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IMepiinyn

Ot avolvtikée texvikég pe déopeg wOvtov (lon Beam Analysis (IBA) techniques)
YPNOLOTOLOVVTOL EVPEMG Y10, TNV AVAAVCT) GTOXEIMV 1)/KOL 1IGOTOTWV GTO ETPAVELNKE GTPOLOTOL
otepeddv. H evpelo yprion térowwv pebddwv £€ykertor oto yeyovdg OTL €lval -oxedOV- un
KOTAGTPOPIKES Y10, TO, LTO avdAvon deiypata. H epappoyn toug mepthapfdvel tny aviyvevon tov
oOUOTVOIOV N ™G aKTVOPOAING TOV TPOKVMTEL UETE TNV OAANAETIOPAON TOV COUATIOIWV TNG
OEGUNG LE TO ATOLLOL ] TOVG TVPTVEG TMV EMLPOVEIOKDV GTPOUATWOV TOV GTOYOV KOl KOTOANYEL GTOV
TOGOTIKO TPOGOOPIoUO Kot otV kotd Paboc avdivon otoyyeimv oe €va deiypa. o va
ePapprocBodv 10vTkég TeyVikég avdAlvong kot va e€ayfovv ta avrictoyo cvunepdopota etvot
OTTOPOLTNTN 1) €K TOV TPOTEPWOV YVAGT TV AVTIGTOLY®OV TYLMV TNG SL0POPIKNG EVEPYOD SLOTOUNG.
Q61660, 0 AVOAVTIKOS VTOAOYIGHOG TETOLOV TILAV, GTNV EVEPYELNKT| Tteployn tov MeV, sivat
adLVATOG EPOGOV 1] PLGIKN OV TTEPLaUPaveTar 6TV aAANAETidpacn décuNc-cTOYOL efvor LOVo
LePIKDOG YVOoT. Emopévac, n epoapproyn outdv Tov avoAutik®v texvikav oaciletor otny dmapén
TOV OVTICTOL®V TEPAUATIKOV OEO0UEVOV TNV PLAtoypapio.

Ta ehappd otoryeio ypnoonoodvior vpéws oty Propunyovia. Eivar kaipiag onpaciog otov
TOUEN TNG AVAALGNG VAMKAOV AOY® NG VTAPENG TOVS GTO KEPUUKE, GTO YLOALY Kol 6T TTOAVULEPT)
EVO oLy VA TPooTiBevTal 68 PLETOAMKA KPALLOTO LLE GKOTO VO BEATIOGOVV CUYKEKPIUEVEG 1O10TNTEG
Ommg gtvar 1 oKANPOTNTA Kot 1 SuoKapWion VAIKOV 0ALL Kot 1) avToyn TOuG oty @Bopd Kot
Oepuikn| avtiotaot. Xuven®g, o aKpPng TocoTIKOG TPOGIOPIGHAS TNG Katd BdBog Katavoung twv
elappov ototyeiwv, Ta omoia Ppiokovtal o P TANOOPO SIUPOPETIKOV UNTPAOV, EYEL TEPAGTIO
onuacio yo v oOyypovn €pevva kot teyvoroyia. Tétown amoteléopata pmopovv va e€aybodv
HE TNV EQUPUOYY] TUPNVIKAOV OVOADTIKOV TEYVIKMOV KOl T CLYKEKPUEVO HEC® TNG HeBOSOL
aviyvevong tov glaoTikd avakpovopevov toprva (ERDA - Elastic Recoil Detection Analysis) y
AEMTA EMPAVEINKA OTPOUOTO Kot PHES® ™G HeBddov mupnvikdv avtidpdoswv (NRA - Nuclear
Reaction Analysis) A0y® g Topaymyng GmOUOVOUEVOY KOPLPOV (TEPIAAUBAVOVTOL VYNAES
Tipég Q) pe apeintéo vroPabpo. [opdiinia, n xpnon g déoung devtepimv Tapovotdlel TO TOAD
LEYOAO TAEOVEKTILOL TNG KOAVTEPNG OL0KPITIKNG tkavotnTog BAOovg oe cUOyKpion pe pio dEou
TPOTOVIOV KOl TOPAAANAOD TNG TOVTOYPOVNG OLEYEPONG OYEOOV OA®MV TWV  EAOPPDOV
otoyEiwVv/100TéTOV OV cvvumdpyovy oe éva dsiypa. H gpappoyn g teyvikne d-NRA 6Oa
UTopovGE Vo eVIoYLOEL LLE TNV AVAALGT] TOV EAACTIKMOV KOPLY®VY TOL TOPAYOVTOL TOVTOYPOVO GTO
QAcGLOTO [LE YPNOT TNG 1010 TEPAUATIKNG O1dTaENS Ko cuvOnkav. H yevikevuévn epappoyn mg
teyvikng EBS meplopileton xvpiong amd 1 peydin Piproypoeikn Eaienyn aSldmotov Kot
OAOKANPOUEVOV OEQOUEVMV EVEPYDV SLUTOUMY GE SIAPOPES YMVIES KO EVEPYELEG KATAAANAES YO
TNV EQOPLOYT LOVTIKOV TEXVIKOV 0VIAVOT|G.
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H ovppoin g mapodcag dtatpiPnc 61o medio TV 10VIIKMOV TEYVIKOV 0VAAVONG AmoTEAEITAL OO
dvo pépn. To mpoTo UEPOC €ival O GLVOMKN HETPNOT TOV TIUAOV TNG OPOPIKNG eVEPYOD
SITOUNG TNG EANCTIKNG OKEDAONG OEVLTEPIMV GE TOAAA oNUOVTIKE oTabepd eElappd 16OTOTO KO
otoyeio, 6mwg sivar °Li, 'Li, °Be, N, "0, ZNa ka1 "'Si, o evépysieg kot yovieg KatdAAnhes yio
avaAVTIKOVC GKOTTOVC. Ze ovykekpipévec mepitacetc ("0, 2Na, "Si) ehéyydnie kot n aflomotia
TV e&oyduevov Telpapatikav dedopévav (benchmarking) pe xpion toyémv 6tOX®V YVOGTHG Kot
axpiPng otoryelopeTpiag. OAeg o1 LETPNOELS TPAYLLOTOTOMONKAY GTO £pyacTiPLo TOL [vatitovtov
[Mopnvucng ko Xopotdtokng Pvokng tov E.KE.D.E. «Anuoxkpttooy ypnoiplomoidvios tov
emrtoyovtn 5.5 MV Tandem. Ta neprocdtepa dedouéva £xovv 11oM mapoywpndei otnv IBANDL
(Ion Beam Analysis Nuclear Data Library) vnd v awyida tg AeBvovg Emtponng Atopikng
Evépyelag, mote va a&tomomBovv amd 1 01efvi] emoTnUOVIKY] KOWvOTNTO TOGO GE TPOPATLOTL
Bacwmng €pevvag 660 Kot GE TEXVOAOYIKEG EPOPUOYES AVAAVONC DAMKOV.

To dedtepo HEPOC ™G TOpOVCAG STPPNG EYKETOL GTNV GUUTANPOGCT TOV TEPOUATIKOV
JEJOUEVMV TNG EAACTIKNG OKESUONG devTEPI®V G PLGIKO 0EVYOVO pe BEPNTIKOVS VTTOAOYIGLLOVG
LE OKOTO TNV EMEKTAOT| TNG VIAPYOLGAG QavoUEVOLOYIKTG neAétng (evaluation) oe vynidtepeg
evépyeteg oevtepiov. To o&uydvo emdéyOnke kabmg amoterel 1o o onuovikd ctoryeio, petald
TOV LEAETOUEVDV, 0md dmoyn epappoydv. H Bewpntikn pedét npaypotonombnke ota mhoicia
™m¢ Oewpiag R-matrix, n omoio. amotedel ™V KataAAnAOTEPN OemPNTIKN TPOGEYYIOoN Yo TOV
VTOAOYICUO SLUPOPIKDOV EVEPYDV SLOTOUMY EAUCTIKOV GkedGoemV cuvtovicpov. H Bempio R-
matrix Aopfdver voyw ™G TV OAANAETIOPOOT] TOL TPOOTIMTOVIOS 1OVIOG UE TOV TLPTVOL
GUVOMKG KOt Ol TOPAIETPOL TOV GLYKEKPLUEVOL BempnTikoD poviédov tpocsdiopilovtor pe Paon
TIG TEPOLATIKG TPOGOIOPICUEVES TILEG TNG SLUPOPIKNG EVEPYOD SLOTOUNG.

H mapovoca epyacia eivor dounpévn o€ 2 avtiotoryeg evOTNTES KOl GUUTANPOVETOL OO TO
amopoitnto BepnTiKd TAAICIO KO TIG TPOOTTIKEG QTG TNG LEAETNG.

11



OsOPNTIKO TAULGLO

H Bewpio mov mhaicidvel v mopovca epyocio gival n Bewpia ELACTIKNG OKESAONC, TO ONTIKO
HOVTELO ELOCTIKNG GKESOIOTG, Ol UNYaviGHol avTidpaong kot 1 Oempio R-matrix.

Ozplo ELUGTIKNG GKEOUGNC

Otav pia déopun QopTIGUEVEV 1OVTOV OAANAETOPE UE €VO TUPHVA-GTOYXO SPOVV 1) TLPMVIKY
duvvoun kot 1 dvvoun Coulomb. H aAinienidpaon avtdv tov duvauemv eEaptdtol amd TV
gVEPYELD TNG dEoUNG, TN YoVio 6KESAGNG KOl TOV TUPNVA-GTOY0. Ot SLaPOPETIKES ATOCTAGELS OTIC
0moieg aVTEG 01 HVO SVVAUELS dPOVY 0ONYOLV GE TEPLOYEG TTOL Kuptopyel 1 dvvaun Coulomb kot
TEPLOYES TTOL KLPLapyEl 1 TLPMVIKY dVvaun, KaBdS 1 terevtaia ivar 100 popég woyvpdtepm amod
v dvvoun Coulomb cg pikpég anootdoelg, mepimov 1 fm. Xto onpeio avtd yio va meptypdyovpe
™mv gvepyd datoun yo kabepid amod tig oAniemdpdoeig (Coulomb kot mopnviky) Ba e€etdoovpe
mv okédacn Coulomb kot v Topnvikn ckédacn EexmpioTd.

Ykédaon Coulomb

2V TEPITTOOT TOV 01 LOVEG SLVAELS TOL OPOVY OTAV Eva PANUa TANGLALEL £va 6TOYO lvar ot
niextpkéc (dOvaun Coulomb) tote n T g Sopoptkng evepyod dtatoung umopel va. eEaydel
amd TV SlTnpnon TG eVEPYEWS Kot TG opung pali pe v mopauetpo kpovone (b). H
TOPAUETPOS Kpovong opiletan wg N kdBetn andotaon peTtald Tov PANUATOS KOl TOL GTOYOV OO
v omoia To PANLa Ba diEpyovtav av dev vnpye kapia aAinieniopacn. H eayduevn oxéon g
okédaong Rutherford meptypdoest v mbavotra evoc copotidiov pe palo M1, eoptio z and
evépyeln E va okedaotel og yovia 6 and évav mopnva-ctoyxo pe palo Mz, Z kot 1 dopopik|
evepydg dlatopun voroyiletot amd TV 6YE0M (GTO GUGTNLUA AVAPOPAS TOV EPYACTNPIOV):

2_nr2cin2g)1/2 2
(dUR) (ZZeZ) 2[(M2—M15m 6) +M2c059]
ae/pg  \ 4E

Mzsin‘*ﬂ(M%—MfsinZB)l/z )
Kobnhg n evépyela tov PAquotog avédvetar, Ba vrdpéetr éva onueio oto omoio N amdoTAOT
gyyvtatng tpocéyyiong Oa ivar ion pe v axtiva Tov TVpNRVa (Tov diveTorl amd TV oXEoN: I = o
A3 fm, 6mov A eivar o paldc apdpoc kot ro ~ 1.2 fm 1 ro = (1.1-1.5) fm[1]) kot n wopnviky
dovaun Ba apyicer va yivetar oiobnrtn. Xto onueio avtd, N mwOpATAvVEO GYECN TNG OKEIUONG
Rutherford mavel va 1oyvel kobbg e&dybnke pe v vedbeon O6tL udvo MAEKTPIKEG SVVAUELS
Aappavoovv yopo. TTupnvikoi Opor mpémer va ovumepinebovv oty oyxéon (i) Adyo g
aAAenidpaong peta&y g okédaong Coulomb kot g Tupnvikng okédaons. Qot660, 68 TOGO
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UIKPEC OTOGTAGELS TOL OPa. 1 TVPNVIKT OVVOUN, T TOLTOYPOVY YVAOGN TNG OPUNG Kot TG B€omg
(Gpa Ko TS TAPAUETPOL KPOVOTG) TOV GKESALOUEVOV GMUATIOON Eivat adVLVAT GOUPOVO LLE TNV
apyn apefordtrag Tov Heisenberg. Zvvendc, ot mupnvikéc duvapelc dev umopovv va gloayfovv
oe kopia Oewpia mwov mpobmobétel 611 N mopeia Tov copotTdiov eivor yvoot. Emopévag, n
KBavtopmyavikn @uGtkn Tpémel vo. ypnoiporoindei Evoavit g KAaoikng uotkng [1], [2].

IHvupnvikn ok£daon

Apywcd Ba e€etaotel n mupnvikny okédaon evog PAnpatog xwpig eoptio. H eioepyduevn déoun

otov G&ova Z umopet vo mapactadel and Eva eminedo kopa e*? ue opun p=hk, 6mov K givon to
. , p 1 . , , , ,
dtvocpa drdoong k = Al Avto t0 KOpo pmopel va avamopoactafel og pio emaiiniio

oQUPIKOV KOUATOV (0ol Tor e€epyOUEVE COUOTIOW avOTOpIoTAVIOL OO CEOPIKE KOUOTO)
GUUO®VO LE TNV GYEON:

Wine = Ae™? = AY2 (it (2¢ + 1) j,(kr) Py(cosB) (i)

o6mov A eivar 1 mapdapetpog kavovikomoinone. Ta j,(kr) amotehovv TIC GOUPIKES GLVOPTNOELG
Bessel kat eivor o1 Avoeglg yio 1o oeoipikd pépog g e&iowong Schrodinger, oe meployég pokpid
amd Tov 6TdY0, OTOL TO TVPNVIKO duvoukd eapaviCetal. Ot yoviakég cvvaptoelg Py(cosh)
givan o moAvdvvpe Tov Legendre (Py(cos@) = 1, P;(cos8) = cosb, P;(cosB) = ¥(3c0s%0-1)).

