ N: the number of the produced radioactive nuclei

The general solution of equation 2.1 is:

[ AtoNf(t) 4 C
N(t) = i (2.2)

Assuming that the total irradiation time is tj;, the total neutron flux
impinging on the target will be:

tirr
@:/ f(t)dt 2.3)
0

where A is the decay constant of the produced radioactive nuclei. In this
case, equation 2.1 becomes:
birr
Joi eMdtf(t)dt oY

S f(t)dt
Equation 2.4 represents the total number of radioactive nuclei produced
during an irradiation that lasted for t = tj;;.

Np (tirr> = oN;®

irr (:2_41)
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Assuming

tirr Adt
Jore f(t)dtegAtnr

2.5
S (t)dt 29

C:

as a correction factor that takes into account the produced nuclei that
decayed during the irradiation, equation 2.4 becomes:

In this work, the cross-section calculation of each measured reaction is
performed relative to a reference one. Equation 2.6 is then applied both for
the reference and the measuring target:

N ref _ 01"ef . Ntref . ref fcref (2.7a)
p .
N}Ear — gtar, Nttar ) tar f(;car (2.7b)

The expression for the calculation of the measured cross-section value
presented in equation (2.8) is obtained by the division of equations (2.7a)
and (2.7b):

Ngar Ntref fcref (I)ref

tar ref . . .
ref tar tar tar
Npef N R o

(o) =0

(2.8)

2.2 Energy Diagrams

In this section, the energy diagrams for all the studied nuclei will be pre-
sented in Figures 2.2 to 2.6. When a neutron beam impinges on a target
nucleus, the respective compound nucleus is formed in an excited state.
Depending on the excitation energy provided by the neutron, the compound
nucleus can de-excite via several exit channels. This mechanism can be
schematically described by an energy diagram. All the energy levels de-
scribed in an energy diagram are calculated with the ground state of the
compound nucleus as the level of reference. It should be underlined, that
in Figures 2.2 to 2.6, the solid colored lines represent the neutron beam
energy in the laboratory system, while the dashed colored lines, represent
the respective excitation energy of the compound nucleus in the center of
mass system.

It is noted that from all the available exit channels presented in Fig-
ures 2.2 to 2.6, the ones that were available to be studied with the activa-
tion technique were the 70Ge(n,2n)69Ge, 72Ge(n,p]72Ga, 72Ge(n,a)69mZn,
7“O’Ge(n,p)73Ga, 73Ge:(n,np/d)72Ga, 73Ge(n,na)®Mmzn, 4Ge(n,a)’1Mzn,
74Ge(n,np/ d)73Ga and 76Ge(n,2n)75Ge ones, that will be described in sec-
tion 2.3.
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Figure 2.6: The energy diagram of the n+76Ge system.

2.3 Residual Nuclei

In this section, the residual nuclei produced from the 70Ge(n,2n)%9Ge,
72Gre(n,p)72Ga, 72(3re(n,01)69mZn, 73Ge(n,p)73Ga, 7?’Ge(n,np/d)nGa,
73Ge(n,na)®°mzn, "4Ge(n,a)’1MZzn, 74Ge(n,np/d)73Ga and 76Ge(n,2n)"°Ge
reactions studied in this work will be presented. The characteristic y-rays
from the de-excitation of these residual nuclei will be measured with y-
spectroscopy after the irradiation of each Ge target and eventually will be
used for the cross section determination of the relevant reactions.

2.3.1 The %9Ge residual nucleus

The 69Ge residual nucleus is produced from the 70Ge(n,2n]69(}e reaction.
The residual nucleus 9Ge de-excites with a half life of 39.05 h (100% 8)
to 69Ga (see Figure 2.7), which in turn de-excites to its ground state via
emission of several y-rays. Some of the most prominent are the 1106.77,
574.11 and 871.98 keV ones, with intensities of 36%, 13.3% and 11.9%
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Figure 2.7: Simplified decay scheme for the de-excitation of the 69Ge resid-
ual nucleus. The intensities of the y-rays are obtained from Ref. [9].

respectively obtained from Ref. [9].

2.3.2 The %9Zn residual nucleus

438.636
9/2" 13.756 h

0.0
1/2 56.4m

69
/n

Figure 2.8: Simplified decay scheme for the de-excitation of the 69Zn resid-
ual nucleus. The intensity of the characteristic y-ray is obtained from Ref.
[9].

The ©9Zn residual nucleus is produced from both the 72Ge(n,om)GQmZn
and 73Ge(n,na)®9MZn reactions, in both its ground and isomeric state. The
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ground state of $9Zn decays directly to the ground state of $9Ge and could
not be measured in the present work. The isomeric state (with a half-life
of 13.76 h) decays to the ground state of 69Zn, (see Figure 2.8), with the
emission of the characteristic 438.6 keV y-ray (with an intensity of 94.85
%, obtained from Ref. [9]).

2.3.3 The “1Zn residual nucleus

9/2" 0.0 100 % p-
4.14h
ol

71erl b@ ” l

S 487.37

5/2°

‘or-ﬁo
RS
K 386.28
172 0.4 ps

0.0
3/2 stable

71
Ga

Figure 2.9: Simplified decay scheme for the de-excitation of the 71Zn resid-
ual nucleus. The intensities of the y-rays are obtained from Ref. [12].

The residual nucleus 71Zn is produced from the 71 Ge(n,a)’1MZn reac-
tion in both its ground and metastable state, as seen in Figure 2.9. Due to
the short half-life of the ground state of “1Zn (t; /2 = 2.45 m), only the activ-
ity of the metastable state (t; /9 = 4.14 h) can be measured via the activation
technique. The de-excitation of the metastable state of “1Zn produces the
characteristic 386.28 and 487.34 keV y-rays with intensities of 91.4 and
61.2 % respectively as obtained from Ref. [12].

2.3.4 The 72Ga residual nucleus

The 72Ga residual nucleus is produced from both “2Ge(n,p)”2Ga and
73Ge(n,np /d)72Ga reactions. It decays with a half-life of 14.1 h (100% 8) to
72Ge that de-excites to its ground state with the emission of several y-rays
as shown in Figure 2.10. Some of the most intense are the 834.13, 629.97
and 894.33 keV ones, with intensities of 95.45%, 26.13% and 10.14% re-
spectively. The intensity values were obtained from Ref. [10].
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Figure 2.10: Simplified decay scheme for the de-excitation of the 72Ga
residual nucleus. The intensities of the y-rays are obtained from Ref. [10]

2.3.5 The 73Ga residual nucleus
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Figure 2.11: Simplified decay scheme for the de-excitation of the “3Ga
residual nucleus. The intensities of the y-rays are obtained from Ref. [11].

The 73Ga residual nucleus is produced from both the “3Ge(n,p)’3Ga
and 74Ge(n,np / d]73Ga reactions. As seen in Figure 2.11, it decays to 73Ge
(100% 67) with a half life of 4.86 h, emitting the characteristic 297.38 and
325.73 keV y-rays with respective intensities of 79.8% and 11.2%, values
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obtained from Ref. [11].

2.3.6 The 7°Ge residual nucleus
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@“b N \
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3/2 b\' 11.2 ps
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0.0
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Figure 2.12: Simplified decay scheme for the de-excitation of the 75Ga
residual nucleus. The intensities of the y-rays are obtained from Ref.[13]

The 7®Ge residual nucleus is produced from the 76Ge(n,2n)”°Ge reac-
tion. It decays to 7PAs (100% 6°) with a half-life of 82.78 min. Its decay to
the ground state of 7PAs is presented in Figure 2.12 and is accompanied
by the emission of the characteristic 264.60 and 198.61 keV y-rays with
11.4% and 1.19% respective intensities, values obtained from Ref. [13].
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Chapter 3

Experimental Details

In this chapter, the experimental details of the present work will be pre-
sented such as the neutron facilities, the neutron monitoring, information
about the irradiations and the measurement of the residual radioactivity
of the targets.

The measurements were performed at the neutron beam facilities of:

¢ The 2 MV Tandetron Accelerator of “AMANDE”, IRSN, France.

¢ The 5.5 MV Tandem Van de Graaff Accelerator of NCSR “Demokritos”,
Athens, Greece.

The quasi-monoenergetic neutron beams in the 14-18.9 MeV energy
range were produced via the 3H(cl,n]4He (D-T) reaction with a Q-value of
17.59 MeV at both experimental facilities.

3.1 The “AMANDE” Facility

The Amande facility (Accelerator for metrology and neutron applications for
external dosimetry) is located at the Cadarache site (Bouches-du-Rhone,
France) and is run by the Microirradiation, Neutron Metrology and Dosime-
try Laboratory (LMDN), which is part of IRSN’s Dosimetry Research Service
(SDOS) [51-53].

3.1.1 Deuteron Beam

The deuteron beam was generated from D~ ions accelerated by a voltage
at the center of the accelerator, that passed through a nitrogen gas flow,
stripping two of the electrons from the D™ ions, reversing their initial charge.
The accelerator used is a 2 MV Tandetron™ (see Figure 3.1).

13
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-]

Figure 3.2: The 90° magnet of the “AMANDE?” facility.

Figure 3.3: The “switching” magnet of the “AMANDE” facility.
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Figure 3.5: The experimental hall of the “AMANDE” facility

The deuteron beam was accelerated at 443 keV, an energy defined from
the voltage in the accelerator’s terminal and the magnetic field of the 90°
magnet, controlled by an NMR Tesla meter (see Figure 3.2).

Finally, the deuteron beam was driven towards the experimental hall
area with the help of a “switching” magnet (see Figure 3.3). The 400 m?
experimental hall of the facility (see Figure 3.5) is specially designed to
reduce the scattering of the produced neutrons, with minimum use of ma-
terial and optimized thin metallic walls. At the end of the beam line, the
deuteron beam impinged on the Tritiated Ti (TiT) target, placed at a dis-
tance of 7.2 meters above the ground, producing the quasi-monoenergetic
neutron beam of 13.95 MeV at an angle of 100° with respect to the axis of
the deuteron beam, as shown in Figure 3.4.

Figure 3.4: The end of the beam line with the TiT target and the target
assembly placed at 100° with respect to the axis of the neutron beam.
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3.1.2 The TiT target

The TiT target had a surface thickness of 780 pg/cm? and a T/Ti ratio of
1.62. It was placed at the end of the beam line on a wobbling target holder,
and was air-cooled during the irradiations.

3.1.3 Neutron Monitoring

A long counter’ detector is used for the determination of the neutron flu-
ence. This detector has a tube filled with 3He gas surrounded by a modera-
tor, consisting of polyethylane and borated polyethylane. Cadmium sheets
are placed at the front and at the back of the detector [54]. The data from
this detector that acts as a counter, can be stored in short time intervals
and used for the estimation of the neutron beam instabilities during the
irradiations.

3.2 The “Demokritos” facility

The neutron beam facility of NCSR “Demokritos” is located at Aghia Paraskevi,
Athens, Greece and belongs to the Institute of Nuclear and Particle Physics
(INPP) [55], which is one of the eight Institutes of the National Centre for
Scientific Research “Demokritos” (NCSRD), hosting the only research ac-
celerator operating in Greece [56].

3.2.1 Deuteron Beam

Figure 3.6: The 5.5 MV Van de Graaff accelerator of the “Demokritos”
facility

The deuteron beam was generated from D~ ions accelerated by a voltage
at the center of the accelerator, that was stripped by two electrons when
passing through either a Carbon foil or a nitrogen gas flow. This stripping
process reversed the initial charge of the ion beam, enabling it to reach the
final acceleration energy. The accelerator is an electrostatic Van de Graaff
accelerator with a maximum voltage of 5.5 MV (see Figure 3.6).

The deuteron beam was accelerated at energies ranging from 1.8-2.8
MeV, energies defined from the voltage in the accelerator’s terminal and
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BF; detector

Figure 3.7: The experimental hall of the “Demokritos” facility

the 90° analyzing magnet. The ion beam is then driven towards the ex-
perimental hall with the help of a switching magnet, reaching the Tritiated
Titanium (TiT) target at the end of the beam line. The 297.5 m? and 6.8 m
height experimental hall is specially designed for neutron fields, minimiz-
ing the neutron scattering from the room, equipped with borated concrete
walls up to 1.2 m thickness for radioprotection reasons (see Figure 3.7).

3.2.2 The TiT target

Figure 3.8: The end of the beam line with the TiT target and the target
assembly placed at 0° with respect to the axis of the neutron beam

The TiT target used at the “Demokritos” facility had a surface thickness of
2123.5 ym/ cm? and a T/Ti ratio of 1.54. The TiT target was placed in an
aluminum flange equipped with a 10 pm Mo entrance foil and a 1 mm Cu
backing that acted as a beam stop. The flange was kept in high vacuum
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during the experiments acting also as a Faraday cup for the measurement
of the charge of the ion beam reaching the target. The target was either
air or water cooled (depending on the ion beam current value, reaching the
TiT target) during the irradiations to prevent any potential thermal damage
caused by the impinging ion beam (see Figure 3.8).

3.2.3 Neutron Monitoring

The neutron beam fluctuations during the irradiations were measured with
a BF3 detector placed at ~3 m from the neutron producing target, and at
a large forward angle relative to the axis of the neutron beam to minimize
the effect of backscattering. BFg is a gas detector, acting as a proportional
counter. The signals from this detector come from the energy deposition of
a particles and “Li nuclei stemming from the reactions:

UBMm,a)Li Q- value = 2.792 MeV (6%)
VB, a)Li* Q- value = 2.310 MeV (94%)

The “Li residual nucleus is produced either at the ground or at an iso-
meric state for 6 and 94% of the reactions respectively. Both of those re-
actions have very high cross-section values in the thermal energy region.
For that reason, the BFg detector is surrounded by a parafin cylinder that
thermalizes the neutrons. The data from this detector are stored in short
time intervals in multichannel scaling mode, providing information about
the neutron beam instabilities during the irradiation. It should be noted
here, that the BF3 detector is used only as a counter and does not provide
information about the neutron energy spectrum.

3.3 Targets

3.3.1 Ge Targets

The isotopically enriched Ge targets used in this work were in the form of
GeOy pellets of ~2 g each, and were provided by the n_TOF collaboration
(CERN). The enrichment levels of the targets are presented in Table 3.1 1
The GeOqy pellets were glued on a thin mylar foil, attached to a frame in
the form of a ring (see Figure 3.9). Each frame had an outer radius of
29.8 mm and an inner one of 24.3 mm, while the thickness of each of the
support rings was 1.4 mm. The diameter of each Ge pellet was 20 mm.
The material of the frame was either Al or plastic and the thickness of the
Ge pellets varied between ~2.7 and 3.4 mm.

IFor comparison purposes, it is noted that the natural abundance for the
70,72,73,74,76 e isotopes is 20.52, 27.45, 7.76, 36.52 and 7.75 %, respectively.
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Table 3.1: Enrichment Levels of the GeOqy pellets

Target/
Isotopic distribution (%) OGe 72Ge 73Ge "*Ge 76Ge
70Ge 97.71 2.23 0.02 0.03 0.01
2Ge 0.35 96.59 2.86 0.20 0.01
73Ge 0.04 2.84 96.07 1.03 0.02
4Ge 1.46 0.18 0.45 95.51 2.40
76Ge 0.06 0.09 0.06 11.33 88.46

Al ring (frame)

Thin mylar foil
k\

Figure 3.9: Each enriched Ge pellet was glued on a thin mylar foil, at-
tached to a ring.