H oyéon (i) amotelei v avantuén oe pepikd kdpata Omov To KABe HEPIKO KOWO EYEL
CLYKEKPLUEVN TPpOYLOKN oTpopopur| £. Avti 1 avAmTuén GE PePIKA KOPATA 1GYVEL LOVO OTAV TO
TUPNVIKO dLVaKO BewpnBel kevpiko.

Y& UOKPUVEG OMOOTAGES OO TOV TUPNVA, OOV TO TLPNVIKO SVVAUIKO Ogv yiveton aioOntd
(kr<< #) n oyéon (i) maipvel v Hopoen:

. {TT . {TT
Wine = o 02,0120+ 1) [e 0772 — "D preosy i)

H oxédaon ennpedlel to g1oepyopevo kopa pe 600 tpomovg: eite oAAGCel TO PNKOS KOUOTOG
(drapopd aonc) eite oAddlel To TAdToc. H aAlayn omn pdon InAdvel ELACTIKT GKESUOT EVO M
aAlayn 6To TAATOG INAMVEL AVELAGTIKY OKEOAOT] (1] KATOLO0L £I00VG TVPNVIKT AVTIOPACT)) KoL 1)
evépyen (M axopa kot n TovtdtTo) tov e€epyduevou copatiotov pmopet va adraéel. a va
EKPPOCTOVV OUTEG OL OAAAYEG EICAYETOL EVAG UIYOOIKOG GUVTEAESTNG S; 6TO £&epXOLEVO KOO Ko
TOTE TO GLVOAKO KVpO popel va avorapactadel LEsm e oyéonc:

. {1 . £
W= Ayt @2e+ 1) [e ) — 5,6 D] Peost ()

O wyadukdg cvvtedeotg S, meptlopPdvetl TV aAloyn 6To TAATOG LEGM TOV TPOYUOTIKOD LEPOVG
Kot TV oAAoyn ot @don HES® TOL EOVTOoTIKOV pépovs. H oyéom (iv) elvan n vaépbeon tov
glogpyopevov Ko tov okedalopevov kovpatos. To okedalopevo wdpa umopel va Ppebel
aparpdvtog v oxéon (iii) amd v oxéon (iV) Wscar = ¥ — Wine):
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A e

124 =
scat 2k

Ze ol (2¢+1)(1—-S,) Pycost (v)

H napandvo oyéon avaeépetor pévo og koo pe kopotaptopo K 610 pe autdv tov elogpyOpevon
KOLLOTOG KOl EMOUEVOS OVOPEPETOL LOVO GTNV EAAGTIKT OKEOON.

Me ypnon 1oV ox€cemV Yo TIC TLUKVOTNTEG THOVOTNTAG 1 OPOPIKN EVEPYOS OlOTOUN Yo
OTOL0ONTTOTE AVTIOPOON (shacru{ﬁ N avelaoTikY]) vroAoyileTon og:

Z—; - 4k2 13%.,(2¢ + 1)i (1 = S,) Pycos6|? (vi)

O1 o onuovtikoi 6pot oty mopandve e€icoon sivor ot K kat S;, €pOGOV 10 dLUVOUIKO TTOV
ypnowonoteital yioo v Adon g e€icmong Schrodinger eoptdrol amd avtovg TOVg OPOVG.
Oloxinpdvovtog v oxéon (Vi) Kat xpnoporotdvog Tic 1010tTeg Tmv mtolvmviuny Legendre
UTopEl Vo VTTOAOYIGTEL 1) TIUT TNG EVEPYOV SLOTOUNG LECH TNG GYECNG:

Oscat = Z# 07-[12 (2‘3 + 1)|1 S#lz (V“)

YV Tepintoon mov AapPavel ydpa povo 1 Aootiky okédaon, tote |S,| = 1k S, = 2P, émov
8, eivaw M dwpopd @dong tov £ uepikod kdpoToC. TNV mepintoon ovthy |1 —Sp)% =
|1 - e2i5f| |1 — (cos(26,) + isin(28,))|> = (1 — cos(26g)) + (sm(26{z)) =4sin’5, xou T
OAKN evepydg dlatoun okédaons divetar amd v oyéon:

Oscat = Dowo 4A% (2¢ + 1)sin?6, (viii)

2y mepintmon mov cvpuPaivouy Kot dAlec avtidpdoelg pali pe v EA0oTIKN TOTE N TOPATAV®D
oyéon ogv oyvel kabmg |S,| < 1. H evepydc dratoun yia OXeg Tig dAleg avtidpdoelg ovopdletan
«EVEPYOS OlTOUN OVTIOPAONSY, Oregct; KOU YO TOV VTOAOYIGUO TNG YPNCUYLOTOLOVVIOL Ol
mokvotreg Thavotrag. H tedikn| oyéon mov e€dryetan eivan:

Oreact = Do TA* (2¢ + 1)(1 = |S,]%) (ix)

YVven®G 1 oMKN evepydc dratoun umopet va vtoAoylebel pécm g oyéong:
Ototal = Oscat + Oreact = Z{’ 0 anz (Zf + 1)(1 — Re Sf’) (X)

Yy nepintmon mov cvufaivel povo elootiky okédaon woydel ot [S,| = 1, ko 1 e€icwon (ix)
eCapaviCetar. Eniong, mapamnpeiton 6t elvar advvarto va copfodv avtidpdoels ywpis va cvopupet
EAOCTIKT OKEOOON, EPOGOV Yo KAOE TIUN TV S; Yol TNV 0Toiol IGYVEL OTL Trpqer # 0 Y10 KO0
LEPIKO KOO, anTOUOTa, HECH® TNG o)Eong (Vil), 1o)0eL OTL Oseqr # 0 Y100 TO GUYKEKPIUEVO LEPTIKO
KOLLOL

21V TEPINTOON OV TO EIGEPYOUEVO COUATION0 EIVOL POPTIGUEVO, AAANAETIOPA LLE TOV GLVOLOCUO
TOL TVPNVIKOD dvvapkoy Kot Tov dvvapkov Coulomb tov mopnva. H oxéon yuo tv evepyo
dtatopun okédaong, N oroia Tpokvmtel omd Vv e€icman (X) ko v e€icmaon (i), dote vo Anebei
voyy N okédacn Coulomb, givau:
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1

— Lr=o(22+ 1) (S, — 1)e?t P[(C059)|2 (xi)

do

- = |[f(0) +
omov f,(0) xar g; givar t0 TAGTOG GKESAIONG KA 1 Sapopd dong Tov dvvapukod Coulomb,
avtiotoya [1], [2].

"o va Avbei n e&iowon Schrodinger kot va vtodloylsbobv ta Sy, pe AmTOTEALEGILO TOV VTOAOYIGUO
NG EAAGTIKNG EVEPYOD SLOTOUNG, L0 LOPPT] TOV TUPNVIKOV SVVAUIKOV TPETEL VOL VTTOTEDEL.

OnTIKO SVVOUIKO EALUGTIKNC GKEOUONC

H aAnienidpaon evOg TpoominToviog copatidiov pe £vo Tupnva. UTOPEL Vo TEPLYPUPEL OC TO
aBpoiopa OA®V TOV OAANAETIOPACEDV HETAED TOV TPOGTIMTOVIOS CMOUATIOIOV Kot KaBevog omd Ta
VOUKAEOVIA TOL TVPTVA. 26TOGO, TO SLVAUIKO TNG OKESAGNC SVO VOVKAEOVIWV dgv Elval YVmOTO.
Emunpdobeta, to dOpotopa avtdv tov arAniemidpdoewy dev Oa 001yovGE GTOV VITOAOYIGHO TNG
akplPos aiinienidpoonc aeov omotelel éva dAvto mPOPANUA TOAA®V coudtov. o va
amo@evyfovv ovTéC o1 dvokoAieg OAAA va Avfel pe xkdamolwo TPOmMO VT M TEPITAOKN
AAANAETIOPAON, XPNOLULOTOLOVVTOL EUTEPIKE OTTIKG duvapkd. O 0pog otk dvvapkd Tnydalet
and 10 YeYovdg 0Tl 0 TupNvaS givol Eva 1IoYLPA ATOPPOPNTIKO LEGO, OC TPOG TO TPOGTITTOVTOL
VOUKAEOVID, TO OMOI0 GCULUTEPLPEPETOL OMMG O OSPOVIS YLUOAWVY GQOIpO ©OC TPOS TO
gloepyOLEVE KOLOTA POTOC, TPOKAADVTOS OVAKANOT] KO ArroppdPNon.

Xe autv TV evotnta Ba mEepLypapel TO OMTIKO HOVTEAO. XTO TAOIGLO GVTOV TOV HOVTEAOL O
TUPNVOG avTimpocmneveTal omd évo duvoutkd U(r) kot emopévog umopel vo vrotebei 6Tt 10
TPOCTUATOV GCOUATION0 CAANAETIOPA LE TOV TUPNVO GV OAOTNTO. AVTO TO SVVOLIKO TAPOLGLALEL
YOPOKTNPIOTIKA TOL 0TToio. TPOKVTTOUY amd TV aAAnAeniopoacn HeTa&y vovkAeoviwv. Apyikd,
npémel vo GuUPadilet e TNV KATOVOUN TG TUPNVIKNG VANG, 1 0TToia petdveTot Kaddg TAncialovpe
mv mopnvikny emedvela. Efvol avapevopevo ovt) 1 peimon va ocvpPaiverl exbetikd, 6mwg
aAAnAenidpaon petaé&d dvo vovkieoviov. Akoun, to dvvauko U(r) apémel vo neptiiapupavet Evov
TPAYUATIKO OpO, BGTE Vo, VITOAOYILeTOL 1) EAAGTIKY OKEDOOT), KAODS Kot EVAV POVTAGTIKO OGTE VAL
vrohoyifovtot ot pun eAacTtikég dtadikacies. OAo aVTA To YOPUAKTNPIOTIKE GUYKEVIPOVOVTOL GTNV
TeEMKY] €£l6mON V1o TO LOVTELO TOL OTTTIKOD OLVOULKOD, 1) OTToi0 UTopPEl VoL Ypopel oTtnv Lopen:

Ulr)= Ug(r)+ U;(r) + Up(r) + Us(r) + Up(1) (xii)

H nmopandve e&icwon mepiéyel mapapéTpoug twv onoimv ot TIHEG TOWKIAOLY LE TNV EVEPYELN KoL
v pala kon emAéyovran pe Béon ta Stoubécia Telpapatikd dedopuéva. Qotdco, Yio va EXeL VO
TO OMTIKO OLVOUIKO deV TTPEMEL VA TOPOLGLALEL ONUOVTIKEG LETAPOAES Yo YerTovikéG HAles Kot
KOVTIVEG EVEPYELEG.

O mpmdTog 6pog ¢ e€icmong (Xii),
Ug(r)= =V f(r,R,a) (xiii)

etvat TpaypoTikd 6pog TOL AVTITPOSMOTEVEL £VO. TVPNVIKO T Yot pe fabog V to omoio cuvnBmg
nolomhacialeton pe évav 6po W00ods-Saxon, o omoiog €xel TNV HOPON:
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f(r,R,a) = {1+ exp[(r —R)/a]}! (Xiv)

6mov R givon 1 aktiva Tov Topnva, a givor n didyvon (diffuseness) tov dvvaukov. Ot mapdueTpot
V, R ko1 @, amotehovV TopopUETPOVS TPOCUPLOYNS TOV OTTIKOV HOVTEALOL.

Ot enduevor 6o opot U;(r) ko Up(r) g oyéone (Xii) vroroyiovv yio Tic un elaotikéc
dadikacieg dNAAdN To QovopEVa amoppdenong kat apo. eivor eavtactikoi. U;(r) mepiloapfdvet
NV amoppOPNoN 6€ OAO TOV GYKO TOVL TVPNVA EVM 0 Opog TEPILAUPAVEL TV AmTOpPPOPNCN GTNV
TEPLOYT KOVTA GTNV EMLPAVELL TOL TVPTVOL.

O tétaptoc 6poc ¢ e€icmong (Xii) eivon 6pog aAlnienidpaong spin-orbit, davelopévoc and v
atotkn Lok, O 6pog avTdG TEPIEXEL TOPAUETPOVG TOV TPOCUPUOLOVTOL GE TEPOUOTIKA
dedopéva Kot glvarl amapoitntog kobmg To voukAedvio Exovv omv Y2 Kot aKOpo, Kot ov 1|
TPOCTUTTOVGA SEGUN dEV gival TOA®UEVN, 1 okedalopevn déoun Ba ival ToAmpévn oty KAOeTn
dtevBuvon mg mpog 1o eminedo okédaomg. Emopévac, o 6pog avtdg avImpocOREVEL TNV TOAMOT)

mg Séoung.

O tehevtaiog O6pog ¢ e&iomwong (Xii) , Ucs(r), avtiotoryei oty okédaon Coulomb, oty
TEPIMTMOON TOV POPTIGUEVE COUATIOW CLUUETEYOVV oTNV aAANAEnidpacn. Exel tv popon|:

hlze? (3 — ﬁ) r <R¢

_ 2R¢ R -
Uc(r) = 2,702

r

(xv)
r > R;

omov o muprvag Bewpeitor pHol OHOIOHOPPA POPTICUEVT] GQaipa Le aktiva iom Le T0 @pdyua
duvapukov Coulomb (Re) [1], [3], [4]-

Mnyoviepoi avtidopoaons

O mupnvikég arniemdpaoetg yopaktnpifovrol amd S10POPETIKOVG UNYAVIGHOVG avTiopacns. O
UNyoviopog mov d€mel KaBe aAAnieniopacn e€aptdtor amd TNV EVEPYELD Kol TNV YwVio TOL
TPOCTINTOVIOS COUOTOIOL Kot omd TO €00 TOV COUOTOIOV TOL GLUPETEXOVV OTINV
aAnAenidpacn. Olot ot mBavoi punyavicpoi tepthapuBavovrar oto ynuo (i) Kot ol 7o onHavTiKoi
€€ QVTAV, OTIG TEPITTMOGELS OV TO, OELTEPLOL ATOTEAOVV TO EICEPYOUEVO COUATION, OLVOADOVTOL
TOPOKATO.
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Zynuo i Zyeoraypopua twv mlavay alANAETIOpaoE®Y TOL TPOKOTTOVY ATTO TNV AAANAETIOpacH
vovkieoviov-ropnvo. [3].

Ymv zmepintowon tov avridpdsemv covlstov wupiva (compound nucleus) vmdpyovv Svo
dwkptd Prpota. 10 mpdTo P amoppo@dtor to PANpa, oynuotiloviog mpocmpva Evov
oLvOeTO VPN VA Kot 6TO OgVTEPO Prina 0 cvvBeTog TupNVaS amodieyeipetat. H kivntiky| evépyeia
0V PApaTog potpaletat oe GAa T0 VOUKAEOVIN TOV GVOTHUATOS (BAN O Kot GTOYOG) KO ETOUEVOC
o obvbetog mupnvag Ppioketar oe Katdotaon Oeppodvvapukng icoppomiog. O ypdvog mov
yperdleTar yio va mpaypatomomdel wa ovtidpacn covOstov mopiva sivor 1016-1018 s, Katd tv
OAANAETIOPAOT), TO VOUKAEOVIOL OVOKOTOTAGGOVTOL Kol ydvovv kdBe pviun oyetikd pe v
npoélevon Toug (apyn aveEaptnoiag tov Bohr). Enopévmg, n amodiéyepon tov chvhetov Toprva
e€aptdtot povo amd v dwbéoiun evépysto. Akoun, a&iCer va avaeepbel oe avtd to onueio ot
etvar mBavd yoo KAmolo VOUKAEOVIO, TO Omolo £xEl TMEPICCOTEPT KIVNTIKNY EVEPYELWD OO TO.
vrolowma, vo devyel Tpv TV emitevén Beppodvvapukng eoppomiog. Ot ovtidpoon avty
ovopdletar avtidpaon wpoicoppomniag (pre-equilibrium reaction).

Yoiotatol kol 1 TePINTOON TOV GUECOV AVTIOPAGEMV KATA TIG OTOIEG CUUUETEXEL LOVO EVOG
HKpOg aplfudc vovkieovimv 1 1o PARU aANAemdpd udvo pe to duvaukd, Coulomb (Stapopikn
evepyog dtatopn mov divetar omd v oyéon Rutherford (i) § mupnvikd, Tov TupHVa-6TdYOL. AVTEG
01 S1031KAGIES OLOKANPOVOVTOL GE GYETIKEL LLIKpovC ¥pOVOLS TS TAENC Tev 10722 s,

Yndpyet xor n wepintmon katd v omoia deyeipeton 0 cHVOETOg TUPNVAG GE EVEPYEIEG TTOV
VILAPYOVV SlokpLtég oTaOUEg (OTMG ONANOT OTIS AUESES AVTIOPACELS) OALL PPloKONAcTE GTNV
OUVTOVIGTIKN] EVEPYEWIKY TEPLOYN TOL cLVOeTOL TVPNVA (OGS OTIG AVTIOPACES GLVHETOV
Topnva). Avtég ot otdleg mopovctdlovy PHEYAAES TIES TNG EVEPYOL SLOTOUNG, ONAAOT VYNAEG
mOavoTNTEG dNUIoLPYIG, EVD £XOVV HIKPA €0p1, dNAOON GYETIKA peydAovg ypovovg (ong. H
amodlEyEPoN OVTOV TOV OoTOOUOV Tpayuatonoleital €ite pe amodiéyepon axtivoBorag vy
(aveAaoTIKN OKEONOT) EITE EMAVEKTEUTOVTOG TO EIGEPYOUEVO COUATION (EAACTIKT OKEOOT)).

17



‘O)Lot o1 TOPATAVE® PUNYOVIGIOL TPOYLOTOTOIOVVTOL TV TOYPOVO KO ETOUEVMG Y10 TOV VTOAOYIGUO
™G TEAIKNG TWNG G evepyol Owatoung ovuPdriovv. H ocvuPorn petald e okédaong
ocvvtovicpoL (resonant scattering) kot g okédaong and to duvoutko (potential scattering) umopet
Vo 0OMYNOEL GE YAUNAOTEPES N VYNAOTEPES TIUES TNG EVEPYOD OLOTOUNG CLYKPITIKA LE TO V.
ouvéPave KaOe dradukacio povn .

Qcopio R-matrix

H R-matrix (1947, [5]) anotekei pia Osmpntiki TpocEyyion Yio TOV VTOAOYIGHO TV SL0POPIKOY
EVEPYDV OOTOUMY OTAV 1 OOUN TOVS TAPOVCIALEL EAAYIOTA KO LEYIGTO T OO0 AVTIGTOLYOVV GE
SLOKPITEG KATOOTAGELS TOV GVUVOETOV VPV oV oynuatiletor. Aewpel OTL N AAANAERIOpaoT
TPOYLOTOTOIEITOL HETAED TOV EIGEPYOUEVOL COUATIZION KOl TOV TUPNVA GOV £VOL LLOWPO KOVTL LE
dyvoot ecotepikn dopr]. Ot 110TTEG AVTNG TG dOUNG, OV AVTIGTOLYOVV € ototyeio Tov R-
matrix, ypNoWOTOVVIOL ®C TAPAUETPOL TOV Oe@pNTIKOV VTOAOYIOUOV Ol  0moiot
npocapuolovral ota Stabéoipa Tepopatikd dedopuéva [5].

H mpocéyyion R-matrix Bociletor otnv aAAnienidpacn tov PARUATOC HE TOV 6TOYO HECH TOL
unyoviopod odvhetov mupnve Kabdg Kot omd To yeyovog OTL 1 SOUn TNG EVEPYOL SLOTOUNG
Kuplapyeiton amd v cvufoAr; tov resonant scattering kot tov potential scattering. Xtmv
nepintmon tov devtepiov e péytotn evépyewa ta 2.5 MeV ta omola mpoomintovv 6e GTOYOVG LE
YopnAd kot pecaio atopkd aplud Z, o xvpilopyxog unxavicpds oAAnAiemidopoaong eivar o
unyaviopog ovvietov mopnva. T'a tov Adyo avto, 1 Bempia R-matrix eivor n TAéov KatdAANAn
Y0 TV 0VAAVGT| TETOI®V TEPIMTMOGEMY EAACTIKT OKEOAOT|G.

H Boown 10éa g Bewpiog R-matrix givar o doy@piopdg Tov xdpov Tov TpoPfAnuatog o€ 600
TEPLOYES, TNV E0MTEPIKN TTEPLOYN Ko TV e&mtepikn meproyn. H ecwtepikr| meployn avtictoryel
otov oOvOeTO TP VA EVD 1 EEMTEPIKT TTEPLOYT AVTIOTOLXEL 0 OAEG TIC TOAVES aVTIOPACELS M|
KavéAa, To omoio pwopel va TpokOhyovy amd Tov cOLVHETO TLPNVA 1] VO PTAGOLY GE OVTOV.

2V mapovca epyacio TPoyUATOTOmONKE 1 BE®PNTIKN AVATOPAY®YN TOV J0POPIKAOV EVEPYDV
Srotopdv g ehaoTikig okédaong d+%0 oy evepysioxy meployy 1.98-2.5 MeV pe tv ypron
g Oeopiog R-matrix yio v nepintoon tov evog kavoiioh ToAldv otdbuemv (single channel
multi-level). O Xoyog mov peAetONKe GTNV GUYKEKPLUEVT EVEPYELOKT TTEPLOYN EIVOL OTL TO TOPDOV
evaluation otopatd oty evépyeia 1.98 MeV.
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MeTpNGELS OLUPOPLKOV EVEPYOV OLUTOLUL®OV

210 TAoio1o TNG TaPOoLGAG OATPIPNG LEAETHONKE 1) EAOGTIKN OKESOOT OELTEPIMV GE GUYKEKPIUEVAL
elappa  otolyelo/icoéTomo T Oomoio. TOPOVSIALOVY  pHEYAAO TEXVOAOYIKO evolapépov. Ot
TEPAUATIKEG UETPNOEIS OLOPOPIKADOV EVEPYDOV SOTOU®MV TEPIAaUPdvouy Tic €ENG oKedAGELS:
®Li(d,do)°Li, , “Li(d,do)’Li, °Be(d,do)°Be, **N(d,do)**N, *Na(d,do)>Na and "*Si(d,do)"*Si ctnv
evepyelokn eployn Tov 0.9-2.2 MeV, pe mowkida evepyelokd fripoto, avarloya Le TNV TepinTmon,
Koty yovieg aviyvevong peta&d 120° ko 170° pe Pruata tov 10° (ot meprocdTepeg
neputooelc). o va e€etootel 1 a&lomioTion TV SE00UEVOV TPAYLOTOTOONKAY TEPAUATOL
gELEYXOL 0EI0MGTIOG OTIC MEPIMTMOELS TNG EAAGTIKNG okédaong devtepiov oe °0, 2Na kar "*Si,
Tétown amotedéopara Ba stvor ypnoa yuo tnv IBA kowdtnta oty epappoyn g texvikng EBS.

Ta mepapato avtd mpaypotomombnkav oto gpyactipo tov Ivotitovtov [Mupnvikng kot
Zopatdokng Puowmng tov E.LK.E.@.E. «Anuoxkptroo» ypnoyonoidvag tov enttayvvty 5.5 MV
Tandem. H déoun devtepimv, petd v mapaywyn g oo o wnyn duoplasmatron, odnyeitol o€
évav avoAutikd poyvit 90° 6mov emidéyetan n embBount TN ™G EVEPYELNS SOAEYOVTAG TOV
KatdAAnAo Aoyo goptiov wpog nala (Nuclear Magnetic Resonance) kot katoAnyst oe éva Oahapo
okédaong (axtiva 40 cm). 1o k€vipo &givarl TomobeTNUEVOL Ol GTOYOL EVD Ol OVIYVEVTEG OTIC
KATAAANAEG YOViEG, HEGH TOV dVO YOVIOUETPIK®OV Tpomel®V VYNANG akpifelog mov vrdpyovv
péosa oto BdAapo okédaons. To aviyveutikd cOGTNU ATOTEAOVTAV OO TEVTE TEGGEPLS, TEVTE 1)
€€ avyventég empavelakod paypuov mopttiov (Silicon Surface barrier - SSB) (mapaymprionkov
a6 tov Ap. N. [Tatpodvn, iokmoio tov tupatog Pucikng oto IHovemotiwo loavvivov) ue
néyoc 500 pm. Mmpootd and Tovg aviyvevtég NTav TonofeTnuéveg 0pOOYMOVIES GYIGUES, MOTE VO
nepropiletar To GEAARQ TG Yoviag pétpnong ot 1° kabdg kot OANVES amd aAOVUIVIO e UNKOG
30 - 70 mm, ko didpetpo 10 mm mote va eumodilovv ta cmpatiow mov okedalovtal and Tov
OaAapo oKkEdUONG Vo EIGEPYOVIOL GTOVLG OVIXVELTEG KOl VO, KOTOYPAQOOVIOL GTO (AGLOTO
ocvvelopépovtag oto  vroPfabpo twv petpricewv. H mAsioynmeio tov  otdO)@V  TOL
YPNOLOTOMONKOV KOTOCKEVAGTNKAY GTO €PYOCTNPO TOL EMLTOYVLVTN WHE TNV YPNON TOL
eCayvotpa Kot T VAKE mov ypnopwonombnkav eaivovtor otov Ilivoka I. Ot otdHyor mov
ayopaoTNKAV apopodGaV TIC LETPNGEIS TOV OLOPOPIKAOV EVEPYDY SOTOUMYV TOL BrpuAiiov, Tov
nopttiov Kot Tov al®Tov Kot NTav o veEpAentn pepPpavn SisNg pe éva otpdpo Prpviiiov
EVOTTOTIOEUEVO OO AV Y10, TNV TEPITTOOT TOL rpvAliov kot pia vaépientn pepPpdvn SisNa pe
£V OTPOULA YPLGOV EEOYVOUEVO OO TAVE Y10 TIG TEPUTTMOGELS TOL TLPLTIOL Kot TOL al®Tov. O™
TOPOATNPELTAL, TO CTPOUA TOV XPVCGOV VILAPYEL GE OAOVG TOVG GTOYOVG, EKTOG 0td ToL frpvAiiov,
K0l 0 GKOTOG TOL ivan 1 YKy otadepdTnT TOL 6TOYOL KOOMS Ko 1) kKavovikomoinor. Ot otdyot
TOL YPNGLOTOMONKAV OTI TEPUTTMOGELS TOV TPAYLLATOTOMONKOY TEPAATO EAEYYXOV 0EIOTIOTIOG
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nrov évog moayvg otdyog NaCl pe éva Aentd otpodpa xpvood eEayvouévo amd mhve yio TV
TEPIMTOON TOL VATPIOL, VA TOYD GTPOLLO TVPLTIOL UE EVOL AETTO GTPMLA YPLGOV EENYVMUEVO OO
TOve Yoo TNV TEPITTOON TOL TLPITIoV Kol €vac TayOg otdxoc ZnO yio v TEpPiTT®OT TOv
o&vuyoévou.

Cross section | Substrate | Powder evaporated Powder Top layer | Suitable Boats
measurement on top of the melting point
substrate (°C)
®Li(d,do)®Li C SLiF enriched 97% 841 Au Ni, Ta, Mo, W
"Li(d,do)"Li C nat)jF 841 Au Ni, Ta, Mo, W
"0O(d,do)™O C Na;HPO4 250 Au
2Na(d,do)*Na C Na,O 1132 Au

Mivakag | YAkd ou xpnotuomotnOnkayv yLo TNV KATAOKEU! TWV GTOXWV.