3.3.2 Reference Targets

Since the activation method is performed in a relative way (as it will be
explained in detail in Chapter 4), reference targets were used in this work
for the neutron flux determination. More specifically, Al and Au reference
targets were implemented in the form of high purity metallic foils. The mass
of the Al foils was in the order of 0.4 g, with a thickness of 5 mm, while the
Au foil used had a mass in the order of ~ 3.3 g with a thickness of 6 mm.
The diameter of the reference foils matched the one of the Ge pellets being
20 mm. They were also glued on a thin mylar foil attached to a Fe ring
of 1.4 mm thickness, having the same outer and inner radius as the one
referring to the Ge pellets. It is underlined here, that for each irradiation,
each Ge target was placed between two reference foils.
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3.3.3 Target Holder

The target assembly of Ge targets and reference foils was placed at a spe-
cially designed target holder (presented in Figure 3.10), with fixed positions
for each support ring having an accurate placement-reproducibility. The
distance between two consecutive positions in the target holder is 2 mm.

7
Neutron beam

Top view Rear view

—

(b) The target holder (seen from the
top) with a Ge sample (white pellet)
(a) Top and rear view of the target holder placed between two Al reference foils
for the Ge targets and the reference foils. at fixed positions.

Figure 3.10: The target holder used for the target assembly.

3.4 Irradiations

Five irradiations were performed, each referring to a different neutron en-
ergy. Each irradiation lasted for a week, with each day reserved for a dif-
ferent Ge isotopic target. In Table 3.2 some experimental details about the
different irradiations are provided such as the date and facility in which
the measurements were carried out, the deuteron and neutron energy (in
the laboratory system), along with typical ion beam current values and ir-
radiation times.

Table 3.2: Experimental details about the irradiations

Date Facility Egq (MeV) Ep(MeV) I(pA) iy (h)
Feb 2020 NCSRD 2.90 179+03 04-06 5-25
May 2021 NSCRD 3.45 189+03 02-07 3-28
Dec 2021 NCSRD 2.25 16.4+£04 02-04 7-27
Jan 2023 NCSRD 2.09 15.7+05 2.0-3.0 5-7

Feb 2023 AMANDE 0.44 14.0£03 20-3.0 2-5
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3.4.1 Irradiation Setups

The irradiation setup in each case consisted of a Ge sample “sandwiched”
between two reference foils (see Figure 3.10b). The distance between the
first sample and the neutron producing target varied between 2.5 and 3.7
cm, thus ensuring a maximum angular acceptance of +20°, where the neu-
tron beam produced by the D-T reaction can be considered almost monoen-
ergetic.

3.4.2 Neutron Energy and Uncertainty - Monte Carlo Sim-
ulations

The reproduction of the neutron spectra, for the determination of the neu-
tron energy, the respective uncertainty and relative flux values between the
measuring targets and the reference foils, was achieved via the combined
use of NeuSDesc [2, 3] and MCNP5 [4] Monte Carlo codes.

NeuSDesc code takes into account the energy loss, energy and angular
straggling of the deuterons incorporating the characteristics of the differ-
ent elements of the neutron producing target (entrance foil material and
respective thickness, type of target with the respective surface concentra-
tion, Ti/T ratio in the case of TiT target etc) via the SRIM-2008 Monte Carlo
code [5]. It calculates average neutron energies, fluences and resolutions.
NeuSDesc also offers the choice of producing a source-definition (SDEF)
card for the MCNP code, at a specific point in the xyz space. A typical
NeuSDesc input used in this work, included the description of the:

¢ Type and thickness of entrance foil
¢ TiT target (TiT ratio, thickness)
* Deuteron beam energy

* The x,y,z coordinates of the neutron point(s) generation, along with
the directional cosines relative to the neutron beam axis for the pro-
duction of a SDEF card

The calculated neutron energy spectra from the NeuSDesc code are pre-
sented in Figure 3.11, taking into account the energy and angular strag-
gling of the ion beam by the SRIM 2008 code.

The NeuSDesc output in this case is an SDEF card, that will be fed
into the MCNP5 code. The geometry of the TiT target and the target holder
assembly is also described in the MCNP5 code (see Figure 3.12). The next
step in order to determine the neutron energy and respective uncertainty
is to propagate the produced neutron beam and “score” it (f4 tally) to the
consecutive set of Ge targets and reference foils (see Figure 3.13a).
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Figure 3.11: The neutron spectra as an output of the NeuSDesc code,
taking into account the different experimental characteristics in each case
(TiT target, entrance foil thickness, distance of the first foil from the TiT
target and detection angle). For all cases, the deuteron beam current was
assumed to be 1 pA and the detector radius 1 cm.

As presented in Figure 3.13a, the main beam is accompanied by a tail of
low energy parasitic neutrons. The source of these parasitic neutrons in-
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Figure 3.12: The description of the TiT target and the target holder as-
sembly via the MCNP5 code (right panel) and an actual picture of the setup
(left panel).
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Figure 3.13: 3.13a: A typical shape of the neutron flux as a result of the
MCNP5 {4 tally scoring in the two Al reference foils and the Ge target. This
plot refers to the 17.9 MeV neutron energy case.

3.13b: The fitting function used for the neutron energy and the respective
uncertainty determination.

clude break-up reactions (with significant contributions for deuteron ener-

gies higher than 3.7 MeV), neutron scattering and 12C(d,n) 13N and 16O(d,n] 17p

reactions due to the carbon build-up process in the beam line and vacuum
system, as well as oxidation processes. Furthermore, due to the implanta-
tion of deuterons in the target, the 2H(d,n)*He reaction can also produce
parasitic neutrons [6]. The main energy peak is fitted with a gaussian func-
tion:

~ FWHM

A
= —|— —, W =
Ye T 0T V12 In(4)
It should be underlined that specifically for the 15.7 MeV case, the shape
of the neutron flux significantly deviated from a gaussian shape. Thus,
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using the formulas (4.21) and (4.22) of Ref. [7] for the weighted average
and the corresponding variance, the mean energy value and the associated
uncertainty were determined.

The mean neutron energy values and the corresponding uncertainties
are presented in Table 3.2.

The integration of the main peak is used for the determination of the
o, /Py, factor of equation 4.1 in Chapter 4. This factor is used for the deter-
mination of the neutron flux at the position of a measured Ge target, based
on Monte Carlo simulations. In order to test the validity of the simulated
neutron flux values the following methodology is followed:

1. The neutron flux is experimentally measured for all the available ref-
erence foils (e.g. Al, Au).

2. Monte Carlo simulations are performed and the respective simulated
neutron flux value is obtained via the ®,/®,, ratio.

3. The two aforementioned values are compared, and if the agreement
is satisfactory, the Monte Carlo simulations can be considered reli-
able for the calculation of the neutron flux at the position of the Ge
measured target.

A typical example of such as comparison is presented in Figure 3.14.
Since the agreement between the experimentally calculated and simulated
(MCNP) flux values is excellent within the statistical uncertainties of the
measurements, the simulations can be trusted for the estimation of the
neutron flux at the position of the Ge targets.

2.5x10°+—+— : A ———
Au ® experimental
2.0)(105' o MCNP
)
£ 1.5x10° Al
£ ®
3 1.0x10° Al2 =
TR =]
¢ 0] "Ge
5.0x10* O ®
Al3
0.0 T
Foils

Figure 3.14: A typical example for the experimental and simulated neu-
tron fluxes, obtained from the irradiation of the 72-74Ge targets at neutron
energy of E, = 16.4 MeV.
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3.5 HPGe Measurements

Following the irradiations, the induced radioactivity of the measured Ge
targets and reference foils was measured via high purity Ge (HPGe) detec-
tors of 13% - 80% relative efficiency. Typical examples of HPGe detectors
are presented in Figures 3.15 and 3.16 The measurements were performed
at a distance of 7-10 cm from the detector window considering the counting
rate of the measuring sample. The distance was chosen in order to mini-
mize the pile-up or true coincidence summing effect corrections (for more
information see Appendix B). The absolute efficiency of each detector was
experimentally measured, via the use of a 152y point source, placed at
the same distance as the measuring sample. A typical spectrum of a 152Eu
source is presented in Figure 3.17, while the absolute efficiency curve as a
function of y-ray energy is presented in Figure 3.18, obtained from a HPGe
detector with a 13% relative efficiency.

—

Figure 3.15: An 80% HPGe detector of the “Demokritos” facility properly
shielded with a stack of Pb blocks to minimize the contribution of y-ray
background in the measured spectra
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Pb shielding

(a) The HPGe detector of the “AMANDE?” facility properly =~ () The placement
shielded with a Pb box to minimize the contribution of y-  ©f the Ge sample in

ray background in the measured spectra front of the HPGe
detector of the

“AMANDE?” facility

Figure 3.16: The 13% HPGe detector of the AMANDE facility
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Figure 3.17: A typical y-ray spectrum of a 192Eu point source obtained
from a HPGe detector of 13% relative efficiency. Some characteristic y-ray
lines from the 152Eu decay are presented, along with the 1460.8 keV line
from 49K (natural y-ray background).
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Figure 3.18: The absolute efficiency of a HPGe detector of 13% relative

efficiency as a function of y-ray energy. The black solid points represent

the experimental absolute efficiency points calculated via the 152y point

source, placed at 10 cm from the detector window. The red dashed line rep-

resents the fitting of the experimental points via the standard IAEA function
[8], while the shaded region represents the 95% level confidence level band.

3.5.1 Measured Reactions

In the present work, the cross sections of the 70Ge[n,2n)69Ge,
72Ge(n,p)72Ga, 72Ge(n,(n)GQmZn, 73Ge(n,p)73Ga, 73Ge(n,np/d)72Ga,
73Ge(n,na)®°mzn, "4Ge(n,a)’1MZzn, 74Ge[n,np/d]73Ga and 76Ge(n,2n)"°Ge
reactions have been experimentally measured via the activation technique,
which is based on the measurement of the induced radioactivity of the
daughter nuclei produced from each reaction. The decay data of the mea-
sured reactions (half life of daughter nucleus, y-ray energies and respec-
tive intensities) are presented in Table 3.3. It should be underlined at this
point, that since the activation technique is based on the measurement
of the decay properties of the residual nucleus produced from each mea-
sured reaction, in the case of (n,np) and (n,d) reactions, the same residual
nucleus is produced, and these two reaction channels cannot be distin-
guished with the activation technique. Therefore, the cross-section result
in this case will be the sum of the aforementioned reaction channels.

Typical experimental y-ray spectra obtained from a HPGe detector (of
13% relative efficiency) are presented in Figures 3.19, 3.20, 3.21, 3.22 and
3.23, time normalized in their respective (live) time acquisitions. These off-
beam y-ray spectra were obtained following the irradiation at the 14.0 MeV
neutron beam energy.
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Table 3.3: The decay data of the measured and reference (24A1(n,q)24Na,
197Au(n,2n)196Au) reactions. The most intense y-rays observed in the ex-
perimental spectra are presented with their respective intensities.

t: The (n,np) and (n,d) reaction channels produce the same residual nu-
cleus and cannot thus be distinguished via the activation technique.

Target Reaction Daughter Nucleus t; /2 (h) Ey (keV) Iy (%) Ref

70Ge (n,2n) 69Ge 39.1 1106.77 36.0 + 4 [9]
574.11 13.34+1.8 [9]
871.98 1194+ 1.6 [9]

1336.60 45406 [9]
31863  1.6+020  [9]
2Ge (n.p) 2Ga 14.1  834.13 9545+0.08 [10]

629.97 26.13+0.04 [10]
894.33 10.136 +0.015 [10]
(n,a) 69mz 13.8 438.63 9485+ 0.07 [9]

3Ge (n.p) 73Ga 4.9 297.32 798+1.0  [11]
325.70 112404  [11]

739.42 43403  [11]

(m.np/d)t 2Ga 14.1  834.13  9545+0.08 [10]

629.97  26.13+0.04 [10]

894.33 10.136 +£0.015 [10]

(n,na) 69mzn 13.8 438.63  94.85+0.07 [9]

AGe (n,a) 7Imzn 4.0 386.28 89.0+1.1  [12]
487.34 61.9+04  [12]

620.19 545407  [12]

(n,np/d)t "3Ga 49  297.32  798+1.0 [11]
325.70 112404  [11]

739.42 4.340.3 [11]

76Ge (n,2n) 5Ge 1.4 264.60 11.44+11  [13]

198.60  1.19+0.12 [13]
271 (n,a) 24Na 15.0 1368.63 99.994+0.002 [14]
197pau (n,2n) 196 A4 148.1 355.73 87 +3 [15]

333.03 229+£09 [15]
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Figure 3.19: The y-ray spectrum obtained from the 70Ge sample at the
13.95 MeV neutron energy. The y-rays emitted from the $9Ge residual
nucleus following the 70Ge(n,2n)%9Ge reaction are presented.
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Figure 3.20: The y-ray spectrum obtained from the 72Ge sample at the
13.95 MeV neutron beam energy. y-rays from two different reactions are
observed in this spectrum:

2Ge(n,p)’2Ga: 630.0, 834.1 and 894.3 keV

72Ge(n,a)®9MZn: 438.6 keV
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Figure 3.21: The y-ray spectrum obtained from the 3Ge sample at the
13.95 MeV neutron beam energy. y-rays from three different reactions are
observed in this spectrum: /3Ge(n,p)’3Ga: 297.3 and 325.7 keV
73Ge(n,np/d)"2Ga: 630.0, 834.1 and 894.3 keV

73Ge(n,na)®9MZn: 438.6 keV
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Figure 3.22: The y-ray spectrum obtained from the 74Ge sample at the
13.95 MeV neutron beam energy. y-rays from two different reactions are
observed in this spectrum:

74Ge(n,a)”1™Zn: 386.3 and 487.3 keV

74Ge(n,np/d)"3Ga: 297.3 keV
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Figure 3.23: The y-ray spectrum obtained from the 76Ge sample at the
13.95 MeV neutron beam energy. The y-rays emitted from the “2Ge resid-
ual nucleus following the 76Ge(n,2n)75Ge reaction are presented.
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Chapter 4

Results & Discussion

4.1 Cross-Section Calculation

The experimental cross-section values based on the activation method were
calculated via the following expression:

NY,IH' (Svly'FD‘cht>r g

4.1)

Om = Or

where the subscripts “m” and “r” refer to “measured” and “reference”
respectively. The factors of equation 4.1 are explained below, accompanied
by their respective uncertainties.

In the following sections, the calculation of each factor, along with its
respective uncertainty is presented in more detail.

4.1.1 Reference Cross Section - oy

The cross-section value of the reference 27Al(n,<1)24Na reaction was ob-
tained from the ENDF/B-VIIIL.O library [16], using the interpolation button
at the ENDF website [57], for the five energies of interest.

or - uncertainty

The uncertainty in the interpolated cross-section value was estimated to
be 3% for all cases.

33
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Figure 4.1: The y-ray spectrum obtained from the irradiated “3Ge target.
The left tail of the 295 keV line stemming from the natural y-ray background
[59], overlaps with the left tail of the 297 keV y-ray emitted from the 73Ga
residual nucleus, produced from the 73Ge(n,p)”3Ga reaction. A double
gaussian fit (magenta color) was performed via the “Tv” software to estimate
the yield of each y-ray. An assumed linear background (green color) was
subtracted from the corresponding integrals of the peaks.

4.1.2 y-ray yield - Ny

The induced radioactivity of the Ge targets and the reference Al foils was
measured via HPGe detectors, with relative efficiencies! of 13-80%. All
the y-ray spectra were analyzed via the “Iv” software [17]. The “Ny” fac-
tor was calculated from the integration of the y-ray peak of interest in the
y-ray spectrum, with subtraction of the background of the spectrum. As
presented in Table 3.3, some measured residual (or daughter) nuclei, emit
more than one y-rays. If the difference in energy of these y-rays (or the dif-
ference between the measured y-ray and a y-ray from natural background)
is similar to the energy resolution of the HPGe detector, a double gaussian
fit had to be applied (an example is hown in Figure 4.1).