Meg00060royio HETPNGEMV OLAPOPLKDV EVEPYAV OLUTOUMDY

Ol T1pég TV SL0POPIKMY EVEPYDV SLUTOMY VTOAOYIGTIKAY YPNCLOTOUDVTOG TNV GYETIKT LEB0OO
péom g elcmong:

1 i heavy elem
(d_a)llght isot _ (d_a)heavy elem ' Yiightisot N, y

an E,0 an

R TR XVi

EnL0O Yheavy elem N;l‘ght tsot ( )

0oV Yiignt isot KO Yreavy elem OVTIGTOOOV GTOV 0POUO TOV 0VIXVELOUEVOY GOMATIOI®Y Tol

omoio. okeddotnkay amd o VIO HEAETN ehappV tooTomo/oToKElo Kot amd to Papd otoryEio,

da)heavyelem do light isot
(35)

avticTorya, (— 7

0 etvat o1 TIES TNG SLOPOPIKNG EVEPYOD OLOTOUNG Yo

ENO E0

10 gAaPpV 166ToTO/GTOLYElD KO Yot TO Papd oTorKElo Yo TIG avTIoTOXES TIUEG EVEPYELNG KO
P , light isot heavy elem _, , , ,

yoviag, avtictoya, kot N, Ko N, gtvon ta oG Tov EAAPPLOV 1IGATOTOL KoL TOV
Boptlov otoryeiov oe atoms/cm?. Ta TeEMKE ATOTEAEGLOTO TOV TIHOV TNG SAPOPIKHC EVEPYOD
dwatoung eivor mb/sr. H mapdpetpog E avtimpocwnelel Ty evépyela 6TV UEGT] TOV TAYOVG TOV
otoyov evd N Topduetpog B’ eivar n evépyeta oty emi@dvela tov mayfog otolyeion. e Oheg Tig
TEPUTTAOGELS TOV VINPYE XPVOOG GTO LILO-UEAETN Oelypa TO Papy GTOLXELO MTOV O YPLGOS KoL TO
eLaPPY 10OTOTO NTOV TO VILO-UEAETT GTOLKETLD.

2mv mepinton tov PrpvAiiov, 6mov 0 6TdHYOG dEV TEPLEiYE XPLVOO, YO TOV TPOGOOPIGHO TOV
JSPOPIKDOV EVEPYDV SLOTOUDV YpNnoonomOnke n e&icmon:

9 . .
B Si,Ruth Yo 1000 S
(da) ¢ _ (da) LU Be  Qporh . Ni (xvii)

e/ g a2/1000,6 Ynatg; Qop, NF€

o tov vmoloywopd ™G SQOPIKNG €vepyoy Olatoung tov mupttiov ota 1000 keV
ypnoonomdnke o tomog ¢ okédaorng Rutherford xabobg, 6mwg eivar amodederypévo oto
napeddov [6], n Srapopicr| evepydg Sratoun g "*Si(d,do)™'Si axorovbei  orédaon Rutherford
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oto. 1000 keV. O vmoloyouds tov Opwv oe kabepioo omd TG 6vo TopUTAve eEIGMOELG
TpaypatoroOnke yopiotd. ['io Tov VTOAOYIGHO TOV APLOLOD TOV AVIYVELOUEVOV COUATIOMV GE
Kk@Oe mepinTmon TPUyHOTOTOONKE OAOKANP®GN | TPOGAPUOYY|, OTIC TEPITTMGELS TOV LINPYE
HEPIKN eMKAALYN HETAED KOVTIVAOV KOPLP®V, TOV YEYOVOTMOV GTNV OVTIGTO(T KOPLOT HECH TOV
npoypappdtov SpectrW [7] kot Tv [8]. Ot tipéc g d10popikng EvEPYOD SIATOUNG TOV YPLGOD Kot
tov Tupttiov ota 1000 keV vroloyiotkay avolvtikd pécm g oyéong g okédaong Rutherford
(1) evéd 0 AOyoC T®V oDV VITOAOYIGTNKE OveEAPTNTA YPNOLUOTOLDVTOS SIUPOPETIKN TEYVIKN LE
eopTiopéveg déopeg kat to mpdypoupa SIMNRA [9]. Zuykekpiuéva ypnoipomotidnke n texvikn
p-EBS. H evépyela E' mpoodiopiomnke pécm g drodikaciog tng evepyelokng faduovounong tov
EMTOYVVTH LE YPNOT TOL AETTOD GLVTOVIGHOD TG avtidpaong 2 Al(P,y)?8Si f ¢ avtidpaocnc
BC(p,y)*N, avéroyo v mepintoon. o Tov vroloyiopod g evépystog E, otnv péon tov méyong
T0V oTOHYOL, YpPNolomombnke 1N mEPLYPAPn TOL oTOYOL UECH TNG TEXVIKNG P-EBS ko o
VTOAOYIGUOG TNG ATOAEWNG EVEPYELOG OTO EMLPOVELOKA CTPOLOTO TOV GTOYOL UEXPL VO PTAGEL 1|
€GN 0T HEGT TOV TAYOLG TOV GTOYOV.

Me0odoroyia eréyyov afromortiog (benchmarking)

[No vo eAéyoope v axpifelo TOV omoteAecpdTOV NG OLPOPIKNG €VEPYOL SLUTOUNG
ypNoomotovvTal o mepdpata eErEyyov alomotiog (benchmarking). Xto mlaicio thg mapovcog
SrrpiPrg mepdpoto benchmarking mpaypatomomdnkav otic mepitmosig 0, 2Na kot "Si. H
dwdwkaciog aloAdynong Tov anoteAeoudTOV TEPAAUPAVEL TNV OKTIVOPOANGT TTaXE®V GTOY®V
YVOGTNG CTOLXELOUETPIOG YPNOILOTODVTOG TNV 1010 dEoUN HE OWTNV TOL TPOGOIOPIcTNKE 1
EVEPYOGS OLOTOUN KOl GTT) GLUVEYELD TNV AETTOUEPT] TPOGOUOIMGT TV ATOKTNOEVTOV PUGUATOV GE
KOATAAANAO TPOYPOLLLLOL LLE YPTOT TNG LETPNUEVNS SLAPOPTKT EVEPYOD STOUNG.

Ta onueio KA1 avtdv TOV TEWPApdTov givol 1 €TA0Y)] TOL GTOXOL KOl TO TApABvPO
orokApwons. O 6tdyog Wavikd mpémel va gival oTIATVOS Kot va teptlapPdvel éva ototyeio pe
pecaio atopkd apBpd KotdAANAO Yoo THV KOVOVIKOTOINGN Tov (OpTiov 0AAd Oyt oA Pap,
MGTE VO, UNV €164yEL Heydrlo aplBuod yeyovotov ota pdopata. To mapdBupo orokAnpmong sivor n
TEPLOYN TOL PAGLOTOG KOVTO GTNV EMPAVELNL GTNV OToio Tpaypoatomoteitat 1 cvykpion peta&d
TOV TPOCGOUOIMUEVOD KOl TOV TEPAUOTIKOD aptBuod yeyovotwv. Tuvnbmg emiéyetol va etvot
~150-200 keV ®ote 1 cuUPOAT TOVL SUCKESAGHOD TNG OEGUNG Kal TNG TOAAATANG okédaomg (oTa
Bapid otoryeia) vo unv givar onUovTK.

Qo1600, to. tewpduata benchmarking nepihappdvovv kamoteg afefardotntes. Avtég opeilovtat
oTIC GLOTNHOTIKEG afefardtrec TG 1oY0G avaoyeone (Stopping power), 1 oTaTIoTIKY TOV
YEYOVOT®OV KOl 0 60OTOG TPOGd0ptopdg TG TopapéTpov Q-Q [10]. H emdoyn d10popeTikdv ceT
TV Stopping powers odnyei oe d10popic pkpdTepec Tov 1% 0mdTE HEV EIGAYOVTOL GUGTNUATIKEG
afefordtnreg, ®ot000 1 aKkpifela TV ceT TV Stopping powers moapouével Eva. ovorytd CRTnua
Kol 0gv Umopel Pe KAmolo TpOTO Vo, GUVUTOAOYIGTEL TNV EKTIUNGT TNG OAKNG apePardtrac. H
afefordmra v TG TS TAPAUETPOL EEAPTATOAL OO TNV VIO-UEAETT TEPINTTOGT KOL OVOPEPETAL GE
K@0e TepInTOON YOPIOTA, OTMS KOl 1] GTATIGTIKY TOV YEYOVOT®OV KOl O TPOGIOPIGHOG TOV OPOL

Q-Q.
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To peyadvtepo TpdPAnua oto benchmarking tov pacpdtov d-EBS, 1o onoio sicdyst peyardtepeg
afeforotnteg Ko pmopel akoOpa Kot vo EEUPEGEL pAcpaTa amd TS dtodkacia, sivat 1 cupPoAn
TV Kovoldv d-NRA kdtm amd to ehaotikd kavdAia. Eidwotepa og vynhotepeg evépyeteg (mdvm
a6 2 MeV) (d,px) ko (d,0x) KovéAdia dieyeipovton Kot propodv vo, GUUBAAAOVY GTIUAVTIKG KOTM
amd T eAaoTIKEG okeddoels. o va emAvbel to mpdPfAnua avtd elvar amapaitntn 1 xpnoM
LoyvnTIKOD (QOGUOTOUETPOV YIOL TOV OOYOPIGUO TOV TPMOTOVIOV, TOV OELTEPI®V Kol TOV
copotiov diea. Xta mAoice ™G mapodoog epyaciag, AdY® amovciog  HoyvnTikov
QOOUATOUETPOV, deV eENYONCOV AMOTEAEGUATO OTIC TEPUTTOCE OTOL N cvufoin twv (d,px)
KOVOALDV TOV GTLOVTIKY.

Y70oLoylo oS S10.00ptkNc EVEPYOD droTopunc e eAooTikic okédaonc °Li(d,do)bLi

H Sapopikn evepydc Statop e ehaoTIKAC okédaomne devtepiov oe SLi peletifnke otnv
evepyelakn mepoyn peta&d 940-2000 keV pe evepyetokd Prpa ~20-30 keV kot yuo T1¢ yovieg
okédaomng 125°, 140°, 150°, 160°, 170°. Kabdg 1 doun TG vo-pedétn evepyod datounc dev eivat
YVOOTY], Qo dev £xel peTpn el 6to mapeABOv 6e avTd TO EVvEPYELOKO €0POG, 1 BepPMTIKY pHeAET
TV otdfuewy Tov chvBeTtov TP VA OV dNpovpyeiTat etvar VYioTng onuaciog. Amo v VTapEn
KO TO YOPOKTNPIOTIKG OVTOV TV 6TAOUE®V €E0PTATOL TO EVEPYELOKO POl TOV LETPTCEMV KoL
TO YOG TOV GTOYOV. TTNV CLYKEKPIUEVY TEPITTMOON 0 GHVOETOC TVPTVaC TOL dnpovpysita, °Be,
nepopfével v otédun pe evépyeto Ex = 22980 keV kar gbpog I'= 230 keV. Emnpoceta, ot
otéfusc pe evépyswa Ex = 22240 keV, Ex'= 23980 keV war svpog I'=800 keV, I'=7MeV
avtiotorya, TapOAo oL Ppickoviol eKTOC TNG TEPLOYNG UEAETNG, UTOPOVV VO EXNPEACOLY TNV
doun g dPopPIKNG evePyol datopng AOY® TOov LEYAAOLG EXPOVS TOVC.

O Adyog TV moy®V LITOAOYIoTNKE UE GVYKPLIOT TOV EUTAOVTIGUEVOL KOl EVOS PLGIKOV GTOYOL

. , , Nia Nia , , , .
" iF, néow g oxiong —2 = 2 omov fenr efvar 0 mapdyovtag eumAovTicpod Tov
Nt, 6” fenr . Nt,"atLi
Nt,Au

otoyov. H apBuntikny tiun tov Adyov N vroAoyiotke Bacildpevol otny vdOeomn Ot to LiF

t‘natLl-

dtnpel TNV GTOYEOUETPIO TOV KOl YPNOUOTOUDVTIOS TO GACUOTO TOV OEVTEPIOV GE YOUNAEG
eVEPYELEG OTOV 1 SloPOPIKT EvePYOC dlatoun Tov @Bopiov akolovbel v okédaon Rutherford
[11]. H 1y awtod tov Adyov frav ion pe 0.091 + 0.004. H tur T00 mapdyovto EUTAOVTIGUOD
vrohoyionke pe xprion g texvikng P-EBS wg 97% kot Ppioketan o e€apetikn cvpemvia pe
NV T TV Katookevaoth (97%). To arotéhespa avtig g dodikaciog eaivetal 6to Zynua 2.
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2oymuo. i Hepopotikd kar Gewpntikd pdoua mpwtovioy oe evépyela Epjan = 1600 keV ko ywvio 170°,
Hall [E TV avayvapion Twv ovIioToimy Kopoeay, XpHoLiorolmvas ta ocoouéva tov Fasoli et al. [12]ya
TIC TIUES THES D1APOPIKIG EVEPYOD OLOTOUNC THS EAACTIKAGC OKESOONS TpwToViwy amd °Li.

Ot Tipéc T™C SLPOPIKNG EVEPYOD SLOTOUNG TNG ELOCTIKNG OKESUONG TV devTepimv o€ 6LI, o010
evepyetoko evpoc 940 — 2000 keV ko yro yovieg omobookédaong 125°, 140°, 150°, 160° and 170°
napovotdlovial oe Ypapikn popen oto Zynua (iii), poli pe Tig aviiotoyeg afefordtreg. Avtég
ot afefardtmreg eivor povo ot oTaTIoTIKEG, GOUE®VA [ TV Kown cOupacn. Tavtdypova, ctov
oplovtio dEova ot afefardtnteg oV evépyetla dev etvar opatég AdY® TG EMAEYUEVT) KMULOKOS.

Ot teMkég TWES NG OWPOPIKNG EVEPYOD dTOUNG €lvorl onuaviikd vynAotepes amnd Tig
avtiotoryeg Tywég Rutherford. OAn 1 doun éxel emnpeaoctel and TIC EMKAATTOUEVES GTAOES TOV
ovvBetov mopnva 8Be e evépyeieg Ex'= 22240 keV, 22980 keV kar bpn I' = 800 keV, 230 keV kot 7000
keV, avtictoya. ITio cvykekpéva, oto yaunroevepyetakd evpog evepyeimv (930-980 keV) n doun
Tpocopotdlel TV obpa €VOG GLVTIOVICHOD GE YOUNAOTEPN €vépyeld Omov Bo pmopovce va
opeiletan otV otdOun pe evépysio Ex =22240 keV wkar gvpog¢ I'= 800 keV. Avtéc ot
EMKOALTTTOUEVEG 0TAOUEG UTOpEl Vo ONIoVPYNCAY TIG LIKPES LETAPOAES TNG EVEPYOD OLATOUNG OE
OMo 10 evepyelaxo evpog ~1.1 MeV.