Ny - uncertainty

The uncertainty of both the measured y-ray yield and the total background
yield in the area of the y-ray peak, is given by the square root of the respec-
tive yield. The uncertainty in the “Ny” factor is calculated by propagating
the uncertainty of the two yields, following their subtraction.
Furthermore, systematic errors stem from corrections to the measured
yield which are introduced due to the parasitic tail contribution of the neu-
tron yield (see Appendix B), as well as the contribution of parasitic reactions

I The relative efficiency of a HPGe detector is calculated relative to the efficiency of a 3”x
3” Nal detector for the 1332.5 keV line emitted from a 69Co source, positioned at a 25 cm
distance from the detector [58].
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(see Section 4.12).

4.1.3 Efficiency - gy

The efficiency ey (Ey) at a specific y-ray energy is obtained by the IAEA fitting

function [8]. First, a calibrated 192Eu point source? was placed in front
of the HPGe detector, at the same distance as the measured samples. A
typical spectrum from this measurement is presented in Figure 3.17. The
efficiency of the detector is given by the fraction of the detected over the
emitted y-rays :

Ny,detected

e(Ey) = N 4.2)

y,emitted

Assuming that the calibration source had a R activity at the time of its
creation, the activity at the calibration time would be:

R(t) =Ry -e M (4.3)

where A = % is the decay constant of the radioactive calibration source,
and t is the time elapsed between the creation of the calibration source and
the time of the measurement in the HPGe detector. 152Eu emits a number
of different y-rays (E;) [60] with different intensities Iy j. The total number
Ny,i of a specific y-ray E; emitted during the measurement time (tspectrum)

is:
Nyj,emitted = R(t) : Iy,i - tspectrum (4.4)
Equation 4.2 then becomes:

Ny,detected

“(Ey) = (4.5)

t) ) Iy,i ’ tspectrum
where the Ny getected factor is obtained by integration (or fitting) of the y-

rays from the experimental y-ray spectrum of the 1°2Eu source (see Figure
3.17), following the methodology described in section 4.1.2.

In this way, the experimental efficiency points presented in Figure 3.18
are obtained. These points, are then fitted with a suitable fitting function
(in the present work the fitting function proposed by IAEA [8] was imple-
mented), from which the efficiency value at a specific y-ray energy e(Ey) is
then obtained.

21t is noted, that the methodology described in this section can be applied for more
calibration sources. The choice of more than one calibration sources for the efficiency
curve determination is recommended in order to cover a wider energy range, with more
experimental efficiency points, rendering the fitting process more reliable.
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ey - uncertainty

The uncertainty of the efficiency experimental points is calculated by the
error propagation formula:

2 2
aNy7detected ORg

2
5o _ o | [Nydetected ), ( 6Rg ) ?
Ny,detected Ro

These experimental points are then fitted by the IAEA fitting function,
and the uncertainty at a specified y-ray energy is estimated by the confi-
dence bands of the fitting curve at a 95% level (Figure 3.18).

It must also be underlined that the difference between the extended ge-
ometry of the samples and the point 1>2Eu source was estimated by Monte

Carlo simulations to be less than 3% and was introduced as a systematic
uncertainty in the measurements.

4.1.4 vy-ray Intensity - Iy

The values for the y-ray intensity and their respective uncertainties were
obtained from IAEA [9-11, 13].

4.1.5 Correction Factor “F”

The correction factor “F” is needed in order to take into account the self
attenuation of the y-ray within the sample itself. The estimation of this
correction factor is achieved with a simple Monte Carlo simulation imple-
menting the MCNP5 code. The first step is to model the HPGe detector
and the measuring foil. Then two successive runs are performed. In the
first run, the modeled foil is described with its full physical characteris-
tics (diameter, thickness, density etc), and the emitted y-rays are scored
in the HPGe detector volume. In the second run, the material of the foil
is replaced with air, while the respective y-rays are emitted from the foil
volume and the y-rays are again scored in the HPGe detector volume. The
“F” factor is subsequently calculated as the ratio of the number of y-rays
that are recorded in the HPGe detector volume.

4.1.6 Correction Factor “D”

The correction factor “D” takes into account the decaying nuclei during the
“cooling time” t; (time interval between the end of the irradiation and the
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start of the measurement in the HPGe detector) and the measurement time
to in the HPGe detector. This correction factor is given by the expression:

D = e A1 oAt (4.6)

with A being the decaying constant of the corresponding residual nu-
cleus (see also Appendix A).

4.1.7 Correction Factor “f.”

The correction factor “fc” concerns the decaying nuclei during the irradia-
tion time (t;,), taking into account any instabilities of the neutron beam.
This factor is described by the following expression:

ipr )\tf t dt
fC — foe—() . ef)‘tirr (47)

S (t)dt
where f(t) is the neutron beam flux expressed in arbitrary units and
obtained at fixed, short time intervals from a neutron counter (e.g. a BF3
detector).

4.1.8 Number of target nuclei - N;

N; is the number of nuclei of the measured isotope:

Nt:NA‘m‘ai

(4.8)

where N, is the Avogadro’s number, m is the mass of the target, with a;
and A being the abundance and the mass number of the measured isotope,
respectively.

4.1.9 Neutron Flux Ratio - g—;

¢, /Py, is the neutron flux ratio between the reference and the measuring
target. This factor is found from MCNP5 simulations by integrating the flux
in the main beam region, as described in Section 3.4.2 (see Figure 3.13a),
for the reference and measured reaction respectively. The validity of the
simulated neutron flux is tested via multiple reference foils (e.g. Al, Au) as
explained in Section 3.4.2.

4.2 Weighted Average Cross Sections - Uncer-
tainty Calculation

All parameters used for the cross-section calculation following equation 4.1
were considered to be uncorrelated. Therefore, the uncertainty of the cross-
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section value calculated from one y-ray is given by the quadratic summa-
tion of each of the factors of equation 4.1.

However, as presented in Table 3.3, in many cases the cross-section
values were calculated from the weighted average of two or three y-rays,
taking into consideration the correlation between the measurements.

As a simple example, let’s assume that one residual nucleus emits two
different y-rays. Following equation 4.1, two cross-section values would
be calculated, with their respective uncertainty (o; £+ 6oy, o2 + 602). The
weighted average and the uncertainty for this case is given by equations
(27) reported in [61]:

(60% - V12) o] + (50% - V12) 09
60% + 60% —2V1q9
602602 — V
g0 = (|5t 2 12 (4.10)
6o] + 605 — 2V 19

where V15 is the covariance of 07 and oy values:

(4.9)

o=

Vig = cov (01,09)

do co (0 o ) do +
= \s
aoref ) ref,1> Oref,2 aOref )
do do
N N
+ (aNyvtar) 1 cov ( y,tar,1s y,tar,?) (aNy,tar> ) +
do do
+ cov <N 1> Ny ref 2)
(aNY,ref> 1 Y,I'e ) Y7re ) aNy,ref 2
n do cov ( ) do n
V€ &
asref ) ref,1) ref,2 68ref )
Jdo Jdo
+ N cov (Nt,ref,h Nt,ref,?) N +
t,ref 1 t,ref 9
do Jdo
N N e —
+ (aNt,tar) X cov ( t,tar,1; ttar2> (aNtﬁcar)Q +
n do cov ( ) do n
V| E E e
Otar . tar,1, €targ Detar )
do do
+ cov (I 1,1 (—) +
(6Iy,tar ) 1 ( Y7tar7 Y,taI'Q) 61Y,ta1‘ 9
Jdo Jdo
+ cov (I i1, 1 f> P 4.11)
(alyJef) . Y,Tel, Y,relp aly,ref 5

In the case when the weighted average of three different cross-section
values was used (o1 + 801, 09 £ 809, 03 & 603), stemming from three different
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y-rays, the more general formalism of Appendix 2 of [62] was employed,
following the expressions:

o1
=X -Wl = |09 -[Wl w9 W3]:>
03
0=01 W]+ 09 W9+ 03 W3 (4.12)

where o; are the different cross-section values and w; are the correspond-
ing weights.
The weights are described by the following equation:

Z vji—l

]
W= ————— (4.13)
S XXV
k 1
The uncertainty in the weighted average value is calculated by the fol-
lowing equation:

Vit Vig Vig| |wi
(60)2 =W.-V.-WT = (60)2 = [Wl w9 Wg] Vo1 Voo Vo3| |wo| =
V31 Vs2 Vs3] | w3

(60) = w1 - (w1 Vi1 + waVar + w3Va1) + wa - (w1 Vg + w2 Vo + w3Vip)
+ws3 - (w1Vig +waVaz +w3Vsz) (4.14)

More information about the calculation of weighted average cross sec-
tions along with their corresponding uncertainties is given in Appendix C.

Finally, a summary of the statistical uncertainties that are quadrati-
cally summed and presented in the cross-section results of the Sections 4.3
to 4.11 as well as the systematic uncertainties introduced in the analysis
is presented in Table 4.1.
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Table 4.1: Uncertainties introduced in the cross-section calculation (i:
systematic uncertainty)

Parameter Uncertainty (%)
Reference cross section’ 3
y-ray yield 1-10
Efficiency 2-3
Correction factor “F” —
y-ray intensity 0.2-13
Number of target nuclei <1

Correction factor “D” -

Correction factor “f.” -

Neutron flux ratio -
Parasitic tail contribution® <2
Extended geometry of the Ge samples’ <3
Contributions from neighboring isotopes’ <5
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Figure 4.2: The cross-section results of the °Ge(n,2n)%9Ge reaction, along
with previous data found in literature [18].

4.3 The 79°Ge(n,2n)%2Ge reaction

The experimental cross-section results of the present work in the energy
range between 14.0-18.9 MeV are presented in Figure 4.2, along with pre-
vious data found in literature [18]. The residual nucleus 69Ge is produced
only from the 70Ge(n,2n)69Ge reaction. This reaction is not contaminated
by other reaction channels from neighboring isotopes. In other words,
datasets that implement natural targets for the measurements are just as
reliable as the ones that employ enriched samples. Its decay is described
in section 2.3.1. In the y-ray spectra following the “OGe target irradiation
four y-rays were observed (see Figure 3.19). From each of these y-rays
a different cross-section value was calculated. It was observed that the
cross-section values obtained from the 1106.8 and 1336.6 keV y-rays were
systematically lower than the ones calculated from the 574.1 and 872.0 keV
ones (see Table 4.2). This systematic behavior could be explained from er-
roneous y-ray intensities in literature [9]. Furthermore, two general trends
are observed from the existing data, with the results of the present work
being in agreement with the “lower” trend.

The results of the present work are in excellent agreement with the
dataset of Hoang et al. [21] within the statistical uncertainties of the mea-
surements. Hoang et al. used the 574 keV y-ray for the cross section
calculation. The trend of the dataset of Konno et al. [22] slightly overes-
timates the cross-section values, possibly due to a different value in the
y-ray intensity of the 1106 keV peak. In this publication [22], the branch-
ing ratio for the 1106 keV y-ray is reported to be (27 &+ 3) %, whereas the
respective value obtained from IAEA [9] holds the value of (36 &+ 4) %. This
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correction in the y-ray intensity would result in cross-section results in
agreement with the ones of the present work, calculated from the same
y-ray (see Figure 4.3). In Figure 4.3, the cross-section values have been
calculated from the weighted average of two y-rays each time, following
the formalism described in Appendix C. More specifically, the solid black
points stem from the weighted average of the cross-section values from the
1106.8 and 1336.6 keV, and the solid red points from the weighted average
of the cross-section values from the 574.1 and 872.0 keV y-rays.



Table 4.2: 70Ge(n,2n)69Ge cross-section results

oi (b)

Ey (keV) Iy (%) En=14.0MeV E,=15.7TMeV E,=164MeV E,=179MeV E, =189 MeV
1106.8 36 +4 0.30 £0.04 0.46 £+ 0.06 0.50 £ 0.06 0.60 £ 0.08 0.63 +£0.10
1336.6 4.5+ 0.6 0.28 +£0.04 0.45 +0.07 0.53 +0.08 0.55+0.09 -

574.1 13.3+£ 1.8 0.37 +£0.05 0.56 = 0.09 0.58 +0.09 0.72+0.11 0.73+0.13
872.0 119+ 1.6 0.35+0.05 0.54 +0.08 0.58 +0.09 0.69 +£0.11 0.68 £0.12
o (b)

0.36 & 0.04 0.55 + 0.06 0.58 4+ 0.06 0.71+0.08 0.69 +0.10

NOILOVEY dDgo(NZ'N)AD, AHL '€'F
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Figure 4.3: The cross-section results for the 70Ge(n,2n)69Ge reaction,
along with the datasets of Hoang et al. [21] and Konno et al. [22]. The
cross-section values calculated from the 574.1 and 872.0 keV y-rays (solid
red points) are systematically higher than the ones calculated from the
1106.8 and 1336.6 keV ones (solid black points). The dataset of Konno et
al. (solid magenta points) has been corrected in terms of the I; value for the
1106.8 keV y-ray (hollow magenta points), and is in very good agreement
with the cross section-results of the present work based on the same y-ray.

It should be noted that datasets before 1983 are the ones responsible
for the higher trend, possibly due to different decay data such as I; values
and half lives of the measuring isotopes.

Finally, the cross-section values presented in Figure 4.2 are the result of
the weighted average of the 574.1 and 872.0 keV y-rays yielding consistent
results, while the former was also used in the recent works of Pu et al. [19]
and Lan et. al. [20]. These results are presented in Table 4.2.
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4.4 The 76Ge(n,2n)75Ge reaction

1 1 1 1 1
3 W 1953,E.B.Paul+ X 2007,R.Vlastou+
@® 1961,C.S.Khurana+ K 2007,S.V.Begun+
— 1967,R.E.Wood+ 2008,Changlin Lan+
7)) V¥ 1967,S.0kumura | 2017,Megha Bhike+
E 1970,E.Steiner+ B 2018,Junhua Luo+
® 4 1973,J.Araminowicz+ . present work
o) 2_ 1976,S.Hlavac+ i
~ @® 1981,R.Vanska+
c % 1994, .Bim+
) ® 1997,N.I.Molla+
[§) @ 2006,Pu Zhong-Sheng+
(O] + 2007,N.R.Dzysiuk+
o [ i »—-é—?—' +
[/ 1 | L i
()2}
o i *
o et ®
I(*)Ii
L]
% ?'S 12 14 16 18 20

Energy (MeV)

Figure 4.4: The cross-section results of the 76Ge(n,2n)”®Ge reaction, along
with previous data found in literature [18].

Alongside with earlier data from the literature [18], the experimental
cross-section results of the current work for the 76Ge(n,2n)75Ge reaction
in the energy range between 14-19 MeV are shown in Figure 4.4. The reac-
tions 74Ge(n,y)75Ge and 76Ge(n,2n)75Ge yield the residual nucleus 75Ge.
Using the methods outlined in Ref. [6], the 74Ge(n,y)75Ge reaction’s contri-
bution to the observed yield was determined to be insignificant. The present
work’s results have been calculated using the 264.6 keV y-ray (which is re-
ferred to Table 4.3). The results show good agreement with the dataset of
Steiner et al. [23], the only dataset above 15 MeV, within statistical uncer-
tainties; at 14.0 MeV, the agreement is satisfactory with all datasets in this
region. Furthermore, the current work’s results and those from our group’s
earlier study [48] both follow the trend of the data from Megha Bhike et al.
[63], which also used enriched 76Ge samples for the measurements.



Table 4.3: 76Ge(n,2n)75Ge cross-section results

Ey (keV)

Iy (%)

a (b)
En =14.0MeV Ej =15.7MeV Ep =164MeV E, =179MeV E; =189 MeV

264.6

114+£1.1 ‘ 1.17+0.13 1.18 £0.14 1.18+0.14 1.154+0.13 1.24£0.15

o
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4.5 The 72Ge(n,p)72Ga reaction
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Figure 4.5: The cross-section results of the 72Ge(n,p)”2Ga reaction, along
with previous data found in literature [18].