ZyeTIKA [e TNV YOVIOKN EAPTNOT TOV SL0QOPIKOV EVEPYDV SOTOUDV TNG ELACTIKNG OKESUONG
devtepimv o€ 6LI, dnwg paivetan oto Zynua (1V), veictato pioa evepyestaxn meptoyn (~1400-1800
keV) omov ot aAlayéc oty yovio Kabdg Kot otnv evépyela gival eAdylotes. Avtd 1o
YOPaKTNPLoTIKO Oa pumopovoe vo ypnowononbel e avVOALTIKEG EPOPUOYEC GYETIKA LE TOV
TPOGdIOPIGHO NG KaTavoung fabovg tov 6Li 6mov n evépyeia Kon yoviog okédaong dev gival
YVOOTEG PE HEYAAT akpifeta.
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2ynua i Tiuég e drapopirng evepyod orarouns (Mb/Sr) ¢ edacuikns oxédaons 6Li(d,dO)6LI, #
ool uetpnBnke oto evepyelaxo evpog Ed,lab = 940-2000 keV ki yia ywvieg oxédaonc 1250, 1400,
1500, 1600, 1700, ue evepyerora fruota ~20-30 keV. H olikij orotiotiki ofefoidtnta twv tiuay
TEPIAOUPAVETOL TTO, YPOPHUATO.
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Zynpa W Tiuéc e drapopixnc evepyod diatounc (MbISK) yia v elaotixn oxédaon °Li(d,do)°Li elastic
scattering oe diapopixéc ywvieg, yra evépyereg ustoltv Eq1an=940-2000 keV kot yia 6de¢ tic ywvieg
OKEOOONS IOV UETPNONKAY 0TO TAGIOLO THS TOPODOOS EPYOTLAG.

Y7oLoylooc S10.00pIKNC EVEPYOU droTopunc T™C eAooTikic okédaonc ‘Li(d,do)’Li

O1 TpéG ™G S1oPopIKiG EvepYoD dtatopng e eaoTikng okédaong 'Li(d,do) Li petpidnkav oto
evepyelakd €0pog 940-2000 keV pe dagpopetikd evepyeloko Prua (5-50 keV) ya tig yovieg
omcbookédaong 1259, 140°, 150°, 160° kar 170°. O cvvOetog muprvag mov oynuotiletar, °Be,
TEPIEYEL, OTNV EVEPYELOKY TEPLOYT MOV UEAETALE, TIC oTdOueC pe evépyeto Ex =17495 keV wou
gopoc =47 keV ko evépyeio Ex =18020 keV pe dyvooto gvpog. Enione, vrdpyovv dvo axdua
otabuec, ol omoieg umopel va emnpedoovy TV evepyod datopr] Ady®m Tov peYdAov €Hpovg TOvg
(Ex'=17300 keV pe I'=95 keV ka1 Ex'=18580 keV pe dyvooto e0pog).

"Eva mepopatico eaoua amd tov Aentd otdyo LiF eEayvouévo nvo og éva Aentd eoAlo C ue éva
Aemtd @OAAO YpLooY amd mhve eaivetatl 6to Zynua V () yuo v evépyeta 1700 keV ko yo tnv
yovia okédaong tov 150°. Qotdco, Yo peEPkods cLuVIVOCUODC EVEPYELNG Kol YOVIOG, VIAPYEL
HEPIKN 1 OMKY emKGAVYY HETOED TG EAAGTIKNG okédoong oto 'Li kou Tov aviidpacsnv
"Li(d,po)°Li (Qv = -191.95 keV) ko1 2C(d,p1)**C, 6mo¢ paivetar oto Zyfua v (b). Ztig mepirtdosic
OOV deV PUmopovcE Vo Tpaypotonombel n dtadikacio TG TPOSUPLOYNG, e&atTiog TG EXIKAALYNG
KOPLY®OV, 1| GLVOMKT| KOpLET Tov TEPLEYEL TI cuvelcpopés tmv Li(d,do) Li, "Li(d,po)Li ko
12C(d,p1)BC oroxinphdnke. ‘Enetta, vroloyiotnke n cuvelspopd e avtidpaong 2C(d,p1)*C
OTNV GULVOAIKT] KOPLEYN HECH TOL VTOAOYIGHOU 1TNG Tocdtntog GvOpoka péca otov 6TOYO
YPNOLOTOIOVTAG TO, TEWPAPATIKA Qdouato kot tov kodiko SIMNRA. T cvykekpuéva,
mocOTNTA TOV  AvOpoko VLTOAOYIOTNKE HECH TMOV QPOCUATOV OEVLTEPIOV ULE YPNON TOV
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Yield

afoloynuévov (evaluated) Tipdv g evepyod dtotopng ™G eAaoTIKNG okédaong 2C(d,do) ?C
péow tov mpoypaupotog SIMNRA kabdc Kot pécw ToV QUGUATOV TPMTOVIOV UE YPNoT TOV
af1ohoynuévev dedopévav yio T ehactikh okédaot 2C(p,po)t2C. T cvvéyea, N emiPePfainon
™G TOGOTNTOG TOV AvBpako kpidnke amapaitnTn Kot Tpaypatomromonke HECH TWV EVEPYEIDV
Yopic emKkdAvyn Kopuedv Omov 1 Kopven ¢ ovtidpaong 2C(d,p1)*C  pmopovos va
oAoKANPpBEl KoL 0 aptOUOC aVTOC GLYKPIONKE LE TOV TPOCOUOIOUEVO APIOUO YEYOVOT®V, O 0TTOT0G
vroloyicTnKe pe xpion tov dedopévav tov Kokkoris et al. [13] yia v avtidpaon 2C(d,p1)**C.
Méow ¢ dwdikaciog avtig emPePaidOnke 1 TocdTTO TOV AVOPOKE GTOV GTOYO KOl ETOUEVMG
VTOLOYIGTNKE Kol aoipédnke 0 optdpdc Tov copatdiov me avtidpaong 2C(d,p1)'3C, v tig
EVEPYELEG TTOVL VTAPYEL EMKAAVYT, ad TOV aplOpd TOV GOUATIOIOV TG CLVOAIKNG Kopvens. H
dadikacio avth dev mpaypaTomombnke yio Thv yoviog okédaocng twv 125° eneidn ta dedopéva
g avtidpaonc 2C(d,p1)C mov ypnoipomomOnkay Sev RTov LETPNUEVO Y10 0T TN YOVIK OTOTE
10 TEMKA omotedéopata yio Tic 125 ° Eexvave and ta 1420 keV. Tty nepintwon tov 140°, kabobg
dgV VTLAPYOLV HETPNGELS Y10 ALTH TNV YOvia, ypnoiporomdnkay ot petpnoels yo tig 145° kabag
1 yoviakh katavopn g avtidpaong 2C(d,p1)*C mapovsialet pikpéc Stakvpdveelc oe Stdotnua
10° ywo yapmAég evépyetleg devtepimv.

H 810 Stodtcosio, Suotouyme, dev umopovoe va mpaypatomomdei yio thv avtidpoon 'Li(d,po)°Li
KaOADG VITAPYEL TOVTEANG EAAELYN TEPAUOTIKOV dedOUEVODV otV Piploypapic. Emopévmg, ta
TEMKG SES0UEVO SLOPOPIKAOV EVEPYOV SLATOUMY ovapEPOVTOL GTOV GLVSVOGUO Ty ' Li(d,do) Li

1 'Li(d,po)°Li Y1 cuykekpiuévec evépysiec Omov 1 emikdAvym ovvéPn. QoT660, avTH M
Katdotoon 0ev KaOIoTA To TEAIKA dedopéva aypeiaoto KaODG o€ HeTpNoELg He TayOS 6TdYOLG,
AmOVGio LLOyVNTIKOD QOGUOTOUETPOV 1| GVOTAUATOC HETPNIONG Ypdvoy mtthong (time of flight -
ToF) 6mov Oo dwydpile o TpOTOVICL amd Ta devTepio, avTn 1 emKaivyn Oa vEdpyel ota
TEPALATIKA paouaTa.

1100 T T T T T T

; —E, ,,=1300 keV, 150°| Au
1000 - —E =170 eV, 150°) Aui 1 800 (71300 keV, .

900 -

800 -

700 = 12 13 -
C(d’p) C 500 = |7y ¢ Ty o Ty o 6y o -
o] ] o *q/Li(d.d)Li+ Li@dp)’Li
Li(d,p,)'Li g . :
s

500

400

=
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2yiua v (2) Hepauatinod paoua tov otoyov LIF eCayvaouévo mavew oe éva lemté pillo C ue éva lemtod pdllo ypvood amd
rwave oe evépyera 1700 keV kor ywvia 150° pali e v avayvapion twv ovtiotorywv kopvpav (b) Hepouotixd pdouo tov
0100 oTdy0V o€ evépyela devtepiawv 1300 keV kar ywvia oxédaonc 150° uali ue v avayvdpion twv avtictorymy Kopoeov.

"o, Tov vToROYIGHO TOL AOYOV TV ToY®V Np 4y ¢ N, 7;; xpNOIHOTOWONKE N VIEOOECN 6T1 TO LiF

Sratnpel ™V oToKEONETPiA TOV, OTOC STV TEpimTmon Tov OLi, kot emopéveg ypnotomomonke
Nt.au Nt au Nt.au

eglowo = = S qLTAY TV TEOTOOT 6 TOOTOVTG
m e i N,7,;  09241-N,nat;;  0.9241:-N¢p nv . m p n pay G

EUTAOVLTIOHOD d&V NTOV GYVOGTN TOGOTNTA OALE 1) TEPLEKTIKOTHTA TOV GUGIKOD Abiov oe 'Li,
oniaon 0.9241. Ta Tov VTOAOYICUO TOL AOYOL TV YDV YPNCLOTOMNONKAY TO QAGLOTO
devtepiov og yapnrég evépyeteg (<~1200 keV) kat yuo yovieg 140° kou 150° 6mov 10 9BOp1o
axolovbel v okédaon Rutherford evtog 2% [11]. H tiun tov Adyov tov mtox®V vroloyictnke
ion pe 0.0084 + 0.0004. 'Eva tumikd @dcpo tapovctaletor 6To Zynua Vi yio evépyela devtepiov
1000 keV ko yovio okédoong 140°. T v TPOCOUOI®ON TOV QUOUAT®V deVTEPIOV
ypnoormomOnkav tipég Rutherford yio tig evepyég dratopéc Tov pBopiov Kot Tov xpveod, Vo yia,
tov avOpaxoa [14] kou o o&uydovo [14] ypnowonomOnkav ot aloloynuéves TéG, ol Omoieg
vroAoyiotkav péow tov SigmaCalc 2.0, 0nwg awtd €xet soaybei oto SIMNRA 6.94.

I I I I I
200 ¢ Experiment AU o ]
(E,,,,=1000keV, 140°)
600 4 |—— SIMNRA 6.94 simulation 4
500 nat. - .
Li(d,d)
S 400 + C ]
p 7
300 Li(dp) F ]
+
12
200 4 C(d.p,) ]
100 4 ‘ .
0

200 400 600 800 1000
Energy (keV)

2yniua Vi Teipopoatixo kar Ipocouoimuévo pacuo. yia. v evépyeta ocvtepiav Eqja = 1000 keV yio tyv
yovio, oxédoons 140° uoli ue v avayvopion twv aviioTtorywy Kopvemy.

Ot tehKéC TIHEC TNG S0POPIKNG vepyod Statopng g elaotikng oxédaong 'Li(d,do)’Li yio
VYNAEG EVEPYELEG KOL Ol TEMKES TYES TNG OLOLPOPIKNG EVEPYOD SLOTOUNG TOV 0OPOIGLATOS TMV
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avtdpdosov ‘Li(d,do)’Li war ‘Li(d,po)’Li yia yaumAéc evépysiec mapovctalovial Ge YPoPIKh
Hope1 oto Zynua Vii a-e. H kabetn kokkvn ypapun oto Zynuota Vii b-e yopilel ta ypagnuota
og 6vo TePloYES amotedecpudtmv. Onmg cuintinke mapamdvo, yio g 125° (Zyfua vii a) dev
vdpyovy dedopéva yoo Ty avtidpaon 2C(d,p1)BC omyv PiPlioypagio kot emopdvag Sev
e&Nydnoav amoteléopata yio TV Yo UnA Teployn evepyeldv. [a tig vynAég evépyeteg devtepimv,
070 Xynua Vil a n dtapopikn evepyds SlaTopun mTov TPOoGdIoPIGTIKE GLYKPIVETAL e TNV LITAPYOVGQ
oV BipAoypaeio arnd Tov Ford [15] vrodeicvbovtog Kol cuue®vio EVTOg GRUAUATOV, £BC Kot
5%. Xto oynuata Vii b-e évag cvvtoviopog avadeikvoetar oty gvepyetakn meployn tov 1000
keV o omoiog Ba pmopovoe vo omodobei 6to dfpotopa Tov dvo avtidpdosmv ‘Li(d,do)’Li ko
"Li(d,po)®Li e&outiag g otdOunc e evépyeta Ex =17495 keV kot evpoc I'= 47 keV tov ovvBeTon
mopriva °Be. H 6160un ot avtictoyei o dsvtépia evépystag 1027 keV (610 c0oTNHa avapopdc
TOL gpyootnpiov). Xto Eynua Vii d meplapfdvovior kot ta vadpyovto ded0UEVO OO TOVG
LLombaard et al. [16], ta omoio avTicToOOV POVO 6TV shactik okédaot 'Li(d,do)’Li o€ 6Ao To
evepyelokd e0poc. Xe avTA To OEGOUEVO 1] ETKAAVYT] HETOED TOV KOPVPDV TOV OVTIGTOLYOVV GOTIG
avtdpaoetc 'Li(d,do)’Li, "Li(d,po)®Li ko 2C(d,p1)*C Aoy mapovca oo pAcHAT, EPOGOV SEV
VIPYE Kamolo cvuotnua wavd vo daywpilel paleg copatdiov. H copfoln mg aviidpoaong
12C(d,p1)**C vroloyictnke pécm Tov aptdpod TV ELACTIKA oKeSA(OUEVOV dsvTepi®V Omd TNV
EMUOIVVOT TOV AVOPOKOL, OTOC GTNV TOPOVGO. EPYOGio Ve yia TV ovTidpaon 'Li(d,po)°Li, kabdg
1N KOpLON TPOTOVIOMV KvoLTav PECH OO TNV EAACTIKY GKEDAOT] VITO-UEAETT), | GUVEIGPOPE TNG
VTOAOYIGTNKE TOiPVOVTAG TOV HEGO OPO TOL OPLOROV TPMTOVIOV GTIC dVO TAEVPEC TNG TEPLOYNG
EMKOALYNG. e OAN TNV TEPLOYT LEAETNG 1] CLUP®VIO EIVOL IKOVOTTOMTIKNY EVTOS GOUAUATMV.

A&iler va emonpovOet 6Tt o1 TIHEG TG S1POPIKNG EVEPYOD SLOTOUNG TOL TPOGIOPIoTNKAY Elval
eEoupetikd vynAOTEPES amd TIc avtiotoryeg TiéG Rutherford. Edikd yio vymAég evépyeteg kot
yovieg évtovng omie006KESUGNC 0L TIUEG TOV TPOGIOpIoTNKAY Eivat £mG Kat 23 POPEC VYNAITEPES
and T1¢ avrtiotoryeg Rutherford, omwe eaiveton oto Tyfua Viil. Zyetikd e v yoVIoK KOTavoun
™G S10opIKNG EvePYOL StoTopng TS ELIOTIKNG okéSaomg devtepimy og 'Li, Sev sivan eEarpetid
évtovn, OTmg @aivetar oto Xynuo Vil kabhg oe didotnua 10° dev gppoviCovror onuavtikég
OAAOYEC OVAPESO OTIG TIHEG TMOV OAPOPIKADV EVEPYDV OLULTOUDV.
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Zynpa Vii ) diapopiii evepyoc dratour; e ehaotikic oxédaons 'Li(d,do) Li o yovia oxédacnc 125° mov
TPOCOIOPIOTIKE OTO. TAGLCLO THS TOPOVOOS EPYOTIOS KOl GUYKPIVETOL e To. oedouéva tov Ford, b,c)
Aiagopikij evepyoc drazous; yio tic yovies 140° xau 150° avriororya e e shaotixic oxédaonc 'Li(d,do) Li
yio. evépyeleg oevtepiav vyniotepes omo Eqjan = ~1300 keV (kokxivy kdbetn ypoyun) kot yia o dOpoiayio.
twv avudpdoewy 'Li(d,do)'Li and ‘Li(d,po)°Li oe yauniérepec evépyeiec, d) diapopixii evepyoc diatous yia
v yovia 160° ¢ elactikic oxédaonc 'Li(d,do) Li yia evépysiec devtepicv vyniotepes omd Edjan = 1270
keV (xoxrivy kbstn ypauus) kot yio to dlporoua twv avrdpacemy 'Li(d,do) Li and ‘Li(d,po)°Li yia
XOUNAOTEPES EVEPYELES devTEPLWV 1Ol e To. dedouéva amd tovg Lombaard et al. (rov avrigroryoiv uovo
oty ghaotixhi oxédaon 'Li(d,do) Li oe 610 10 evepysiard edpoc €) Aiapopikii evepyodc diazous) yio Ty ywvio
170° ¢ elaotikic oxédaonc 'Li(d,do) Li yia evépysiec devtepicoy vymlotepec amd Eqjan= 1220 keV
(xoKxivy kGOstn ypouusy) Kot yia to dlporoua twv avadpasewmv 'Li(d,do) Li and ‘Li(d,po)°Li yia
HOUNAOTEPES EVEPYEIES OEVTEPIV.
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Zynuo. Viii Aéyoc w¢ mpoc v Rutherford ¢ elaotiic oxédaonc 'Li(d,do)'Li yia o evepysiaro svpoc
940-2000 keV yia dlec tic ywvieg omobookédoons mov ustpndnkay.

Y7oLoyionoc 10.00ptknic evepyov drotounc ™ ehootikic okédacnc *Be(d,do)°Be

H Suapopikn evepydg dtatoun e ehacTikic okédaong devtepimv oe *Be mposdiopictnke yio 10
gvepyetoko evpog 1600 — 2200 keV, pe Prpa 20 keV kot yia tig yovieg oxédaong 120°, 140°, 150°,
160°, 170° was studied. v meproyn peréme tov ovvBstov mopiva 1B vdpyovv dvo oTabueg
ne evépyetec Ex =17310 keV kot Ex"'=17500 keV pe gopn I'~1 MeV and I'=116 keV, avtictotyo.
H 160un pe evépysto Ex =18000 keV ko svpog I'=870 keV pmopei emiong va ennpedoet Ty vio
LEAET evepyO dlatop AOY® TOL peydAov €Hpovg TNG.

O o10%0¢ mov axtvoPfoindnke Ntav éva eOAL0 SisNs4 pe éva Aentd otpodpa PrnpvAiliov
EVOTTOTIOEUEVO OTO TTAV® KO £VOL TUTTIKO PACLLO QOIVETOL GTO TN IX Y10 TV EVEPYELD, SEVTEPIMV
1960 keV kat yia v yovio okédaong tov 170°. Onmg @aivetal to @ACHOTO TEPLEYOVLY TIC
TOPAGITIKEG GLUVEIGPOPES amd vBpaKa Kot 0EuYdvo o1 0moieg OPEIAeTOL TNV TEYVIKY EVaTODECTNC
0V fnpvAiiov 6tov 6T0Y0. Ddcpato TapOnKay ETioNS KO Y10 YAUNAOTEPEG EVEPYELES OEVTEPI®V
(~1000-1600 keV), ®6td660 10 TPOPANUA TOV ETKAAVTTOUEVOV KOPLO®OV HETAED TNG EAAOTIKNG
okédaong oe *Be Kot ¢ avtidpaong 2C(d,p1)**C eppavictke kat oe avtv ™V TEpintoon. H
apaipeot TS GLVEIGPOPAS TG avTidpaong 2C(d,p1)3C, pe tov 1810 TpdTO IOV TPOYUATOONKE
otV TEPInTOON TS EMAOTIKY okédaong og Li, ftav advvatn ce autv TV TEpinToon kodde M
GUVEIGPOPE. TG avTidpaong 2C(d,p1)PC frov peyoldtepn omd onT TG EMACTIKYG GKéESAONG
Be(d,do)°Be, To omoio Ho 0d1yovse og un afdmoTa amoteAécpata. Was again present. Emopévaoc,
dedopéva e€nybnoav udvo yuo Tig vynAotepeg evépyeteg (1600 — 2200 keV) omov avti n
EMKAALYN OEV VTPYE.
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Ot TeEMKEG TYES TG EVEPYOV OOTOUNG TNG EAACTIKNG OKESAOTG TOV fnpuAAiov vToAoyioTKOV
uéow e oxéong (Xvii).

do_)Si,Ruth

O 6pog (E . VIOAOYIGTNKE YPNOIUOTOIDVTOC TV o)éon Tng okédaong Rutherford, pe évav
1000

dopBwtikd mapdyovto yio To eawvopevo ¢ dopdakiong (screening effect), kabmg n dropopikn
gvepyog dtatopn e "Si(d,do)"Si dev mapovoidlel amokiicelc amd ™ okédaon Rutherford yia
evépyela devtepiov 1000 keV [6]. H evépysio tov devtepiov 1 omoio ypnoiomomnke yio tov
VTOAOYIGUO TNG EVEPYOL SLUTOUNG TOV TVUPLTIOV OVTIGTOLYOVGE GTNV EVEPYELN OTN LLEGT] TOL TAYOLG
0V SizNs 6100V, GLUTEPIAAUPAVOVTOC TV ATDOAELD EVEPYELNG GTO GTPMLLO frpvAiiov.

Ot 6pot Qpudp kar Q 95, TPOGIOPIGTNKOV YPNGLOTOLDVTAG TOV OAOKANP®TH Goptiov (current

integrator) o omoiog ¥pPNGOTOLOVTAY KOTA TN SAPKELD TOV HETPNOEDV. TO GLGTNUATIKO GOAALL
TOL current integrator avopévetat vo dtaypagei kabmg n oxetikn néBodog Tov ypnoiuoronke
nepthapPdvel Adyoug Kot Oyl amOAVTEG TUYLEG.

L —
——E,,, = 1960 keV, 170°

3000 12 14 1501
Ci N(dp,) N

2500 ] natgj | ]

Yield

IV I

1500 -+

sy |

14

500 Fop.s,

! \ "
o ‘ WAV _— , l\ N\

N"\.’w"

800 1000 1200 1400
Energy (keV)

2yniua X Torikd mepopatio pacuo. e ueufpdvns SI3N4A ue to Aentd arpauo. frpvidiov amd wave yio,
™mv evépyela devtepimv Eqjap=1960 keV kot yia v ywvio oxédaonc twv 170° uali ue v avayvapion twv
OVTIOTOLY WV KOPLPDV.

Nt
NBe
armokthOnKav otic evépyeleg 1200 keV ko 1500 keV kat otig yovieg okédaong 150°, 160° ko 170°
OOV M EVEPYOS SLOTOUN OV TAPOVGIALEL LEYAAES OLOKVUAVOELS KO AETTOVG GUVTOVIGHOVG. [1a

TV TPOGONOImMGT TG KOPLONG TG EAACTIKAC okédaong “Be(p,po)°Be, amovsio a&toloynuévev

o va vroAoyicovpe Tov 6po ypnowonombnke n teyvikn pP-EBS. ddopata tpwtoviov
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dedouévov 1 benchmarked dedopévav, ypnowomombnkav dedouéva amd v Piprlioypapia.
Yuykekpipéva, ypnotporomnkay to. dedouévov towv Liu et al. [17] otg 170° , ta omoia
ovpemvovoay evtoc 4%, ue ta dedopéva twv Krat et al. [18] otig 165°. "Eva meipopatikd gpdoua
pali pe 1o TPOGOUOL®UEVO TOPOLGIALETOL 6TO ZyfLo X Yo TV evépyetla tpotoviov 1500 keV kat
yio TV yovia oxédaonc 170°. H texvikn p-EBS 0d1ynoe o tiun tov Adyov tov moxdv N5°t: NB¢
ton pe 0.200 £ 0.010, £yovtog éva GYETIKO OTATIOTIKO GQAAL0 5%0.

— r ————r—r—
b 12 12 o
14000 - C(P.p)"C [« Experiment ,
: (E, ,,=1500 keV, 170°) ]
12000 ~ —— SIMNRA 6.94 Simulation § 7]
10000 ]
[%2] b L
€ 8000 - 7
= 1 i
3 )
O ; ;
6000 o © o 7
] Be(p,p,) Be 14 4 |
i . 0 N( ’po) N L
4000 - 7
] \ leo(pypo)leo ]
2000 4 j "Si(p,p,)™'Si 1

0 T f A

900 1000 1100 1200 1300

Energy (keV)

2ynuo. X leipouatino kai Ipocopoimuévo pacua mpwtovimy mov axoktinke oty evépyeio Ep1an=1500
keV kot ot ywvia 170° uali ue v avoayvapion twv avtiotoLymy Kopoeav.

Ot TeMKEG TIHEG Yo T Sapopiky evepyd dtotopn] g shaotikic okédaong °Be(d,do)’Be oo
evepyelakd €0poc Eq1ap=1600-2200 keV, pe Prua, kot yio tig yovieg okédaong 120°, 140°, 150°,
160° ka1 170° mopovcidlovtal og ypagiky popen oto Zynuata Xi a-e, uali pe to dedopuéva mov
vrdpyovv ot Broypagio. Ta cuvoAMKd GYETIKA GTATIGTIKA GEAApaTa dgv vepPaivovy To 5%
o€ KaBe evépyetla yio Oheg TG Yyovieg. Oowv apopd To GLGTNUATIKE GEAALATO TOV APOPOVV TIC
SPOPES LETAED BE@PNTIKAOV Kol TEWPAUATIKOV OEO0UEVAOV Y10 TNV 16Y0 avacyeong eivarl ~4% y
10 mopito k. ~3.4% vy tO0 PnpvAlo, OmmG avaeépetor ot oeiida tov SRIM
(http://www.srim.org/). Ot afeBotdtnteg 660V apopd v evépyela g déoung ftav ~3 keV ord
v Padpovounon tov enttayvve kot ~2.2 keV amod tov dtackedacpd g dEcoune Héca 6Tov GTOYO
TOL TPOGOIOPIGTNKE.
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H doun twv perpnuévav dedopévov pumopei va opeiletol otig otdluec tTou cuvBétov Tupnva ot
onoieg avoeipnkay Topomdve. Tto oyfuatae Xi a-d mapovctdlovial peyarlec amokMGoEeLS pe Ta
dedopéva twv Lombaard et al. [19] og 6A0 10 evepyelaxd e0pog Kot yio OAEC TIG YOVIEG OKEDAONG,
Y®Pic ®oTOG0 Vo VITApYEL GaPNg Adyos. Mo miBovn eERynon eivat 0Tt 1 amdkAion avtr oyetiletan
LLE TOV TPOTIO TTOV £YIVE 1) APAIPEST TNS GLVEIGPOPAS TS avTidpaonc 2C(d,p1)BC and v kopven
g °Be(d,do)°Be omd tovg Lombaard et al. Zvykpivovtag to dedopéva TG mopodcag epyusiog pe
to avtiotoryo tov Machali et al. [20], yio v yovio okédaong tov 160° mapotnpeitor KoAn
oVYKpIoN VO Yo TIG Yovieg okédaong 120° kar 140° mapatnpodvrol Stopopés e To. dedouEva
tov Machali et al. va givarl cvotnuatikd mo yaunid. Ot dragopéc otig ywvieg Tmv 120° ko 140°
umopel vor 0QeiAovTol 6ToV VEKPO YPOVO TV TOAVKAVOAIK®OV OVOALTMV, OOV, OTMS OVOPEPETOL
o710 [20], rav n kopro Ty afefatdTnToc oTIC TO UIPOOTIVEG YWVIEG Kot purmopel va e€nynoet tnv
Taon mov vrapyel. Ta dedouéva oto oynua Xi b tov Machali et al. petprinkav otic 131° xon
ovykpivovior pe ta mopdvia dedopéva otig 140° kabdg MTav M Mo KOVIV Yovio, Tov
npoypotoromdnkay petpnoeic. oty povn ko yovio pe to dedopéva tov Renken [21] otig
160° , mapatnpeitol koA cupE®Via EvTOg TV opiov afefatdTrag TapdAo TOV TO SESOUEVE. TOV
Renken petpribnkov otig 158.9°.