Figure 4.5 presents the experimental cross-section results of the cur-
rent work for the “2Ge(n,p)’2Ga reaction in the energy range between 14-19
MeV, together with earlier data obtained in literature [18]. The “2Ge(n,p)’2Ga
measured reaction produces the residual nucleus 72Ga, as do the para-
sitic 73Ge(n,np]72Ga and 73Ge(n,d)m(}a reactions. Section 2.3.4 provides
details on the de-excitation of the 72Ga residual nucleus. The weighted
average of the cross-section values obtained from the 834.1, 630.0, and
894.3 keV y-rays was used to determine the final cross-section results.
The dataset of Konno et al. [22], which likewise used an enriched 2Ge
sample for the measurements, followed the overall trend of the data in the
current work. The cross-section values in the energy range of 13-15 MeV
appear to be overestimated by Hoang et al. [21]. Within the statistical
uncertainties, there is a very strong agreement with the data of the cur-
rent work above 15 MeV. It should be mentioned that Hoang et al. utilized
a MalGe target, which required theoretical corrections using the EMPIRE
code [64] to account for the parasitic channel contributions. It is impor-
tant to emphasize that theoretical corrections of this kind come with their
own set of systematic uncertainties. Additionally, highly enriched targets,
like those employed in this study (refer to Table 3.1), are not impacted by
the previously mentioned parasitic contributions.



Table 4.4: 72Ge(n,p)72Ga cross-section results

o; (b)

Ey (keV) Iy (%) Ep = 140MeV  Ep=157MeV  Ep=164MeV  E,=17.9MeV  E, = 18.9 MeV
834.1 95.45 £+ 0.08 0.0324 4+ 0.0015 0.0348 4 0.0026 0.0361 + 0.0020 0.0286 4+ 0.0027  0.0342 4 0.0025
630.0 26.13 +0.04 0.0340 4+ 0.0017 0.0355 4 0.0027 0.0310 + 0.0023 0.0269 4+ 0.0029  0.0326 + 0.0026
894.3 10.136 + 0.015 | 0.0319 + 0.0026 0.0347 £+ 0.0028 0.038 4+ 0.004 0.028 4+ 0.004 0.031 4+ 0.004

5 (b)
0.0328 +=0.0014 0.0350 £ 0.0025 0.0346 +0.0017 0.0280 £+ 0.0026 0.032 4= 0.004

87
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4.6 The 73Ge(n,p)73Ga reaction
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Figure 4.6: The cross-section results of the 73Ge(n,p)”3Ga reaction, along
with previous data found in literature [18].

Together with earlier data from the literature [18], Figure 4.6 displays
the experimental cross-section results for the “3Ge(n,p)’3Ga reaction in
the energy range of 14-19 MeV. The parasitic reactions ‘4Ge(n,np)’3Ga,
74Ge(n,d)73Ga, and 76Ge(n,c1)732n also yield the 73Ga residual nucleus, as
the measured 73Ge(n,p)73Ga reaction; the de-excitation of the 73Ga resid-
ual nucleus is described in section 2.3.5. The final cross-section results
were produced using a weighted average of the cross-section values ob-
tained from the 297.3, 325.7, 739.4, and 767.8 keV y-rays. The trend of
the Konno et al. dataset [22], which also employed an enriched 73Ge sam-
ple for the cross-section measurements, is again in fair agreement with the
trend of the data of the present work. The agreement within the statistical
uncertainties is again quite satisfacrory with the dataset of Hoang et al.
[21]. It is reminded at this point, that Hoang et al. utilized a "@'Ge target,
which required theoretical corrections. Such corrections were not neces-
sary in the frame of this work, since a highly enriched 2Ge target (refer to
Table 3.1) was employed for the cross-section measurements.



Table 4.5: 73Ge(n,p)73Ga cross-section results

Ey (keV)
297.3
325.7
739.4
767.8

Iy (%)
79.8+1.0
11.24+04
4.3+0.3
1.44 +£0.09

En = 14.0 MeV
0.0217 £ 0.0010
0.0241 £ 0.0014
0.0273 £ 0.0025
0.0264 + 0.0029

o; (b)
E, = 15.7 MeV E, = 16.4 MeV E, =17.9 MeV E, = 18.9 MeV
0.0222 4+ 0.0016 0.0248 4+ 0.0021 0.0231 4+ 0.0015 0.0215 £+ 0.0016
0.0232 4+ 0.0020 — 0.0256 4+ 0.0024 0.024 £+ 0.004

5 (b)

0.0231 4 0.0010

0.0226 £+ 0.0028 0.0248 +0.0021 0.0231 +0.0015 0.0216 4+ 0.0016

0S
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4.7 The 72Ge(n,a)%2™Zn reaction
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Figure 4.7: The cross-section results of the 2Ge(n,a)%9MZn reaction,
along with previous data found in literature [18].

Figure 4.7 provides the experimental cross-section results for the
72Ge(n,a)%9™MZn reaction in the energy range between 14-19 MeV, together
with previous data obtained in the literature [18]. Both the 73Ge(n,na)%9™ZzZn
parasitic reaction and the 72Ge(n,c1)69mZn measured reaction yield the
residual nucleus 9Zn. Section 2.3.2 describes the de-excitation of the
69Zn residual nucleus, and the 438.6 y-ray was used to determine the
final cross-section results. The result of the present work is in very good
agreement with the results of Changlin Lan et al. [65] and Pu Zhong-Sheng
et al. [19] for the cross-section point at 14.0 MeV, while the present work’s
overall trend of data, is again followed by the respective trend of the dataset
of Konno et al. [22], also employing an enriched “2Ge sample for the mea-
surements. The points of Hoang et al. [21] appear to slightly underestimate
the cross-section values in the energy region between 13 and 15 MeV.



Table 4.6: 72Ge(n,a]69mZn cross-section results

Ey (keV)
438.6

o (b)
Iy (%) En = 14.0 MeV En = 15.7 MeV En = 16.4 MeV En =179 MeV En = 18.9 MeV
94.85 4+ 0.07 | 0.0063 & 0.0003 0.0073 4 0.0006 0.0073 4= 0.0006 0.0070 £ 0.0007 0.0069 + 0.0006

(4
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4.8 The "4Ge(n,a)”1™MZn reaction
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Figure 4.8: The cross-section results of the 74Ge(n,a)69mZn reaction,
along with previous data found in literature [18].

The experimental cross-section results of the present work for the
71Ge(n,a)’1MZn reaction in the energy range between 14-19 MeV are pre-
sented in Figure 4.8 along with previous data found in literature [18]. The
residual nucleus 71Zn is produced only from the 74G€(1’1,Cl]71m21’1 measured
reaction, and the de-excitation of the “1Zn residual nucleus has been al-
ready been described in section 2.3.3. The final cross-section results were
the result from the weighted average of the 386.3, 487.3 and 620 keV y-
rays. The result of the present work for the neutron beam energy of 14
MeV, is in very good agreement with the results of Changlin Lan et al. [65],
Uddin [66] and Konno et al. [22]. The dataset of Pu Zhong-Sheng et al. [19]
seems to underestimate the cross-section values. The trend of the data of
the present work is again followed by the trend of the datasets of Konno et
al. [22] and Hoang et al. [21].



Table 4.7: "4Ge(n,a)”1™MZn cross-section results

Ey (keV)
386.3
487.3
620.2

Iy (%)
89.0 + 1.1
61.9 0.4
54.5 £ 0.7

Ep = 14.0 MeV En = 15.7 MeV
0.00308 £ 0.00016 0.0041 £ 0.0004
0.00311 + 0.00017 0.0041 £ 0.0004
0.00308 4= 0.00020 0.0042 £ 0.0005

o (b)
E, = 16.4 MeV E, =17.9 MeV
0.0037 £ 0.0005 0.0040 = 0.0005
0.0038 £ 0.0007 0.0040 £ 0.0005

5 (b)

E, = 18.9 MeV
0.0049 + 0.0005
0.0051 £ 0.0005
0.0059 + 0.0007

0.00309 £ 0.00014 0.00410 4 0.00029 0.0038 4= 0.0004 0.0040 % 0.0005 0.0051 + 0.0004

141
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4.9 The 73Ge(n,np/ d)”2Ga reaction
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Figure 4.9: The cross-section results of the 73Ge(n,np/ d)72Ga reaction,
along with the dataset of Konno et al. [22], which was the only one found
in literature [18].

The experimental cross-section results of the present work for the
73Ge(n,np/d)"2Ga reaction in the energy range between 14-19 MeV are
presented in Figure 4.9 along with the dataset of Konno et al. [22], which
is the only one found in literature [18]. The residual nucleus “2Ga is pro-
duced from the 73Ge[n,np / d)72Ga measured reaction, as well as from the
72Ge(n,p)”2Ga one. This is the reason why this measurement can only be
performed with the use of enriched samples. The de-excitation of the 72Ga
residual nucleus has been already described in section 2.3.4. It should be
underlined that following the activation technique, only the radioactivity
of the residual nucleus is being measured. Therefore, the different contri-
butions of the 73Ge(n,np]72Ga and 73Ge[n,d)72Ga cannot be separated via
the activation technique, and the final cross-section result is the sum of
the (n,np) and (n,d) reaction channels. The final cross-section results were
calculated from the weighted average of the 834.1, 630.0 and 894.3 keV
y-rays. The trend of the data of the present work is reproduced by the only
available dataset of Konno et al.



Table 4.8: “3Ge(n,np/d)"2Ga cross-section results

Ey (keV)
834.1
630.0
894.3

Iy (%)
95.45 £ 0.08
26.13 + 0.04

10.136 + 0.015

En = 14.0 MeV En = 15.7 MeV
0.00389 4= 0.00018 0.0128 = 0.0010
0.00397 £ 0.00021 0.0127 £ 0.0011

- 0.0121 £ 0.0013

o; (b)
E, = 16.4 MeV
0.0162 4+ 0.0012

o (h)

En =17.9 MeV
0.0334 £ 0.0022
0.0337 £ 0.0024
0.0318 £ 0.0003

En = 18.9 MeV
0.045 £ 0.003
0.045 £ 0.004

0.00392 £ 0.00017 0.0127 £0.0009 0.0162 +0.0012 0.0333 +0.0021 0.0454 4 0.0022

9¢
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4.10 The 74Ge(n,np/ d)”3Ga reaction
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Figure 4.10: The cross-section results of the 74Ge(n,np/ d)74Ga reaction,
along with the dataset of Konno et al. [22], which was the only one found
in literature [18].

Figure 4.10 presents the experimental cross-section results of the cur-
rent work for the 74Ge(n,np / d)73Ga reaction in the energy range between
14-19 MeV along with the dataset of Konno et al. [22], which is again
the only one found in literature [18]. The residual nucleus 73Ga is pro-
duced from the 74Ge(n,np /d)73Ga measured reaction, as well as from the
73Ge(n,p)73Ga and 76Ge[n,c1)732n ones. This is the reason why, once again,
this measurement can only be performed with the use of enriched samples.
Section 2.3.5 provides details on the de-excitation of the “3Ga residual nu-
cleus. It is important to emphasize again that just the radioactivity of the
residual nucleus is being measured after the end of the irradiation accord-
ing to the activation technique. As a result, as was already noted, the
activation technique is unable to distinguish between the distinct contri-
butions of the 74Ge(n,np)73Ga and 7*Ge(n,d)’3Ga. As a result, the final
cross-section result is the sum of the (n,np) and (n,d) reaction channels.
The final cross-section values were computed using the 297.3 keV y-ray.
The trend of the data Konno et al. seems to slightly overestimate the cross-
section values in this particular case and there is no obvious explanation
for this discrepancy.



Table 4.9: “4Ge(n,np/d)"3Ga cross-section results

o (b)

Ey (keV)
297.3

Iy (%)
79.8+ 1.0

En = 14.0 MeV En = 15.7 MeV En = 16.4 MeV En =17.9 MeV En = 18.9 MeV
0.00219 4= 0.00016 0.0043 4= 0.0004 0.0050 - 0.0006 0.0136 +0.0014 0.0166 £ 0.0014

8¢
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4.11 The 73Ge(n,na)%2™Zn reaction
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Figure 4.11: The cross-section results of the 73Ge(n,na)®9™M7Zn reaction

Figure 4.11 shows the experimental cross-section results for the
73Ge(n,na)®9™MZn reaction in the energy range of 14-19 MeV. There were
no more data for this reaction available in the literature [18]. Both the
73Ge(n,na)®9MZn measured reaction and the "2Ge(n,a)®9™Zn one yield the
residual nucleus 69Zn. This is the primary cause for which enriched sam-
ples are required in order to carry out this measurement. Section 2.3.2
describes the de-excitation of the “3Ga residual nucleus, while the 438.6
keV y-ray was used to determine the final cross-section values.



Table 4.10: "3Ge(n,na)®°MZn cross-section results

09

Ey (keV)
438.6

o (b)
Iy (%) En = 14.0 MeV En = 15.7 MeV En = 16.4 MeV En =179 MeV En = 18.9 MeV
94.85 4+ 0.07 | 0.00058 #+ 0.00003 0.00237 4= 0.00020 0.0029 4 0.0005 0.0075 £ 0.0005 0.0099 + 0.0008
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4.12 Enriched VS Natural Targets

The activation method is based on the measurement of the induced ra-
dioactivity of the residual nucleus. However, as shown in section 2.3, the
same residual nucleus can, in some cases, be produced from different re-
action channels from neighboring natural occurring isotopes. For exam-
ple, the “2Ga residual nucleus is produced from both “2Ge(n,p)’2Ga and
73Ge(n,np /d)72Ga reactions. Therefore, when measuring such reactions
with a natural target, the contribution of the different reaction channels
(that will be called “parasitic channels”) leading to the production of the
same residual nucleus, needs to be estimated and subsequently subtracted
from the measured yield. This estimation can be achieved via theoretical
calculations or existing evaluation libraries, however, such corrections are
accompanied by their own uncertainties, predominantly systematic.

The measurements of cross sections with isotopically enriched targets
on the other hand, such as the ones used in the present work, do not
suffer significantly (depending on the enrichment levels) from such con-
taminations, deeming the aforementioned corrections negligible and the
cross-section data much more reliable.

It should be underlined, that most data found in literature implement
natGe targets for the measurement of (n,x) reactions on Ge isotopes, and
the contribution of the parasitic channels becomes larger as a function of
energy. This could be one of the reasons why only very few of the existing
data found in literature exceed the 15 MeV neutron beam energy.

In order to examine the consequences of this issue, two sets of mea-
surements were performed. The first measurements were performed with
a NalGe target with all the isotopes in their natural abundances (“OGe
20.52%, "2Ge 27.45%, "3Ge 7.76%, "*Ge 36.52%, "Ge 7.75%). The sec-
ond set of measurements was performed with the use of enriched targets,
that acted as a test for the accuracy and sensitivity of the theoretical cor-
rections that must be applied [24]. Both of these sets of measurements
were performed at the neutron energy of 17.9 MeV and the methodology
proposed and followed will be outlined in the next section (Section 4.12.1).

4.12.1 Corrections for parasitic reactions

The measurement of the net y-ray yield (Y) of a contaminated reaction will
be the sum of the y-ray yield of the measured reaction (X) and the contri-
bution from the ‘parasitic’ reaction that leads to the production of the same
residual nucleus, acting as a contamination. The ratio between the yield
of the measured and the parasitic reaction is given by Equation (4.15):

Y o1 Ab

i_1+0—2-A—b2 (4.15)

Where:
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Y is the total y-ray yield in the spectrum

X is the y-ray yield only from the measured reaction

* o7 is the cross-section value of the parasitic reaction, obtained from
an evaluated library

® o5 is the cross-section value of the measured reaction, obtained from
the same library

* Ab; is the abundance of the isotope that produces the parasitic con-
tribution

* Abg is the abundance of the isotope whose reaction is measured

This methodology is heavily dependent on the cross-section ratio of the
parasitic over the measured reaction (o1 /02), which in turn depends on the
choice of a specific evaluation library. Whenever possible, these chosen
libraries were based on Hauser-Feshbach theoretical model evaluations,
such as TALYS (TENDL 2021 library [25]). Alternative libraries were chosen
(eg EAF 2010 [28]), in the case when the aforementioned libraries were not
available. This approach relies on the assumption that any evaluation or
statistical model calculation is performed in a consistent way for all the
reaction channels involved, and any possible systematic errors involved
will be canceled out via the use of the o;/o9 ratio, making this adopted
methodology robust.

The main idea is that the accuracy and the limits of the corrections fol-
lowing the methodology of Equation (4.15) will also be applied in contam-
inated reactions (72Ge(n,a)69mZn and 72Ge(n,p)72Ga] and the results will
then be tested with the respective accurate results that are produced from
the adequately enriched Ge samples used in this work, that do not suffer
from such contaminations. As a confirmation of the two sets of measure-
ments regarding the whole experimental procedure, the non-contaminated
76Ge(n,2n)75Ge reaction will also be presented.

In this scope, results for the 76Ge(n,2n)75Ge, 72Ge(n,(zl)69mZn and
72Ge(n,p)”2Ga reactions will be presented, both for the tGe and enriched
Ge target cases for the neutron beam energy of 17.9 MeV. Both of these
sets of measurements were performed at the neutron beam facility of NCSR
‘Demokritos’ and the data analysis followed is presented in Section 4.1.

4.12.2 The 7Ge(n,2n)”5Ge reaction - not contaminated

The experimental results for the 76Ge(n,2n)75Ge reaction are presented
in Figure 4.12, for the natural and the enriched target case, along with
previous data found in literature [18] and evaluated libraries [16, 25-27].
The y-rays used for the cross-section calculation are reported in Table 4.11,
along with the final results and their corresponding uncertainties.
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Figure 4.12: The cross-section result for the uncontaminated

76Ge(n,2n)75Ge reaction

Table 4.11: A list of the y-rays used in the analysis, along with their in-
tensities and their corresponding uncertainties [13] for the 76Ge(n,2n)75 Ge
reaction. Additionally, the calculated cross-section values and uncertain-
ties are provided.

target type Ey (keV) Iy (%) o(b)

natural 264.6 114+£1.1 1.2140.24
enriched 264.6 114+1.1 1.154+0.13

The cross-section results both for the "{Ge and the enriched Ge target
case are in excellent agreement within their uncertainties, as well as with
the evaluated curves and the dataset of Steiner et. al. which is the only one
exceeding the neutron beam energy of 15 MeV. The excellent agreement be-
tween the two independent sets of measurements proves that there exist no
substantial systematic differences between them, acting as a validation for
the experimental setup and the analysis procedure followed for the compar-
ison of the results in the more complicated cases which will be presented
in the following paragraphs.

4.12.3 The 72Ge(n,a)®9™MZn reaction - contaminated

The results of the present work for the 72Ge(n,a)59™Zn reaction are pre-
sented in Figure 4.13 both for the ™@'Ge and enriched Ge target case along
with previous data found in literature and the TENDL-2021 library, while
in Table 4.12, the y-rays used for the final cross-section results, along with
their intensities and corresponding uncertainties are presented.

The comparison between the two sets of measurements yields a ~18
% difference between them, with the cross-section result calculated from
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Figure 4.13: The cross-section result for the contaminated

2Ge(n,a)%9MZn reaction

Table 4.12: The y-ray used for the calculation of the “2Ge(n,a)%9™Zn re-
action, together with its intensity, the calculated cross-section value and
the corresponding uncertainties [9].

target type Ey (keV) Iy (%) a(b)

natural 438.63 94.85+0.07 0.0085 £ 0.0012
enriched 438.63 94.85 £ 0.07 0.0070 4 0.0007

the enriched target, being in good agreement with the general trend of the
dataset of Konno et al. [22]. It is underlined, that Konno et al. [22] also
used an enriched target (97.8 % enrichment level).

It is also noted that this particular reaction is contaminated by the
73Ge(n,na)%9™MZn in the "tGe sample case. In the following paragraph,
the correction methodology illustrated in Equation (4.15) and its limits will
be presented, adopting the cross-section values of the EAF-2010 library.

Parasitic Channel for the 72Ge(n,a)®9™Zn reaction

The o1/0y cross-section ratio was calculated via the EAF-2010 library to
correct for the contribution of the parasitic 73Ge(n,na)69mZn reaction to
the measured 72Ge(n,a]69mZn one. This ratio is plotted as a function of
energy in Figure 4.14 for the EAF-2010 [28] and JEFF 3.1-A [29] libraries
that hold information both for the measured, as well as, for the contami-
nating channel. This correction was found to be in the order of 3% or lower
for energies below 12 MeV, and thus the results obtained using a natural
target could be considered reliable only in this energy region. For higher
energies, as illustrated in Figure 4.14, the increasing discrepancy between
the libraries could yield very different corrections in the final cross-section
results. For example, for E,=17.9 MeV, depending on the choice of the
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Figure 4.14: The 0| /0y ratio regarding the “3Ge(n,na) parasitic reaction
that contaminates the measured one as a function of energy.

library, the final correction ranges from 7.3 to 32.7%. This could be the
source of the ~18 % discrepancy between the two sets of measurements.

Finally, it should be underlined that the enriched “2Ge target used for
the validation of the aforementioned methodology was not entirely mono-
isotopic, containing the ‘parasitic’ 73Ge isotope in a percentage of 2.86%.
Nevertheless, the corrections adopting the methodology of Equation (4.15)
did not surpass 3.5% for any chosen library, a correction well within the
statistical and systematic uncertainties of the measurement.

4.12.4 The 72Ge(n,p)’2Ga reaction - contaminated

The results of the present work for the “2Ge(n,p)’2Ga reaction are pre-
sented in Figure 4.15 both for the "!Ge and the enriched Ge target case,
along with previous data found in literature and the ENDF/B-VIII.O [16]
and TENDL-2021 [25] evaluated libraries. In Table 4.13 the y-rays used for
the final cross-section result along with their intensities and corresponding
uncertainties are presented.

There exists a ~20% discrepancy between the two sets of measure-
ments, with the result obtained from the enriched “2Ge target being again
lower than the respective one from the "@!Ge target. The general trend of
the dataset of Konno et al. [22] (that used an enriched 2Ge target for the
measurements) is in good agreement with the result of the enriched target,
while the trend of the dataset of Hoang et al. [21] (that used a natGe target
for the cross-section measurements) is in good agreement with the cross-
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Figure 4.15: The cross-section results for the contaminated 72 Ge(n,p)72 Ga
reaction

Table 4.13: A list of the y-rays used in the cross-section calcula-
tion, along with their intensities and respective uncertainties [10] for the
72Ge(n,p)72Ga reaction. The cross-section values and their respective un-
certainties are also presented.

target type Ey (keV) Iy (%) oj (b) o(b)

natural 834.13 95.45+0.08 0.0361 +0.0027 0.0348 4 0.0020
629.97 26.13 +£0.04 0.031 £ 0.005
2201.59 26.87+0.12 0.031 £ 0.005

enriched 834.13 95.45 4+ 0.08 0.0286 4+ 0.0026 0.0280 4 0.0026
629.97 26.13 +£0.04 0.0269 £ 0.0027
894.33 10.14 £ 0.02 0.0284 = 0.004

section result of the present work regarding a "!Ge target. It is noted that
Hoang et al. [21] implemented statistical model calculations via the EM-
PIRE code for the estimation of the contribution of the parasitic reaction
channels to the measured yield.

The 73Ge(n,np)72Ga and 73Ge(n,d]72Ga reactions act as a contamina-
tion to the measured one in the "@'Ge case. The theoretical correction
applied employing the TENDL-2021 library, following the Equation (4.15)
will be presented in the following section

Parasitic Channels for the 72Ge(n,p)72Ga reaction

The o7 /09 cross-section ratio was calculated via the TENDL-2021 library to
correct for the contribution of the 73Ge:(n,np)72Ga and 73Ge(n,d)72Ga re-
action channels. This ratio is plotted as a function of energy in Figure 4.16
for the libraries found in literature, with information regarding both the
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Figure 4.16: The o, /oy ratio regarding the “3Ge(n,d/np)”2Ga parasitic re-
action that contaminate the measured one as a function of energy.

measured and the parasitic reactions [25, 27, 30-33]. The area between
the lower and higher value of the o1/09 cross-section ratio is presented in
the insets of Figures 4.16a and 4.16b, within which a value for the cross-
section ratio can be chosen. The discrepancies between the libraries, es-
pecially in higher energies could subsequently yield quite discrepant cor-
rected cross-section results. For the neutron energy of E4=17.9 MeV for
example:

e for the 73 Ge(n,d)72 Ga reaction the correction ranges from 1.7 to 10.6%

e for the 73Ge(n,np)72Ga reaction the correction ranges from 9.7 to
49.2%

For both contaminating reactions, the ‘parasitic’ contribution does not
exceed 3% for energies below ~14.5 MeV, an energy region where these
theoretical corrections could be considered reliable. The large variations
between the libraries could be the reason behind the discrepancy between
the two sets of measurements.

It is finally noted that the “2Ge target is not entirely mono-isotopic since
it contains 2.86% “3Ge. Nevertheless, the contribution of the parasitic re-
actions following Equation (4.15) did not surpass 5% for any chosen library,
once more validating the accuracy of the cross-section data employing en-
riched targets.
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Chapter 5

Theoretical Calculations

5.1 Nuclear Reaction Mechanisms

Nuclear reactions can be classified into three main types, regarding the
mechanism followed. These categories are:

¢ compound nucleus reactions
¢ direct reactions

® pre-equilibrium reactions

5.1.1 Compound nucleus reactions

In compound nucleus reactions, the incident particle enters the target nu-
cleus and transfers its energy to the nucleons of the target possibly through
scattering. The recoiling nucleon and the incident particle continue to
transfer energy through successive collisions. After several such interac-
tions, the incident particle energy is statistically distributed to the particle-
nucleus system after a thermodynamic equilibrium is reached, rather than
transferred to a single nucleon after a single collision. The probability of a
single nucleon to escape the nucleus, following the statistical distribution
of energy, is rather small, resembling molecules evaporating from a hot
liquid [67]. Therefore, there is a discrete “intermediate” state between the
absorption of the incident particle and the emission of the outgoing parti-
cle(s), that is characterized by the statistical distribution of energy between
the nucleons, depending only in the total energy provided to the nucleus.
This state is also known as the compound nucleus that “lives” for a time
scale of 1018 - 10716 5. The probability of its decay is independent of the
way of its formation, also known as the Bohr’s independence hypothesis.

69
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The compound nucleus reaction mechanism is best followed for projec-
tile energies between 1 - 20 MeV/nucleon and for medium-heavy nuclei,
cases when the incident particle has a small chance of escaping, keeping
its identity and energy, and the target nucleus is large enough to distribute
the incident energy among the nucleons.

Finally, due to the statistical nature of the energy distribution among the
nucleons, the outgoing particles are expected to have an isotropic angular
distribution.

5.1.2 Direct reactions

In direct reactions, the incident particle mainly interacts with peripheral
nucleons of the target nucleus, transferring part of its energy, without the
formation of a compound nucleus, as an intermediate step. The direct
reaction mechanism is a very fast process (1022 s) and is characterized by
a sharp forward peak angular distribution of the outgoing particles. The
contribution of the direct reaction mechanism becomes more significant at
higher nucleon energies, since the de Broglie wavelength decreases as a
function of energy, and the incident particle is more likely to interact with
individual, peripheral nucleons rather than with the whole nucleus, as is
the case for the compound nucleus reaction mechanism, where the energy
of the incident particle is more evenly spread.

Some characteristic examples of direct reactions are the elastic and in-
elastic scattering, transfer, knock-out, charge-exchange and break-up re-
actions.

5.1.3 Pre-equilibrium reactions

Pre-equlibrium (or pre-compound) reactions are essentially an intermedi-
ate state between the rapid process of a direct reaction and the slower ex-
change of energy between the incident particle and the target nucleus, that
constitutes the compound nucleus reaction mechanism. With the borders
of the two aforementioned reaction mechanisms, not being explicit, at in-
termediate energies the incident particle gradually loses energy as it enters
the target nucleus. However, the target nucleus-incident particle system
decays before a thermodynamic equilibrium is reached, partially retaining
some information regarding the input channel.

5.2 The EMPIRE 3.2.3 code

EMPIRE is a modular system of nuclear reaction codes, that can be used for
theoretical investigations of nuclear reactions in a wide energy range. The
available projectiles to be chosen are photons, nucleons, deuterons, tritons,
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Figure 5.1: Flow-chart of the EMPIRE system showing the major compo-
nents of the system as obtained from Ref. [1]

helium-3 nuclei (3He), alphas, and light or heavy ions. The function of the
code is illustrated as a flow-chart in Figure 5.1.

The code accounts for the major nuclear reaction models, such as op-
tical model, Coupled Channels and DWBA (ECIS06 [35, 36] and OPTMAN
[68-70]), Multi-step Direct [42] (ORION + TRISTAN), NVWY Multi-step Com-
pound [43], exciton model [44, 45] (PCROSS), hybrid Monte Carlo simula-
tion (DDHMS), and the full featured Hauser-Feshbach model [34] including
width fluctuations and the optical model for fission. A comprehensive li-
brary of input parameters based on the RIPL-3 [71] library covers nuclear
masses, optical model parameters, ground state deformations, discrete lev-
els and decay schemes, level densities, fission barriers, and y-ray strength
functions.

In the following sections, some basic theoretical models will be described,
that can be handled by the EMPIRE code via the use of specific keywords,
necessary for theoretical calculations performed by the EMPIRE 3.2.3 code.
These models are the optical model (EMPIRE keyword ‘OMPOT’), the Hauser-
Feshbach theory, the exciton model (EMPIRE keyword ‘PCROSS’) and the
nuclear level density models (EMPIRE keyword LEVDEN’). Each of the
aforementioned keywords can be assigned a specific value. More details
will be presented in the Sections 5.2.1, 5.2.3 and 5.2.4.

5.2.1 The Optical Model

The optical model is used to describe an interaction between an incident
particle and a target nucleus, including both the elastic and all the compet-
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ing non-elastic channels. The whole interaction process can be envisioned
as light impinging on an opaque glass sphere, where light is only partially
absorbed [67]. It is described by a complex mean field potential U(r) as
follows:

U(r) = V(r) +iW(r) (5.1)

where the real part (V(r)) of eq. 5.1 represents the elastic scattering,
and the imaginary part (W(r)) of eq. 5.1 represents the inelastic scattering
(or absorption effects).

Adopting for example the formalism followed in Ref. [72], eq. 5.1 can be
rewritten as :

Ur,E)=-  Vy(r,E) - iWy(r, E) -
real volume term imaginary volume term

- iWD(I", E) —|'
——
imaginary surface term
+ Vgo(r,E)-1-0 + iWgo(r,E)-1-0 +

real spin—‘c,)rbit term imaginary sf);n—orbit term
+ VC (r) (5.2)
N——
Coulomb term
Each term of eq. 5.2 can be separated by energy-dependent well depths

(Vv (E), Wy (E), Wp(E), Vgo(E) and Wgp(E)) and energy independent radial
parts “f” as follows:

Vv(l", E) = Vv(E)f(I‘, Rv, Cl\/) (53]
Wy (1, E) = Wy (E)E(r, Ry, ay) (5.4)
d
WD(I", E) = 74QDWD(E)af(1“, RD, ClD) (55)
h \?1d
Vso(1, E) = Vgo (E) <m—nc> ;gf(r, Rg0,ag0) (5.6)
h \?1d
Wso (1, E) = We (E) (m—nc) ;gf(ry Rg0,ag0) (5.7)

Using Equations (5.3) to (5.7), Equation (5.2) becomes:

U(r, E) = Va(r) - Vy (E)f(r, Ry, ay)-
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. d
i (WelBI Ry. av) - dap W E) 10 Rpap) ) +

h \214d
+ Vgo(E) <—> f(r,Rgp,agp) -1- o+

mpce ) rdr
. h \21d
+i1Wgo(E) (m—nc> ;gf(r,Rsoﬂlso) ‘1.0 (5.8)

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

1

Ry ai) = T Rym

where the geometry parameters are the radius R; = riAl/ 3, with A being
the atomic mass number, and a; the diffuseness parameters. For charged
projectiles, the Coulomb term V, is given by that of a uniformly charged
sphere [72]:

726> r?
3— , T <R
Vc(r) _ ) 2Rc ( RTC) C

2
Zze’rzRC

where Z(z) is the charge of the projectile and R = rCAl/ 3 is the Coulomb
radius.