AmorMioglc Tov HETPNUEVOV TILOV TopoTnpovvTal amd Ti¢ avtiototyeg Rutherford tipéc, pe tig
LETPNUEVEG TIHEG VaL €IVOL GE KOTOLEG TEPITTMGELS SITAAGLIES, OTWS POIVETOL 6TO Xynuo. Xii. Mia
1OYVPN YOVIOKT Kotovoun epgaviletol oto Tynua Xii pe tig 6vo mo umpootivég yovieg (120° and
140°) vo epgaviCovv peydreg dtapopéc amd T Mo micwm yoviec. Avtq 1 ovumepipopd Oa
umopovoe va OQEIAETOL GTNV YOVIOKN €50pTNON TV oTtdBuemv tov cbvBeTov TLPN VO GTNV
EVEPYELOKT| TEPLOYN TOV UEAETATOLL.
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sxiua xi a-e Tiuéc ¢ drapopixic evepyod diatouc (MbISr) ¢ elactixic oxédaonc *Be(d,do)’Be # omoia
uetpnre ato evepyeiono ebpog Eq1an~1600-2200 keV kot yia yawviee oxédaone 120°, 140°, 150°, 160° ko
170°, ue evepyerara fruota ~20 keV, uali ue to vdpyovia dedouéva. oty Piprioypagpio.
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2ynuo. Xil A6yog tne UETpRUEVNS O10POPIKIS EVEPYOD dratouns we mpog Tic avtiotoiyes Rutherford ziuéc
¢ elaotixic oxédaonc *Be(d,do)’Be yia to evepyeiaxo ebpoc devtepicv 1600-2200 keV yia GAeg tic
VYWVIEC OKEDOONC TTOV UETPNONKOV.

Y7moloyiouoc S1o@opiknic evepyov dratomic e ehaotiknc okédaonc "IN(d,do)"aN

H Swpopikr] evepydg Swatopn; g ehootikig okédaomng devtepiov oe "N perpidnke oto
evepyetako gvpog 1000 — 2200 keV pe Pripata ~10 keV ko yia tig yovieg okédaong 120°, 130°,
140°, 150°, 160° kar 170°. To evepysiokd e0pog Tov cvvOetov mupiva PO mov peretiOnke
nephopPdvel TOAAEC Kot emkoAvmtOpeve otdOuUEG, Ol omoileg @aivoviol GTO EVEPYELNKO
Stbrypappo Tov Tyfuorog Xiii.
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Levels
E(keV) | T'(keV)
23235 560
23000 <500

22661.1 ke\V. 22890 300
22650 60

22500 400
22350 175
22150 680
22040 60
21776 43
21648 115
21623 60

Q, = 20736.1 keV
14N + d

21611.1 keV

150+n

5072.2 keV 21500 120
20857 900
8
+
‘He+3q —sot2%
6299.5 keV 6207.6 keV 15N +p
8608.7 keV

12C +a

13574.2 keV

160

Zynpa Xiii Evepysioxo didypopua tov ovetiuatos d+¥N oto adotnua avapopac palcv

O mpocdiopiopdg Tov Adyov maydv Naw/N"\ tpocdiopictnke pe xpion g teyvikng p-EBS yio
TG evépyeleg mpwtoviov 980, 1200 xar 1300 keV. H ypnion ¢ OLYKEKPIUEVNG TEYVIKNG
TPOTIUNONKE €POGOV O TIHES TNG OLOPOPIKNG EVEPYOD SATOUNG TNG EAUCTIKNG OKEDOONG TMV
npotoviov ard aloto £yel a&loloynuéva kot benchmarked dedouéva [22]. H tedikn tiuf tov
AOY0V Nyyy: Nnary itav 0.0423 + 0.0011, dnAoodn iye oyxetikd otatiotikd cpdiuo 2.6%.

4000 T T T T T
» Experiment Au
(E. .. =1300 keV, 170°)

p.lab

—— Simulated (SIMNRA V.6.94)

3000 4

2000 4 b

Counts

1000 b

vl

T L] T
700 800 900 1000 1100 1200
Energy (keV)

Zynua XV Teipopotikd kot mpooopoiwuévo paoue. tpwtoviny evépyeiog 1300 keV yio v yovia
okéoaons twv 170° wote va xopaxTnplotel 0 TOY0S Kol VO TPOGOLOPLGTODY 01 TYLES THGS OLOPOPIKHG EVEPYOD
Srazounc e elaotikng oxédaons "N(d,do)"™N.
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Ot teMKEC TIHES TN S10POPIKNG EVEPYOD SITOUNC TNG EAUGTIKNG okédaong devtepimv amd "N
napovolaloviol oto Zynua XV a-f yio 1o evepystoko gvpog 1000 — 2200 keV pe pruata ~10 keV
Ko yuoo Tig yovieg okédaong 120° 130° 140° 150° 160° xor 170°. Ot cuvoMKEC GYETIKEG
ototioTikég afefarotnteg dev Eemepvodv 10 5.3% yua 6Aeg Tic TepmTdGES. Ot GLGTNHOTIKEG
afePordmreg oYETIKA HE TIC O10POPEG TMV BEMPNTIKOV Kol TWV TEPAUATIKOV OEGOUEVMV Y10l TNV
woyd avacyeons oe mopitio Nrav 4% evod Yo v mepintoon tov aldtov Nrav ~2.9%, dmwg
avaeépetol otV 1otoceridn Tov SRIM. Ot afefatdtnteg oyetTikd pe TNV EVEPYELD TNG SEGUNG TV
3 keV amd v evepyelakn Babpovounon tov emttayovey ko 2.3-2.4 keV and tov daockedaoud
NG OEOUNG LEGN GTOV GTOYO TOL VIOAOYIGTNKE.

210 Zynpo XV o T LETPNUEVE. ATOTEAEGLLOTO, BPICKOVTOL GE KOAT CULPMOVIN Y10 TIG TEPIOCCOTEPES
TMEG TNG EVEPYELNG, KUPIWG OTIC VYNAES TIHEG TG EVEPYELNG pe Ta dedopéva v Seiler et al. [23]
kot Twv Gomes Porto et al. [24] , ta omoia givon petpnuévo otig 118°, evd yio Tig yaunAég evépyeteg
T TpovTApyovTa dedopéEva Tapovatdlovy yauniotepeg Tipéc. H idwo katdotaon mapovstdletan
Kot 670 Zynua XV f, dnAadn mohd Ko copeovia viog o@oiudtov e to dedopuéva tov Gomes
Porto at al. otic 167° ywo tig vyniéc evépyeieg (vymAotepeg amd 1500 keV), evd ya Tig
YOUNAOTEPES EVEPYELEG O AMOKAIGELG ovEdvovTat. Xto oyfpa XV b, n katdotoon sivar avtiotpoen
dNAadN vdpyel CLUE®ViR EVTOG cEaAUGTOV pE To dedopéva Seiler et al. yio tig yaunAéc evépyeteg
EVD Yo TIC VYNAEG evépyeleg o dedopéva tmv Seiler et al. mapovoidlovv Tipég cvoTuatiKd
yauniotepes. T'a v yovio okédaonc tov 160°, ta dedopéva tmv Seiler et al., petpnuéva otig
164°, givar cvotnudtikd mo younAd oe OA0 T0 VIO pEAETN evepPyElKd €0POC. TNV YWVio TOV
140°, 1 ovpovia pe ta dedopéva twv Csedreki et al. [25] eivan evtog opolpdtov, 6o eaiveta
0TO ZyNUa XV C. g TEPUTTAOGELS OOV YPNCULOTOOVVTOL AEPLOL GTOYOL Kol 1 amdAvTn péEB0d0G yia
TOV TPOGOOPIOUO NG EVEPYOD dlATOUNG, OTmG oLVEPN ot mepurtdoelg [23] o [24], ot
afefordotnteg mov mpokOEMTOVY Eivon peyaAVLTEPES. Avtifeta, otV Tapovc epyacia, OTOL
xpNoonomdnke otepeds otdY0G kKol M OoYeTkn pEBodog pETpMomg, TPoodlopicTNKAY
GUGTNUOTIKA OEOOUEVA, Y1OL TOV LIOAOYIGUO TV omoimv elxe eEarelpBel n afefordotnTo g
napopétpov QXQ kot giyav meploptotel o1 LoTNUATIKES aPePAOTNTEG TOV TPOKVTTOLYV OO TO
TPOGIOPIGIO TOV TAYOVS TOV GTOYOV.

H enidpaon tov odvBetov punyaviopod avtidpoong HEAETATOL UEC® TOV XyNUATOC XVI OOV
eEetalovtal o1 AOYol TV O0POPIKMY EVEPYADV SLOTOUMV TNG EAACTIKNG OKEOAOTNG dEVLTEPIOV GE
alwto w¢ mpog Tig avtiotoryec Rutherford tpéc. TMopoatmpeitoanr 0TL o1 pETPNUEVES TIUEG TMV
SAPOPIK®V EVEPYDOV dlaTop®dV givart yauniotepa. amd Ti¢ avtiotoryeg Rutherford tuég oe 6Xo 1o
EVEPYELOKO E0POC VIO HEAETN, OV KO DIAPYEL L0l QVENTIKT TAGT OTIC VYNAEG EVEPYELEG KO Y10 TIG
o miow yovieg okédoong. Avtn n ovumepieopd Bo pmopovoe vo omodobel oTic TOAAEG
EMKAAVTTOUEVEG GTAOLES TOV GUVOETOL VPN VA GTNV TEPLOYN LEAETNG CALG KoL GTIC EVEPYELOKA
KOVTWVEG TTEPLOYEG, 0moieg paivoviar 6to Zynua Xiii. H exidpacn avtdv tov entkKoAvTTOUEVOY
otéOuewv Bo pmopoboe va oOMYNOEL O Amovscio. £VIOVMV eAoyioTOV Kol HEYIGT®V OTN
CLUTEPLPOPE TNG EVEPYOD SLOTOUNG LLE IGYLPTN EEAPTNOTN OO TNV YOVia, OTMS POIVETOL GTO XyMLLaL
XVI, Y10, VYNAEG EVEPYELEC KO TTO® YWVIEG OKEDAOTC.
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o XV a-f Tyéc e Stopopikhc evepyod doropng (mb/sr) tg ehaotikng oxédaong 1*N(d,do) N, ot omoieg
petpnnkav oto evepyelakd e0pog Eq1a~1000-2200 keV kau yia t1g yovieg oxédaong 120°, 130°, 140°, 150°,
160° and 170°, ue evepyeiokd Pruata ~20 keV, pali pe ta dedopéva mov vrdpyovy oty Bipioypaeio.

L] L] L] L] L] L]
114 Present data .
e 170deg 4 160deg
v 150deg <« 140deg -

130deg » 120deg

o

Ratio to Ruterford
o
b

044 ]

I I I I I I I
1000 1200 1400 1600 1800 2000 2200
Ey o (KEV)

2yipa XVi A6yog Tmv OLapopLkdy eVEPY®Y OLATOUDY TOV UETPHONKOY Lo THY EAACTIKI] OKEOOON
YIN(d,do) N we mpoc tic avtiororyec iuéc Rutherford oo evepyeiaro etpoc devtepicov 1000-2200
keV yia dleg ti¢ yawvieg oxédoons mov uetpnOnrov.

Y0oAoy16 16 S10.00ptknc evePyYov dratounc e eAasTiknc okédaonc 2Na(d,do)*Na.

H Swopopikry evepydc Statopy e slaoTikig okédaong devtepimv amd 2Na peketidnke o610
evepyeloko evpog Eqd b= 1060-2400 keV pe Pripata ~20-30 keV kat yio ti¢ yovieg okédaong 140°,
150°, 160° and 170°. 10 gvepyelakd g0Pog OV PEAETNONKE OEV VITAPYOVY YVOGTEG GTADES GTOV
cHvOeTO TVPTVEL IOV dpovpYEiTan ZMg.

O Aoyog moydv ¥7Au:Na mposdiopiotnke pécm g texvikng p-EBS émov pdopata mpotoviny
napOnkav otig evépyeleg Ep1av=1200, 1360, 1430 keV ko yio 11¢ yovieg oxédaong 170°, 160° and
150°, @ote vo amogevyfovv apePardtnteg e€attiog Tov Sl00KESAGUOD TNG déounc UEca GTOV
ot6yo. H tyun tov Adyov Nt'A”/ N,y vroloyiotnke ion pe 0.038+ 0.001, dniadr mapovoidlet

OYETIKO OTATIOTIKO oQAaApa 2.6%. A&ilel va onuewmbei edd 0Tt T0 Pdcpa oe evépyelo 1200 keV
Koy yovio okédaong 150° dev cvumepdn@nke 6Tov VITOAOYIGHO TOV AOYOL Ay MY TOV GTOYOV
€POGOV TOPOVGLAGTNKE LU0 LEPIKT] EMKAALYN HETAED TMOV EAACTIKOV KOPLODV TOL VOTPIOL Kol
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10V 0&VYOVoL. Ta amoteAéopatao AVTHE THS SL0BIKAGING PaivovTal 6To Tyfuo XVil ylo tnv evépyeia,
npwtoviov 1360 keV kot yia v yovia okédaong tmv 160°.

2800 4 e Experiment SNy ]
(Ep 5= 1360 keV, 160°)
2400 4 | = Simulation (SIMNRA v.6.94) “ -
2000 = -
5 1600 4 -
2
> 12C

1200 = -

800 -

400 =

—_r— —
1000 1100 1200 1300 1400
Energy (keV)

——
800 900

2y XVii TTelpopotikd Kol mposopoimuEvo pacua IpmTOVIWY, T0 0T0l0 OTOKTHONKE Yia. TOV
TPOGOLOPIGUO TOV AGYov TV Tay v, o¢ evépyeia 1360 KeV kar ywvia oxédaons 160° uali e tmy
oVOYVWPLON TV OVTIGTOLY WV KOPOPDV.