It is underlined that EMPIRE 3.2.3 enables the user to choose differ-
ent optical models that are available from the Reference Input Parameter
Library (RIPL-3) via the ‘OMPOT’ keyword.

5.2.2 The Hauser-Feshbach theory

The Hauser-Feshbach theory [34] is used to describe nuclear reactions per-
formed via the formation of a compound nucleus. Such reactions can be
represented as:

a+A—-C"—>B+8

The probability for an incident particle a with kinetic energy ¢4 to form
the compound nucleus C* and subsequently decay to nucleus B via the
emission of a 8 particle with a respective kinetic energy g (see Figure 5.2),
following the Bohr’s hypothesis (see Section 5.1.1) is given by:

0a6 = Y 0a(E, Jm)Pg(E, Jrr) (5.9)

Jot
where o4 (E, J) represents the probability of the formation of the com-
pound nucleus C in a state of spin and parity Jn. Pg(E, Jn) represents the
probability for the compound nucleus C to decay to the exit channel 8. If
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Figure 5.2: Representation of the a + A — B + 6 reaction via the formation
of a compound nucleus C* in an excited state. p(E) represents the level
density, while ¢ represents the nuclei kinetic energies in the center of mass
system.

the produced compound nucleus is in an excited state E¢,, then the decay
probability is expressed in terms of transmission coefficients:

TG(Eév JH)

Po(E, Jm) = S To(E I

(5.10)

where Tg is the transmission coefficient of channel 8. The denominator
ZC: Tc(E¢, Jm) represents the sum of all possible decay channels, including

particle emission, photon emission and fission. If the residual nucleus B
is produced in an excited state Ej;, with a respective level density of states
pB(E5) Equation (5.10) becomes:

pln _ _Ti(ce)en(Ep)

(5.11)
6 Z Ty,lpC(E*Cv JI‘[)
'

However, if spin is also taken into account, the calculation of the cross
section regarding the entrance channel, is obtained by the Optical Model.
In this case, the final cross-section calculation involves the sums of all
the possible spin additions of the entrance and exit channel, taking into
account the energy conversion and selection rules.

> Ti(ea)Ty(ce)pB(ER,S')

I 2J+1 1j,l i’
= — 5.12
k2 ; 2s+1 28 + ) Z TY 1//pG(EE) ( )

Y71//’j”
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Figure 5.3: A schematic representation of the creation of excitons as a
function of time as an incident particle impinges on a target nucleus. This
figure is obtained from Ref. [73]

where the primed symbols represent the exit channel and the unprimed
ones represent the entrance channel. More specifically j and J represent
the angular momenta of the entrance channel and the compound nucleus
respectively, s, S and S’ represent the spins of the incident particle, the
target and residual nucleus respectively. It should also be underlined that
selection rules are applied in the sums of both the entrance and the exit
channel, and thus the denominator includes all the possible exit channels.
Furthermore, if the residual nucleus B is produced in a discrete excited
level, the level density function pg(E}, S’) should be replaced by 6-functions.

5.2.3 Pre-equilibrium models

EMPIRE can handle the pre-equilibrium reaction mechanism with:

* the quantum mechanical models:

— Multistep Direct (MSD) [42]

As the incident energy rises, there is a greater chance that one
particle will stay in the continuum and resulting in a strong mem-
ory of the projectile’s initial trajectory, leading to a multistep di-
rect reaction. The cross sections are forward peaked in this in-
stance because there is constructive interference between matrix
components affecting the same change in the particle’s momen-
tum in the continuum.

— Multistep Compound (MSC) [43]

All of the particles remain bound through the cascade that leads
to the equilibrium during a multistep compound reaction. It is
assumed that the phases of the matrix elements (J, parity, etc.)
that are necessary to define a channel are random in order to
eliminate any interference terms following averaging. The energy
averaged cross sections are therefore approximately 90° symmet-
ric.
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* the phenomenological approach of the exciton model [44, 45]

In this section the phenomenological approach of Griffin [44, 45] (usu-
ally referred to as the exciton model) will be presented. It is mentioned
that the MSC and MSD models can be activated in the EMPIRE code via
the respective keywords (MSC=MSD=1). The exciton model is handled by
the PCROSS’ keyword with values ranging from 0.5 to 3, if enabled. If the
value PCROSS = 0 is assigned, then the exciton model will be disabled.

According to the exciton model, the incident particle interacts with the
target nucleus, exciting a single nucleon above the Fermi surface, leaving
at the same time, a ‘hole’ behind, lying below the Fermi level. In this sense,
an excited nuclear state can be characterized by the particles (p) above the
Fermi level, and the holes (h) that exist below the Fermi level. The particles
could either stem from protons (p,) or neutrons (p,), creating the respective
holes (hy or hy). The sum of particles and holes is called number of excitons
n, following the relation n = p + h.

The successive interactions between the incident particle and the target
nucleus will result in an increasing number of excitons and more degrees
of freedom, that will end up in an equilibrium, following the selection rules:

An=0,£2, Ap=Ah=0,+1

In Figure 5.3 the time evolution of the exciton number is presented after
the interaction of an incident particle with a target nucleus. In the case
of a neutron, the energy of the incident particle should be greater than
the separation energy (Q-value), while in the case of protons, the Coulomb
barrier should also be surpassed. If an excited particle has enough energy,
it could escape the nucleus.

According to Griffin’s model, the transition rate of a nucleus from an
n-exciton state to other states with n’ = n or n’ = n 4 2 excitons is given by
the Fermi’s Gold Rule:

2 2
My = = IMPoyr (B) = Ay = = IMPpy (B)

where |M|? is the average squared matrix element for the n — n’ tran-
sition. The density of p’ particle and h’ hole states at a specific excitation
energy E is given by the expression [74, 75]:

RN
() = BB Apw)” o
o = T 0 1)!

where:

L 2
Ay = Z—l(p/ +h™ +p' - 3h)

and g is the density of single-particle states.
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The probability for an excited nucleus (at a specific energy E) to be in
a configuration of n = p + h excitons is called the occupational probability
and noted as: P(n,E,t). It satisfies the relation [76] :

% = P(n -2,E, t)An,Q’n(E)+

+Pn+2,E,t)An400(E)-

~P(m,E, t) (Apnt2(E) + Ann2 + Ane(E)) = (5.13)
~-P(n,E,0) = tnf2(E>)‘n727n<E)+

+ thyo (E>)‘n+2,n(E>7

—tn(E) Apn+2(E) +Ann 2 + Anc(E)) (5.14)

where A, . is the total decay rate for emission to the continuum and ty
is the lifetime of an n-exciton state. These factors follow the relations:

E

¢’ ,max

An,c(E) - Z / AH,C(E7 80/)d80/7 €C = £ 7B
/

C 0
and

teq

tn = / P(u,E, t)dt
0
where ¢, is the energy of the particle reduced by its binding energy in
the nucleus and tqq is the time needed for equilibrium to be reached.

The cross section for particle emission in channel c follows the expres-
sion:

teq

Oc<E, 50) - OR Z P(Il, E, t)An’C(E, gc)dtdgc
0 D,An=2

where op is the incident channel reaction cross section.

5.2.4 Nuclear level density models

The nuclear level densities play a crucial role in Hauser-Feshbach calcu-
lations performed by the EMPIRE 3.2.3 code. Three of the available level
density models in EMPIRE are phenomenological (Gilbert-Cameron Model
(GCM), Generalized Superfluid Model (GSM), Enhanced Generalized Su-
perfluid Model (EGSM)) and one is based on Hartree-Fock-Bogoliubov mi-
croscopic model (HFBM) which will be presented in the following sections.
The Fermi Gas Model (FGM) [37] is implemented in all the aforementioned
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models and will be separately described, since the most commonly used
level density analytical expression was derived from FGM. The different
level density models are chosen in the EMPIRE code via different values to
the LEVDEN’ keyword.

The Fermi Gas Model

The Fermi Gas Model is based on the assumption of the equal spacing of
the single particle states and the absence of collective effects. The density of
the levels with spin J, parity i and excitation energy E can be distinguished
in terms of state density and spin and parity contribution as:

p<EX7J7H) = p(EX> ' p(J,IT) (5.19)
—— ——
state density spin and parity dependence
where
oS
Ex) = 5.16
where S is the entropy and Det = 114a3T? /rt and
1(2J+1) (J+1/2)?
_ = SIS S A7
p(J,m) =3 T P [ 502 (5.17)

where the factor 1/2 corrects for the equiparity distribution, and o? is
the spin cut-off parameter. The state density follows the relation:

FG VI
p'G(E) = Wy 5/4exp(2\/_ ) (5.18)

Combining Equations (5.17) and (5.18), Equation (5.15) becomes:

FG _ 2J+1 (J+1/2)
(E,J,n) = 48\/503/201/4U5/4exp 2V a Ty (5.19)

where U is the effective excitation energy and is equal to
U - EX - A

, where A equal or closely related to the pairing energy. Equation (5.19)
implies that the level densities in the Fermi Gas model depend on the pa-
rameters a, o and A.

The energy dependence of the a-parameter, taking into account shell
effects was proposed by Ignatyuk [77]:

a(E) = & {1 + f(U)%} (5.20)
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where 6W is the shell correction, a is the asymptotic value of the a-
parameter and

f(U)y=1-¢"U

where y is the shell effects damping parameter.

Gilbert-Cameron Model - LEVDEN 2

According to the Gilbert-Cameron model [78] (EMPIRE keyword LEVDEN=2)
the excitation energy is separated in two regions. For energies below the
matching point (Uy), the constant temperature formula applies, while for
energies above the matching point, the Fermi Gas formula is used:

CT(E,), Ex<U
pGC(EX) _ pFG( X) x S Ux (5.21)
p (EX) , Ex>Ux
The level density for the constant temperature follows the relation:
pC (Ex. J.m) = p“ (Ex)p(J. 1)

where p(J, 1) is given by Equation (5.17) and the state density by:

1 Ex—E
pCT(EX)—eXp( X O)

T T

with T being the nuclear temperature and E; a free parameter. The
Fermi Gas state density p"G(Ey) is given by Equation (5.19). The pairing
energy A is given by:

0, for odd-odd nuclei
A=n—, n=<1, forodd-A nuclei

)
VA .
2 for even-even nuclei

Y

The a-parameter could be energy-dependent or not, while the spin cut-
off parameter o(Ey) is given by the expression:

0%(Ey) = 0.146A%/3/aU

Generalized Superfluid Model - LEVDEN 1

In the Generalized Superfluid Model (GSM) [39, 40] (EMPIRE keyword LEV-
DEN=1) the level density is divided in two parts. Low energies are charac-
terized by a superfluid behavior where pairing correlations strongly affect
the level density. The high energy region is described by the Fermi Gas
Model (FGM). The two regions are separated by the ‘critical energy’ U.

It can be expressed as:
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Ue = qCTg + Econd
where T, is the critical temparature and E.,,4 is the condensation en-
ergy.

3 P
Econd = ﬁqCAO

The critical values for the determinant and the entropy are given by the
following expressions:

SC == 2aCTC

2
12 33
Detc = (E) QCTC

Both below and above the critical energy, the quasi-particle level density

follows this relation, but with different definitions of the thermodynamic
quantities:

o (B, J.11) — S 12741 exp C(J+1/2) (5.22)
e VDetQ\/Sr{o?’ff Qngf
(§

Calculations are performed for the excitation energy:

0, for odd-odd nuclei
U=Ex+nAg+06git, n=4<1, forodd-A nuclei
2, for even-even nuclei

where Ay = 12/v/A and the 6 ;;, adjustable shift parameter is used for
better description of experimental data.

If the rotational and vibrational enhancements (K;q, K;,) and their
damping with increasing energy (Q.q, Qi) are added in an adiabatic form
to Equation (5.22) the final expression of the GSM level density is produced:

p(Ex, J, M) = Pqp(EX7 J, 1)Kot Qrot Kvin Quib (5.23)

Enhanced Generalized Superfluid Model - LEVDEN 0O

The Enhanced Generalized Superfluid Model (EGSM) (EMPIRE keyword
LEVDEN=0) is also referred to as ‘Empire Global Specific Model’. It uses
the superfluid model below the critical excitation energy U. and the Fermi
Gas above, as the Generalized Superfluid Model (GSM) does. The difference
between the EGSM and the GSM is the more accurate treatment of high
angular momenta [1] in the former case.
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In EGSM, the rotational energy is subtracted from the intrinsic excita-
tion energy, while in the other level density models the spin dependence
is treated as a separate factor characterized by the spin cut-off parameter
o2. In the EGSM, the non-adiabatic form of nuclear rotation leads to the
collective enhancement of the level density, leading to a more dynamical
approach regarding the shape of the nucleus. Thus deformation is taken
into account via the level density parameter a that increases as a function
of the nucleus’ surface.

The effective excitation in EGSM is defined as:

0, for even-even nuclei
U=Ex+nldy, n=<¢1, forodd-A nuclei (5.24)
2, for odd-odd nuclei

where Ay = 12v/A. For excitation energies below the critical energy E,
the nuclear level density is given by Equation (5.23).

For energies above the critical energy E. an energy shift is introduced,
equal to the condensation energy:

Ux=U~ Econd

With the assumption that the prolate nuclei rotate along the axis per-
pendicular to the symmetry axis, the level density becomes:

2\ 1/2
ol g = () ol

16v/6m \ T |
J -5/4
Z (U* B h2K2) /
K:*J QJeff
. h2K2 %
exp q 2 {a <U 95 ff)} QrotKvib Quib (5.25)
e

, while assuming similarly that the oblate nuclei rotate parallel to the
symmetry axis, the level density becomes:

2\ 1/2
p(Ex,J, ) = ! (h) a /4

16v/6m \ T ||
J -5/4
S (U*hQ[J(J+1)KQ]> /

1

2 172 2

exp {2 |a (U MU LD KT QuotKoipQuib,  (5.26)
2| Tt
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The rotational enhancement is taken into account in Equations (5.25)
and (5.26) via the summation over projection of the angular momentum K.
J.r Tepresents the effective moment of inertia defined as a function of the
parallel and perpednicular moments of inertia as follows:

1 1 1
Jett I To
and (5.26) become:

If J >> K, Equations (5.25)

S

e 1 2J+1
Ex,J == —
p(Ex,J, ) JDet 2 - ex

eff

(J+1/2)2
52
Oetf

Krot Qrot Kvib Qvib (5 27)

Microscopic combinatorial level densities - LEVDEN 3

In EMPIRE, there is also the possibility to describe the nuclear level density
via a combinatorial approach. Single-particle level schemes are obtained
from the Hartree-Fock-Bogoliubov method (HFBM), based on the BSk14
Skyrme force [79] (EMPIRE keyword LEVDEN=3). This way, incoherent
particle hole densities o}, (Ex, M,n) are constructed as a function of the
excitation energy (Ey), the spin projection (M) and the parity (o).

If the studied nucleus exhibits spherical symmetry, the level density
follows the relation:

psph(EX7 J, 1) = g (Ex, M = J, 1) — ojp (Ex, M = J = 1,1) (5.28)

where oj,; is the vibrational state density o, (Ex, M, 1) folded with the
incoherent particle-hole state density o, (Ex, M, ).

For a deformed nucleus, with an axial mirror symmetry, the level density
follows the relation:

J
1 JK
pdef(EX> J> I'I) = 5 Z C‘)int(EX o Er(;t ) Ka H)+

K=J,K#0
J,0
+ 8 J—evenOn=+Oint Pint (Ex — E.% 0, )+
J,0
+ 6Jzoddﬁrl:*mintC‘Dint(EX - Eréty 0, H) (5.29)

JK

where K are the spin projections and E;

is the rotational energy.

5.3 EMPIRE 3.2.3 calculations

In this section, the steps followed for the theoretical reproduction of the
70Ge(n,2n)69Ge, 72Ge(n,OL)GQmZn, 72Ge(n,p)m(}a, 73(‘xe(n,nc11)69mZn,
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73Ge(n,np/d)72C}a, 73Ge(n,p)73Ga, "1 Ge(n,a)’1mzn, 74Ge(n,np/d)73Ga and
76Ge(n,2n)’®Ge reaction channel results with a coherent set of input pa-
rameters via the EMPIRE 3.2.3 code [1] will be presented. The calculations
were performed in the neutron energy range from 5 to 20 MeV.

The aim of this theoretical investigation was the use of a coherent set of
input parameters for the simultaneous reproduction of all the aforemen-
tioned studied reaction channels, taking into account all the available ex-
perimental data in literature. The procedure that was followed towards this
goal can be divided into three steps:

1. choice of the neutron Optical Model potential and the appropriate level
density model

2. choice of the proton Optical Model potential

3. choice of the a-particle Optical Model potential

These steps will be discussed in Sections 5.3.1 to 5.3.3 that follow.

5.3.1 Neutron Optical Model potential and level density
model

For the first step of the theoretical investigation, the 70.76Ge(n,2n)%9-75Ge
reaction channels were chosen, in order to be simultaneously reproduced,
since the (n,2n) reaction channels are the most dominant ones regarding
their cross-section values. Furthermore, the 79-76Ge isotopes differ only
by three neutron pairs and they are both even-even nuclei, so they can be
expected to follow similar systematics.

All the combinations between all the available optical model potentials
from the RIPL-3 library and the available level density models provided by
the EMPIRE 3.2.3 code were performed. The ideal combination between
these two parameters for the simultaneous reproduction of the
70’76Ge(n,2n)69’75Ge reaction channels was found to be:

* the global optical model potential of Morillon and Romain [46] (RIPL-3
OMP index: 2411)

* the Enhanced Generalized Superfluid Model (EGSM) (EMPIRE key-
word: levden=0)

As presented in Figure 5.4, all the level density models except the one
from Morillon and Romain [46] seem to overestimate the experimental cross-
section values, especially for energies below ~18 MeV.

It is also noted, that during this first approach, the optical model po-
tential for protons, alphas, deuterons, tritons and 3He were left at default
values in the EMPIRE input file.These were:
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Figure 5.4: EMPIRE calculations for the 7%-76Ge(n,2n)%9-7Ge reaction
channels for all the available level densities in the EMPIRE 3.2.3 code:
EGSM: Enhanced Generalized Superfluid Model

GSM: Generalized Superfluid Model

GCM: Gilbert-Cameron Model

HFBM: Hartree-Fock-Bogoliubov Model

All these calculations were performed with the global optical model poten-
tial of Morillon and Romain [46]

* The proton optical model potential of Koning and Delaroche [47] (RIPL-
3 OMP index: 5405)

The a-particle optical model potential of Avrigeanu, Hodgson, and
Avrigeanu [49] (RIPL-3 OMP index: 9600)

The deuteron optical model potential of An and Cai [80] (RIPL-3 OMP
index: 6200)

The triton optical model potential of F.D.Becchetti and G.W.Greenlees
[81] (RIPL-3 OMP index: 7100)

The 3He optical model potential of F.D.Becchetti and G.W.Greenlees
[81] (RIPL-3 OMP index: 8100)

The pre-equilibrium mechanism was also activated in both cases (MSD=1,
MSC=1, PCROSS=1.5).

As presented in Figure 5.5, the simultaneous reproduction of the
70’76Ge(n,2n)69’75(3re reaction channels is quite satisfactory, with the a-
dopted input parameters.

Nevertheless, the calculations were extended to lower energies (from 0.1
to 20 MeV) with the same parametrization, in order to check the reproduc-
tion of the (n,total) channel for both the 7%-76Ge isotopes, as presented in
Figure 5.6. There is a very nice reproduction of these channels, further
validating the choice of the input parameters in the calculations.
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Figure 5.5: EMPIRE calculations for the 7%-76Ge(n,2n)%9-72Ge reaction
channels adopting the global optical model potential of Morillon and Ro-
main [46] and the EGSM level density model, along with JEFF-3.3 [27],
JENDL-5 [26], TENDL-2021 [25] and ENDF/B-VIII.O [16] evaluation li-
braries.
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Figure 5.6: The EMPIRE calculation for the (n,tot) reaction channels for
the 70:76Ge isotopes, along with previous data found in literature [18] and
the JEFF-3.3 [27], JENDL-5 [26], TENDL-2021 [25] and ENDF/B-VIII.O [16]
evaluation libraries.

5.3.2 Proton Optical Model potential

The second step was to reproduce all the reactions with a proton on the exit
channel, namely the 72’73Ge[n,p)72’73Ga and the 73’74Ge(n,np/ d)72’73Ga
ones, with the optical model potential for neutrons and the level density
model fixed from the previous step. The most appropriate global opti-
cal model potential for protons was found to be the one of Koning and
Delaroche [47] (RIPL-3 OMP index: 5405). The contribution of the pre-
equilibrium mechanism was modified via the PCROSS EMPIRE keyword
for the nuclei 72:73:74Ge with respective values of 1.2, 0.6 and 0.6, while
the MSD and MSC models were also activated (MSD=MSC=1). The optical
model potentials for alphas, deuterons, tritons and 3He were once more
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left at their default values.

There is a satisfactory agreement with the experimental cross-section
results of the present work, regarding the simultaneous reproduction of all
the reaction channels with a proton (p) on the exit channel as presented in
Figure 5.7. Furthermore, this parametrization also reproduces experimen-
tal cross-section results from previous measurements of our group (Vlastou
et al. [48]) as presented in Figures 5.7a and 5.7b.
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Figure 5.7: EMPIRE calculations, along with JEFF-3.3 [27], JENDL-5 [26],
TENDL-2021 [25] and ENDF/B-VIII.O [16] evaluation libraries for all the
reaction channels with a proton (p) in the exit channel. The optical model
potential of Koning and Delaroche [47] was adopted.

5.3.3 a-particle Optical Model potential

Having the optical model for neutrons, protons and the level density fixed
from the previous two steps, the final step was to simultaneously reproduce
all the studied reaction channels with an a-particle on the exit channel.
These reactions were the 72:74Ge(n,a)9™-71mM7n and the 73Ge(n,na)®°™MZn
ones. The most suitable was the one from Avrigeanu, Hodgson, and Avrigeanu
[49] (RIPL-3 OMP index: 9600). In this case the level density parameter a
(“ATILNO” EMPIRE keyword) was modified by 19% (a = 0.81) and by 16%
(@ = 0.84) for the residual nuclei 69Zn and “0Zn respectively, leaving all the
remaining studied channels unaffected.
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The reproduction of the “2Ge(n,a)%™Zn reactions with this parame-
trization is quite satisfactory as presented in Figures 5.8a and 5.8c, some-
thing which is not the case for the 73Ge[n.na)69mZn reaction as illustrated
in Figure 5.8b.

It should also be emphasized that the main contributions to the studied
reactions were the neutron and proton and alpha optical model potentials
(in this order), with the respective optical model potentials for deuterons,
tritons and 3He having a very small contribution to the final theoretical
cross-section result. Nevertheless, after each step involving a change in the
input parameters, all the previous ones were repeated, in order to ensure
the validity of the whole EMPIRE calculation.
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Figure 5.8: EMPIRE calculations, along with JEFF-3.3 [27] and TENDL-
2021 [25] evaluation libraries for all the reaction channels with an alpha
(a) particle in the exit channel. The optical model potential of Avrigeanu,
Hodgson, and Avrigeanu [49] was adopted.

It should also be underlined that the modification of the input param-
eters during the EMPIRE calculations for the nine reaction channels that
were presented above, were performed in a consistent manner, not affecting
any previous steps during the whole procedure.

Finally, it should be highlighted that the satisfactory reproduction of
nine different reaction channels on the five isotopes of Ge, with a coher-
ent set of input parameters, constitutes a very important constraint in the
statistical model calculations performed, thus confirming the validity and
reliability of the adopted parametrization.
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Finally, the parametrization mentioned above was applied in some reac-
tions that were not measured in the present work, but other experimental
data were found in literature. These reactions were the 7OGe(n,p]7oGa (pre-
sented in Figure 5.9) and the 76Ge(n,2n)75mGe (presented in Figure 5.10)
reactions.

There is a good reproduction for most of the recent experimental data
of the 70Ge(n,p)”%Ga reaction, while the EMPIRE calculation for the
76Ge(n,2n)75mGe reaction is also in excellent agreement with the recent
dataset of Megha Bhike [63] that also utilized an enriched “6Ge target for
the cross-section measurements. The reproduction of both ground and
isomeric state of the 76Ge(n,2n)”°Ge reaction further confirms the validity
and reliability of the adopted parametrization.
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Figure 5.9: EMPIRE calculation for the 70Ge(n,p)70Ga reaction

—
N
N

N
o
N

iy

o
Q

cross section (barns)
o
(0]

<
n

® previous EXFOR data
® 2017 Megha Bhike
——EMPIRE

9 10 11 12 13 14 15 16 17 18 19 20
Energy (MeV)

(]

o
N

Figure 5.10: EMPIRE calculation for the 76Ge(n,2n]75mGe reaction



Chapter 6

Conclusions & Perspectives

In this work, the total cross-sections of the 70Ge(n,2n)69Ge, 72Ge(n,a]69mZn,
2Ge(n,p)"2Ga, "3Gen,na)®9™zn, 73Gen,np/d)"2Ga, "3Ge(n,p)’3Ga,
71Ge(n,a)’1Mzn, 74Ge(n,np / d)73Ga and 76Ge(n,2n)75Ge reactions have been
experimentally determined by means of the activation technique, relative
to the reference 27Al(n,c1)24Na reaction, and cross-checked by the
197Au(n,2n)196Au reference reaction. The quasi-monoenergetic neutron
beams were produced in the energy range between 14.0-18.9 MeV via the
3H(d,r1)4He reaction at the neutron beam facilities of NSCR ‘Demokritos’
(Greece) and the ‘AMANDE’, IRSN facility (France). The targets that were
used in this work were enriched 70-72.73.74.76Ge samples, in the form of
GeOgq pellets provided by the n_TOF collabaration (CERN).

Most of the data found in literature implement "@{Ge targets for the
cross-section measurements. Contaminations from neighboring isotopes’
reactions that lead to the production of the same residual nucleus!, could
then contribute to the yield of the measured reaction, thus necessitating
theoretical corrections that bear their own uncertainties. These contribu-
tions become larger as a function of neutron energy, leading to less trust-
worthy theoretically corrected cross-section results. This could be the rea-
son why there is a considerable lack of experimental data for most of the
studied reactions above 15 MeV and discrepancies among the existing data.

The use of highly enriched samples, on the other hand, can yield much
more accurate cross-section data since the latter does not suffer from such
contaminations. In this scope, the results of this work provide much needed
accurate data in an energy region where very few or none of them exists.
Furthermore, reactions with very low cross-section values can be measured

1The activation technique is based on the measurement of the radioactivity emitted
from a residual nucleus. Therefore if two reaction channels lead to the production of the
same residual nucleus, there is no way to distinguish between the two contributions.
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with the use of isotopically enriched samples (e.g. 73Ge(n,na)69mZn). At
the same time, these accurate results can act as a test for the validity and
limits of the correction methodologies followed, in the case of "Ge tar-
gets. Within the scope of this work, a methodology for such corrections
was proposed, the accuracy and limits of which were tested experimentally
with two sets of measurements at the neutron beam energy of 17.9 MeV.
The first set of measurements was performed with a "!Ge target and the
corrected results were compared to the ones produced from the second set
of measurements carried out with the respective enriched samples.

Following the experimental work, a theoretical investigation was per-
formed with statistical model calculations via the EMPIRE 3.2.3 code. The
goal was to achieve a satisfying reproduction for the nine reaction chan-
nels studied, taking into account, not only the accurate cross-section data
calculated in the frame of this work, but also previous measurements from
our group and previous experimental data found in literature, with a co-
herent set of input parameters. The accurate simultaneous description of
nine reaction channels on five isotopes of Ge, including isomer production,
is a very important constraint in the input parameters of statistical model
calculations, verifying their accuracy and robustness.

However, there is a need for testing the parametrization used in the
theoretical study of the present work, to other isotopes, of technological
or theoretical interest in the same mass region (for example “As is re-
ported in the NEA Nuclear data high priority request list for dosimetry ap-
plications). Furthermore, it would be very interesting to perform in-beam
measurements, especially in some of the measured reactions in order to
distinguish between the (n,d) and (n,np) coupled channels. In conclusion,
cross-section measurements employing highly isotopically enriched targets
of key medium-heavy elements (such as e.g. the even-Z Fe, Ni, Zn, Se, Sr
elements, with many natural occurring isotopes), despite their cost and
difficulty to obtain, could vastly improve statistical model calculations and
lead towards more successful evaluation attempts, especially in the high-
MeV energy region, where there is a lack of accurate experimental data.



Appendix A

Activation Method &
Correction Factors

As described in section 2.1, the activation method is based on the mea-
surement of the induced radioactivity of a residual nucleus produced from
a nuclear reaction described as!:

x+X—=>Y+y
where:
* x is the projectile (in the present work a neutron beam)

e X is the target nucleus (in the present work, one of the 70:72.73.74.76 ¢
isotopes)

* vy is the ejectile
* Y is the residual nucleus whose radioactivity is being measured

The production of the residual nucleus Y is described by the differential
equation A. 12:

dN
—P =0-f(t)-Ny— AN, (A.1)
dt ——— ~—
production destruction

where:

10r in a more compact form: X(x,y)Y

21t is assumed that the produced radioactive nuclei do not undergo nuclear reactions
with the neutron beam. In other words, the number of the produced radioactive nuclei
that is “destroyed” by secondary nuclear reactions is negligible.
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* o is the cross section of the X(x,y)Y reaction.

* f(t) is the neutron flux integrated in fixed (preferably small-in the order
of a few minutes) time intervals, denoted as “dt” in chapters 2 and 4.
It is expressed in arbitrary units, hence a “neutron counter” such as
a BF3 detector can be used for the measurement of the neutron flux
as a function of time.

* N; is the number of nuclei of the measuring target X
* N}, is the number of the produced radioactive nucleus Y

* 1 is the decay constant of the produced radioactive nucleus Y

The solution of the differential equation A.1 is as follows:

TP o (N, A Np
%-e}‘tzo-f(t)-Nt-e)‘tA-Np-e)‘ti
% A Np M=o f(t) Ni- et =
d(ip eAt+di§;:t:0-f(t)-Nt-e)‘t:>
d(Nzt' ) —o0-f(t) Ny -t =
/d(theAt) :/o.f(t)-Nt-eMdti
Np(t) - Mt = / o-f(t) - Ng - ettdt + C (A.2)

Assuming that the irradiation starts at t = 0 and ends at t = t;,, the
initial conditions for t = 0 of equation A.2 are:

Np(t=0)=0=C=0

Equation A.2 then becomes:

o N - [ rf(t)dt

Np (til“l“) B e)"(tirrfo) =

irr
Np(tirr) =0-Ng- /e)‘tf(t)dt . ef)‘tilflr =
0
irr
Np (tiry) =0 Ng - /eAtf(t)d
0

Cirr
| oAt Jo £(t)dt

t =
Jor f(t)dt
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1rr tirr At
Np(tlrr — /f tirr | M =
A fE f(t)dt )
R S fe
Np(tirr) =0-N¢-P-f; (A.3)

The “D” correction factor After the end of the irradiation, the N;, pro-
duced radioactive nuclei, start decaying following the differential equation:

AN, 1d 1 dNp
dt S dt / N, dt /

M C Np(0)=0=¢“=N,(0)

InNp, = At + C = Np(t) = e M0 = Ny (t) =
Np(t) = N - e A (A.4)

which is essentially the radioactive decay law, providing the number of
radioactive nuclei that still exist after time “t” with respect to the time of
their creation (time “07).

Therefore, the number of nuclei that have decayed (N;) at a specific time
t’ after the end of the irradiation (t;) is:

A4 W
Nq(t") = Np(t = tiy) — Np(t') == Ng(t') = Ng - Ny -e *" =

Nq(t') = No (1 - e*M’) (A.5)
Now assuming;:

* t1 as the “cooling” or “waiting” time that represents the time interval
between the end of the irradiation end the start of the measurement
of the sample by the HPGe detector

* t9 as the time duration between the end of irradiation and the end of
the measurement in front of the HPGe detector

and according to equation A.5, the number of nuclei that decayed during
the measurement is:

Ny = Ny(t2) ~ Ny(t1) = No (1 fe*?‘tz) ~Np (1 fe*?‘tl) =
Nq =Ny (1 e M2y ef)‘tl) =
Nd = NO <67At1 *67At2) (AG)

D
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The correction factor for the correction of nuclei produced during the
irradiation but decayed, during the “cooling” and measurement time is:

D = e A1 o Af2 (A.7)



Appendix B

Corrections in the Measured
Yield

The experimentally measured y-ray yield must be corrected for different ef-
fects including True Coincidence Summing (TCS), dead time and the con-
tribution of parasitic neutrons.

B.1 Summing Effects

True Coincidence Summing (TCS) effects can be observed in y-ray mea-
surements, when two (or more) y-rays are detected simultaneously by the
detector. This effect can happen while performing y-ray spectroscopy in
an isotope that emits multiple cascade y-rays in its decay (see Figure B.1).
Generally, the lifetime of the intermediate state (Eg), is very short and the
two (or more) y-rays from the same decay of the residual nucleus are emit-
ted effectively simultaneously, with respect to the response time of the de-
tector and the corresponding electronics. In this case, the energy deposi-
tion of both y-rays takes place simultaneously in the active volume of the
detector, resulting in a photopeak corresponding to an energy equal to the
sum of the two individual y-ray energies in the recorded amplitude spec-
trum. This peak is called sum coincidence peak, while partial loss inter-
actions, will also result in a continuum of sum events at lower amplitudes
[58].

This process creates a sum peak by removing at the same time events
that would otherwise be recorded in the individual y-ray peaks of the cas-
cade. The relative number of events expected in the sum peak depends on
the following factors:

* the branching ratio and the multiplicity of the y-rays
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* the possible angular correlation that may exist between them

¢ the solid angle between the sample and the detector

B_
\ EA

§71
EB
Y2
ground state

Figure B.1: Simplified decay scheme of a nucleus emitting two cascade
y-rays. Given that the intermediate state Eg is short-lived, y; and yy are
emitted with a very small time difference, i.e. “simultaneously”.

In order to estimate these effects in the present work, Monte Carlo sim-
ulations were performed, implementing the MCNP-CP extension [82] to the
MCNP5 Monte Carlo code. MCNP-CP models the radioactive decay of a
given nucleus taking into account the emission of cascade y-rays along
with the respective emission times and y-y angular correlations. These
data are sampled according to the decay scheme of a specific radioactive
isotope, taken from the evaluated nuclear structure data file ENSDF [83].

1010 N 1 N 1 N 1 N 1 N 1
i—— without time information

109,: ------ with time information ,

10°1 «—1333keV ]
PR / 2506 keV |
5 107 1178kev (sum peak) !
© 10°4 o

o l

10° . y

0 500 1000 1500 2000 2500 3000
Energy (keV)

Figure B.2: The spectra obtained from the {8 tally scoring with (grey dotted
line) and without (black solid line) time information about the cascade y-
rays emitted from a radioactive nucleus. This example is plotted for a 60Co
source.

The first step was to accurately describe the geometry of the y-ray spec-
troscopy measurement (HPGe detector and measuring sample). The second
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step was to run the Monte Carlo simulation with the information of cascade
y-ray emission times. The third step was to run the Monte Carlo simulation
without the information of cascade y-ray emission times. In both cases,
the y-rays were scored in the active volume of the HPGe detector with the
{8 (pulse height) tally, producing the simulated spectra presented in Figure
B.2. In this example, the decay of a 60Co source was simulated, placed at
a distance of 10 cm from the HPGe detector. A 60Co source is chosen for
the illustration of this example, since it is a nucleus with high intensity
cascade y-rays as presented in Figure B.3.

5t S
— 1925.28 d 53
Co Q
S
a4
oy’ %)
S
B (100%) = ,@_2/5@3.3 s
— 3
2+ ) 2158.612
v
™
2+ ~ 1332.508
y —0.9 ps
0% = 0 stable
Ni

Figure B.3: A simplified decay scheme of 60Co. The y-ray energies and
respective intensities were obtained from IAEA [84].

Following the same methodology, the TCS effect can be estimated for
each y-ray emitted either from a Ge target or a reference foil, as the ratio of
the integrals of the y-ray of interest between the two different simulations.
For the example of the 27Al reference foil, the contribution of summing
effects was found to be ~2% at a distance of 10 cm.

B.2 Dead Time

In every detection system, a detected event is recognized as a separate
pulse. In general, there is a minimum time needed between two pulses
for them to be recognized as separate events. This time limit is related to
physical processes within the detector itself, as well as to the associated
electronics. Dead time corrections must be applied in the measured y-
ray yield, when the measured sample has high activity, leading to high
counting rates. This correction factor is simply given by the ratio:
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live time
fpp = ———— (B.1)

real time
where “live time” represents the time when the detection system can
process pulses, while “real time” represents the actual time duration of the
measurement. These two time values will differ if events are recorded at the
detector with a time difference smaller than the “minimum time” allowed
by the detector and the associated electronics.

B.3 Parasitic Neutrons

v i 107
i~
i -107 —~
main _10 &
' neutron beam [ @
; L10° S
g E C
. 3 i)
! b .9
L10% ®
o
- L10° ©
| e Al Flux ;
| — =%Al(n,a)*Na ENDF/B-VIII.Of .
"wH—————— 10
0 5 10 15 20 25
Energy (MeV)

Figure B.4: The Neutron Flux from the MCNP5 code scored at an Al foil,
and the 27Al(n,c1)24Na reaction cross section, obtained from the ENDF/B-
VIIIL.O library

In Figure B.4 the main neutron beam (black solid line) is presented, that
is accompanied by a low-energy parasitic tail [6] with intensity lower by 2-3
orders of magnitude in comparison with the main beam. However, the ref-
erence 27Al(r1,c1)24Na reaction (as well as the (n,x) ones on the Ge isotopes)
have thresholds in the MeV range. In Figure B.4 the cross section for the
27Al(n,cl)24Na reference reaction is presented with the red dashed line. The
long tail of the parasitic tail is not expected to have a significant contribu-
tion on the measured yield of each measured reaction. Nevertheless, the
contribution of this effect was calculated via the following equation:

2, o(E) - &(E)

TS o) e ) 52

total
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where the numerator is the reaction rate integral of the main neutron
beam and the denominator is the integral of the total reaction rate. The
cross-section values o(E) are obtained from the ENDF/B-VIIIL.O library, and
were linearly interpolated to have the same energy binning as the neutron
flux, simulated by the MCNP5 code. This correction will insert a systematic
uncertainty in the analysis.



100 APPENDIX B. CORRECTIONS IN THE MEASURED YIELD



Appendix C

Weighted Average &
Covariance

According to the formalism mentioned in Appendix 2 of Ref. [62], the
weighted average cross section from three different values!, each stemming
from a different y-ray is given by the following expression:

o1
6=X-WT = |09 '[Wl w9 W3]=>
03
0=0] W]+ 09 Wo+ 03 W3 (C.1)

, where o; are the different cross-section values and w; are the corre-

sponding weights.
The weights are described by equation C.2:
Zj: Vji—l
Wi = =T (C.2)
1 22 Vid

, where Vj; is the covariance matrix between the different measurements,
and Vi’j1 the respective inverse covariance matrix:

Vi1 Via Vi3
Vij= | Va1 Va2 Va3
V31 Vsa Vi3

1A similar formalism is applied for four or more different cross-section values.
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Va1 Voo V2 Vi1l |Vi1 Vi
V31 V32| V32 V31| |V21 Voo

Vag-V33-V3s  Vig-V3a—Vio-Vig Vig-Vaz—Vig- Voo
] Vo3 - V31— Va1 - Vss Vi1 - Vsg— V%g Viz - Vo1~ Vi1 - Vog
U Vo1 - V3g—Vag - V31 Vig-V31—Vip-Vso  Vip-Vao— V3,

The uncertainty in the weighted average value is calculated by equation
C.3:

Vi1 Viz Vig| |w1
(GO)QZW-V-WT:>(60)2:[W1 w9 W3} Va1 Voo Vos| [wo| =
V31 V3o Vsz]| | w3

(60)2 = w1 - (W1 V11 + waVar + w3V31) 4+ wa - (w1 Vi + woVag + w3V3o)
+ws3 - (w1 V13 + waVag + w3Vsz) (C.3)

Therefore, in order to calculate the weighted average cross section and
its corresponding uncertainty, the only thing that needs to be calculated is
the Vj; covariance matrix.

Following equation (27) reported in Ref. [61], the Vj; elements of the
covariance matrix for the weighted average cross-section value (following
equation 4.1) are calculated using the equation C.4:

) o oution) ()
COV \Oref,is Oref,j
aOlref i , ) ao1ref j

) o oens) ()
COV \Eref,is Eref,j
881“ef i ) as1ref j
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0o 0Jo
COoVv Nt f s Nt f.3 =+
Nt ref> e e J) Nt,ref j

do
N N, ar: e
+ (aNt tar) cov < t,tar,is ttarj> (aNt7tar)j + +

0o ) ) ( 0o )
cov 8tarl Etar; = o—
aetar 7 ! Oetar j

0
> cov (Iy tar,is Iy,tar-> (—0 ) +
aIy tar T ! 8Iy,tar j

0o 0o
+ cov (1 . f.> (C.4)
<8IY7ref> i PR 8IY7ref j

As presented in equation C.3, the covariance between the o7 and o9
values depends on the covariance between the different factors of equation
4.1. These covariances for each “i” and “j” measurement are:

® |cov (oref,i> 0ref,j)
The reference cross-section value is the same for both measurements.
Therefore:

2 2 2
cov (Oreﬂiv 01ref,j) = (60)1 = (60)j = (60)

° ‘ cov (Ny,tar,b Ny,tar,j) =0 ‘
The integrals of the two different y-rays used for the calculation of the
two different cross-section values o; and o are considered to be fully
uncorrelated.

* |cov <Nv,ref,i’ NY,ref,j>

The y-ray peak integral for the reference target is the same for both
measurements. Therefore:

2 2 2
cov (Ny,tar,i> Ny tarj) <6Ny ref)i = <6Ny,ref)j = <6Ny,ref>

® |cov (eref,iv Eref,j)

For the same reason mentioned previously:

cov (Sref,ia 8ref,j) = (ﬁaref) (ﬁaref) (Ssref)

® |cov (Nt,ref,ia Nt,ref,j)
Following the same logic:

cov (Nt7ref,iu Nt,ref,j) = (6Nt7ref)12 = (6Nt7ref)j2 = (6Nt7ref)2
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cov (Nt,tar,ia Nt,tar,j)
Similarly:

cov (Nt,tar,i: Nt,tar,j) (6Nt tar) (6Nt tar) (aNt tar) 2

cov <Iy,tar,i7 Iy,tarj) =0

The intensities of the two different y-rays used for the calculation of
the two different cross-section values o; and o are considered to be
fully uncorrelated.

cov <Iy,ref,i> Iy,refj>
For the same reasons as mentioned above:

2 2 2
cov (Iy,ref,iva,refj> = <61y,ref,i> = (aly,ref,j> = <61y,ref)

cov <8tar,ia Starj>

The two efficiency values corresponding to the two-at-the-time differ-
ent y-ray energies (E{, E9) are correlated, since they are calculated
from a fitting process in the experimental efficiency points (Figure
3.18). The fitting function used, is the one proposed by IAEA [8]:

A1 Ay A
e(E):A0+—1+E§+E§’

B (C.5)

Once again, following the formalism of equations (37) and (38) used
in Ref. [61] the covariance between the two efficiency points for y-ray
energies E; and Es is:

cov(e(E1), e(Fp)) = (j—AO) (aa_m)E 5AZ+
+(6A1> (aAl)
Jr(3A2) (5A2>E2
+(6A3) aAg)

Oe Ot
+ cov(Ag, A1)+
(aAo)E1 <3A1)E2 (R0, A1)
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Os Oe
+ | = — cov(Ag, Ag)+
(3 0>E1(a 3)E2 (Ag: 43)
Os Oe
+ | = — cov(Aq,A9)+
(3 1>E1(a 2)E2 (A1, 42)
Oe Os
+ | = — cov(Aq, Ag)+
(3 1)E1(3 3)E2 (A1 A3)
Os Os
+ | = — cov(Ag, Ag)+
(3 2>E1(a 3)E2 (A2, A3)
Os Oe
+ | = — cov(Ag, A1)+
(3 0>E2(a 1)E1 (B0 4)
Oe Os
+ | = — cov(Ag, Ag)+
(3 0>E2(a Q)El (80: 82)
Os Oe
+ | = — cov(Ag, Ag)+
(3 0>E2(a 3)E1 (A0, A3)
Os Oe
+ | = — cov(Aq,A9)+
(3 1>E2(a 2)E1 (A1, A2)
Oe Os
+ | = — cov(Aq, Ag)+
(3 1)E2(3 3)E (81, 2)
Os Oe
+ | =— — cov(Ag, A (C.06)
(53), (33, 20

Substituting the partial derivatives and taking into account equation
C.5, equation C.6 becomes:

cov (e (E1),e(Eg)) = 1-1-8A%+
to— - 8AT

=5 —5 - 8A%+

2
- — - A%+
+1.-—-cov (AO?Al) +

+1.— - cov (Ao,Az) +
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+— - —-cov(Aj,Ag)+
+—5 - —z - cov (Ao, Az) +
+1-—-cov(Ag,Aq)+
+1- = -cov(Ag,A9) +
+1-— -cov(Ag,Ag) +
+— - —-cov (A, Ar) +

+— - — -cov(Al,A3)+

1 1
+— +—5 - COoV (A2 A3) (C-7)
2 3 ’
E2 El

, that can be rewritten as:

A% 5A3 6A2
cov (e (Eq) & (Eg)) = 8AF + BB T (55, (BB
1 2 1 2

E1+ Eo
E1Eo9
E? + E2
(E1Eg)?

4+ cov (A(), A1 ( +

+ cov (A(), AQ)

+

(E1Eg)3
E{ + E2
(E1Eg)?
E? + E3
E1E2

+ cov (Al, Az)

+

+ cov (Al, Ag) +

+ cov (AO,A3) E%+E3> +

Ey+E
+ cov (Ag, Ag) - (El - )§> (C.8)
152

The covariances cov (A;, Aj) for i,j = 1,2,3 are provided from the fitting
software used

To sum up, the covariance matrix elements can be calculated using
equation C.9:



Oj j
! (60 2 L
Oref Oref
(o]] < 2
- (6N ref)
Ny,ref v
Oj
e(Ei)tar
Oj 2 G
(6eref)
Etar ref
O; 2
— - (8N¢, tar)
t,tar
6Nt ref)
Nt ref ,

107

(C.9)
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