O AOY0C TV SL0QOPIKDOV EVEPYDOV SIATOUMV TNG EANGTIKNC okédaong devtepimv oe 2 2Na w¢ mpoc
11§ avrtiotoyeg Tuég Rutherford oto evepyetaxod evpog 1060-2400 keV pe Prina ~20-30 keV ya
TG Téooepic peTpnuéves yovieg 140°, 150°, 160° and 170° mapovoidletal o€ ypapikn Lopen oTa
Yynuata Xviii a-d. Ta cuvolkd oyetikd otatioTikd c@dApata dev Eemépaoay to0 ~4% oe OAeC TIg
nepmtocel. Ot ovomnuatikés afePordnteg mov ogeiloviar 6Tl SPopEs HeTAld TmV
TEPAUATIKOV KOl TOV BE@PNTIKOV TILOV TNG 16Y0¢ avaoyeons Ntav 3.6% yio v tepintwon Tov
XPLGOV EVO ywo TV TepinTmon Tov vatpiov eival dyvootes. E&etdloviag tovg yettovikoig
TLPNVES, dNAAdN TO VEOV Kol TO aAovivio dtapopéc uéypt 2.8% mapovoidlovrat. Ot afefardtnTeg
oV gvépyelog TG déoung tpocdiopiomkay o¢ ~3 keV and v Pabuovounon tov enttayvv
Kot 5.1 KeV amd tov evepyelakod S100KeSUOUO TNG OEGUNE GTOV TPOCIIOPIGUEVO GTOYO.

Ioyvpéc amoxhicelg mapatnpodvion ota Zynuata XViii a-d o oyéon pe ti¢ avriotoyeg Rutherford
TIHEG, E101KA 0€ VYNAEG EVEPYELEC OEVTEPIMV OOV O1 LETPOVUEVES TIUEG GE KATOLEG TEPIMTMGELS
etavouv péxpt kot 35% yauniotepo omd tnv Rutherford. TMopopown cvpmeprpopd &ixe
napatnpndel xou otV mEpinTmon g elootikhg okédaonc "IN(d,do)"™N, émov ot petpnuéveg
TIWEG Nrav yapmAdtepa amd TG avtiotoryeg Rutherford tyég oe 6AN v evepyelakn meployn
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uelétne. Xta. oynuoto Xviii a-d mwapatnpeiton emiong évo gldyloto oe evépyeia ~1800 KkeV.
E&attiog TnG amovsiag evepyelakdv oTtdfemy 6tov ouvheto mupnva 2°Mg, 1| mopovsio avtod Tov
eldyrotov 0ev umopel EeKABapa Vo CLOYETIOTEL LE GUVIOVIGUO KATolo oTABUNG Tov cHVOETOL
mopnive. Amd 10 Eyxnua XiX, 0mov €xovv mopoactobel ypapikd Oleg oL yovieg okESNOMNG,
TOPOTNPELTAL OTL 1] YOVIOKT KOTOVOUT EIVOL OLLOAT).

T | | \ . Pre:sentworlk, 140°II Ew_ H | | | . Prese;twofkillflol)l I_
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. iy %@ﬁ ey
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Zyiua XViii A6yo¢ twv diapopirdv evepydv dratoudv e elactirhc okédaonc **Na(d,do)*Na we mpoc ¢
avtiotoryeg tiuég Rutherford oto evepyeianod ebpog 1060-2400 KeV ue fripo ~20-30 kKeV ko yio. ti¢ téooepis
uetpnuéves yowvieg 140°, 150°, 160° and 170°. Ot tyuég te ovovolikig otatiotikng afiefaidtyag mepiloufidvovia
oTa YPOPIUOTO.
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Zynuo. Xix A6yoc twv diapopikdv evepydv diatoudv me elactixic orédacnc **Na(d,do)*Na w¢ mpoc tig
avtiotoryes tiués Rutherford oto evepyeiaxo ebpog devtepicwv 1060-2400 keV kar yia dleg ti¢ yawvieg
OKEOQONG TTOV UETPHONKAV.

"Elegyyoc aéromoTioc yio Tnv ehactiky okédaon "ASi(d,do)"Si

O ékeyyoc a&lomotiag (benchmarking) Tov Sl0QopIKdY EvePYDV SOTOUDY TOL TPOGOOPIGTNKOLY
Y1 TV ghaoTIKY oKkéSaon devtepiov and 22Na mpayparomomdnke akTvoPordvTag £vav moyd
o100 NaCl pe devtépra evepysiwv Eq,1ap=1110, 1320, 1500, 1640, 1820, 2060 kot 2300 keV yia
Ohec TIC Yoviegc okédaong mov petpnibnkav, oniadn 140°, 150°, 160° and 170°. T v
TPOGOLOIMGT TOV PACUATOV TayEog aTdYov Ypnotporombnkay Rutherford tyuég g dtapopixég
gvepyov dlatoung yio o 1otoma Tov yhmpiov ((°Cl xon *Cl) pali pe v S16pdwon o t0
eawvopevo tov screening oto mpdypoppo SIMNRA. T Ty TOPOOITIKY) GUVEIGQOPH TOV
0&uyovov kat Tov avOpaka ypnoporodnkoy a&loloynuéva dedopéva and to SigmacCalc 2.0, yua
T1¢ ehaoTikég okedaoelg, 2C(d,do) 2C kar 20(d,do) %0 oddd kar yio Ti¢ avTidpdoetg °0(d,p1)’0
won °0(d,a0)N. O1 mapociTikéc aVTEC GLVEIGPOPEC TOL AvOpaKa Kot E81KE TOv 0EVYOVOL sival
avarndeevkteg e€attiag e vdpookomikng vong g okovng NaCl. Qotdoo, n emhoyn avTig TG
okOVNG amoTeAEl UL GLVETY] EMAOYN KaBMOG av eMAEYOVTOG £VOC GTOYOC TOL TEPLEYXEL KATO10
otoyeio pe peydro atopikd apBuod wy. NaBr 1 Nal — 1 evdoeic pe o&uyodvo 6tov ynukd Tovg
tomo m.x. Na2O 11 NaOH, 16te 10 otoyeio pe tov peydio otopkd apBpd Bo dnuovpyovcs
onUavTIKO VoPabpo kAT amd TV cuvelspopd Tov Na, 0dNydVToS 6 VYNAOTEPT CTOTIGTIKN
afePordmra. To 1610 16Y0EL Kot Y10 TNV GLVEICPOPA TOV KOVOADV OvVTIOPOONG OTNV TEPITTMON
0V 0EVYOVOV.
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H ddwcacio benchmarking &exivnoe pe tov mpoodiopiopd g cHotaong Tov 6tdyov. Avto
TPOYLLOTOTOIONKE YPNGLUOTOIDVTOG TO TEWPAUATIKO PAGLO TOL avTioTory el otnyv evépyeto 1110
keV ka1 oty yovia okédoaong 170° kabd¢ o vatplo akorovbel v okédaon Rutherford evtog 2-
3%. 'Emeirta mpocopowmOnikov OA0 TO TEPOUATIKE QACUHOTO Kot O mopdyoviag QxQ
TPOGIOPIGTNKE YPNOUYLOTOIDVTAG TNV GUVEIGPOPE TOV YAmPiov, Yo KAOe cuVIVAGUO EVEPYELOG
déoung/ywvia okédaong. Mepikd mopadsiypoto eoivovtol oo Zynuote XX a-e yio, S1opopeTIKONG
oLVOVAGOVG evépyeln déoumc/ymvia okédaong. Omwg yiveTor povepd oTa GyNUaTa, 1| TUPOVGia
0V 0&VYOVOL pécm g avtidpaong °0(d,p1)t'O mpokaiei onpavtikd voPadpo, Wiaitepa yio
VYMAOTEPEC EVEPYELES SéoUNG, evid 1 avtidpaon °0(d,p1)t’O mapovciélel cuvioviopods oe OO
10 g0pog perétnc. Emopévac, amoxieiovtar amd v dwodikacio tov benchmarking ot evépyeieg
1640 keV and 2060 keV émov 1 ovveiopopd ¢ avtidpaonc °0(d,p1)’O eivon Wiaitepa
ONUOVTIKN KAT® 00 TO GKOAOTATL TOV vaTpiov, KaBdg kot OAeG ot evépyeleg mhve omd ta 2000
keV 6mov n cuvelspopd g avtidpaong *0(d,p1)}'O eivor apretd pucpr ko dev pmopel vo
aVOTOPAEEL TKAVOTIOUTIKA TO TEWPAUATIKO PAGHA. AVTO VTTOdEIKVVEL THAVY] GUVEIGPOPE ATd TOL
kavéia avtidpaonc 2Na(d,px)?*Na. To mopddvupo oALOKANP®GNC, GTO OO0 TPUYHOTOTOLEITOL
oUYKPLON AVAUEGO GTOV TPOGOUOUMUEVO KOl TOV TEWPAUATIKO aptBpud copatidiov ta oroio £yovv
okedaotel and vaTplo (ta copatidie Tov £xovv 6KedaoTE 0md 0£VYOVO Kol YADPLo apatpéOnkay),
etvar papkapiopévo oto Zyfuato XX a-€ pe pumhe dakekoppévn ypoupun Kot teptiopfdaver ~180
keV (~60 kaviaiio) oo Ty akpn Tov 6KaloToTion Tov vatpiov. Ta omoteAéopata e S10dtKooiog
benchmarking péoa oto mapdbvpo orokAfpwong tapovsidlovrar otov ITivaka I1. H peyakdtepn
drapopd frav 13.6% yia v evépyetao 1320 keV kot v yovia okédacng 170°. Qoto6c0, awtoi ot
ap1Opol VITOJEIKVOOLY 0L IKAVOTTOMTIKT GVUPOVia KOOGS Tpénet va AneBel vtdyv 4t avtol ot
aplOpoi cvpmephapPavovy Toyov afePordtnec e avtidpaonc ¥0(d,p1)t’0O, n omoio éotw Kon
HEPIKMG, suumepthapfaveton 1o tapdbupo ohokAnpwongs. Ot apBuoi tov [Mivaxa Il dev detyvouv
KOO0 GUGTNUOTIKOTNTO KOl EMOUEVMOG OEV TPUYUATOTOMONKE KOVOVIKOTOINGT TOV TEMK®OV
TILAOV TNG SLPOPIKNG EVEPYOD SLOTOUNG.
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2ynua XX a-e Tomikd. weipootikd. kol rpocouoimuéva paouota woyéos aroyov (NaCl) yia diapopetinoig
OVVODOGUOVS EVEPYELQ OETUNG/YWVIO. OKEDOONS HOLT e THYV OVOYVAPITH TWV GVTIOTOLYWY GOVELGPOPYV. OL umhe

OLOKEKOUUEVES YPOLUUES TEOPLOTAVOVY T, Tapddvpa olorlipwaon¢ to. omoia mepiioufavovy ~180 keV (~60
KOVOALQ).
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Energy (keV) 140° 150° 160° 170°
1110 - - +6.7 =
1320 -13.1 -12.9 +1.2 -13.6
1500 -11.4 -9.9 -7.6 -3.0
1820 -12.6 -12.0 +6.5 -10.4

ITivaxag |l Aiapopéc (emi %) petald tov mpooopotmuévon kot Tov TEPaUoTIKOD aplduod cmwuatidinmy
EVTOS TOV TOPAHVPOV 0LOKINPWONS Y10, KAbe GVVOVAGUO eVvEpyela déounglywvia orédaons. Ot apvnTikeg
TIUES OVTLOTOLY 0DV T YOUNAOTEPT TLUI] TOV OLOKANPWOUATOS TOV TEIPOUATIKOD OPIOUOD CWUOTIOIWY EVXD O1
Oetinéc TiuéS avtiaror oy o ueYaAdTEPY TN TOV TELPOUATIKOD aplBUod cmwuoTioiwy uéca oto Topadopo
oAokAnpawong.

Y70oLoYIo oS S10.00pIKNCS EVEPYOD droTopunc TS EA0oTIKNC okédaonc 2Na(d,do) Na,

H Stopopikiic evepydc dtotopn g eAaoTiknig okédaong devtepiov oe "™'Si uehetOnke oto
evepyelokd gvpog Eq1an= 1000 — 2200 keV oe Brpoto 10 keV kot yio t1g yovieg okédaong 120°,
130°, 140°, 150°, 160° ko 170°.

O Adyog may®dv Niau:Nisi vroroyictnke ypnowonolwvtag v teyxvikny p-EBS, péow gacpdrmv
npotoviov og evépyeteg 1200 ko 1300 keV kat og €€ yovieg omcookédaong (120°, 130°, 140°,
150°, 160° 170°). ' v aviivon ToV QACUATOV TPOTOVI®V ¥PNCILOTOONKOY S1POPIKES
evepyéc dotopéc Rutherford yia v shootikn okédaon tov 1Au evd yio v ehactiky okédaon
devtepiov oe 2C, "™IN[26], 0 wor "ISi [27], ypnoiomorOnkayv aEOAOYNUEVES TIMEC TNG
SPOPIKNG EVEPYOL dlaTOUNG Ot omoiec amokthOnkav omd to SigmaCalc 2.0. H péon tiuf tov
AOyov Niau:Nisi tpocdiopiotnke ion pe 0.0431 + 0.0005 dniadn| pe GYETIKO GTOTIOTIKO GOAALLN
1.1%. H mpocopoimon tov TEPOUATIKOD PACHOTO QOIVETOL 6TO TyAuo XXi yio TV evépysia
npotoviov 1300 keV kot yio v yovia okédaong 150°.
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2y XXi Hepopotid kar mpocouoiwuévo pdouc tpwtovioy oe evépyera 1300 keV kar yio tyv yovio
oxédoong 150° uali pe mv avayvapion twv aviiotoywy Kopopmy.

O LOY0G TOV TGV TNG SL0POPIKES EVEPYOD S1OTOUNG TG EANGTIKNG Gkédaong Sevtepimv and " Si
o¢ mpog Tig avtiotoyeg twég Rutherford mopiotdverar ypapikd ota EZynuata XXii a-f oto
evepyetoko gvpoc 1000-2200 keV pe Pripata 10 keV ko yia t1¢ yovieg okédaong 120°, 130°, 140°,
150°, 160° kou 170° are presented. Xta Zynuata XXii a-f copmepilapfdavovior emiong to
npobmapyovta dedopéva e PipAoypapiog doTE va GUYKPIOOVV LE TO TAPOVTO OTOTEAEGLLOTA KO
TO. GUVOMK( OTATICTIKO GOOALOTO TV OTOTEAECUATOV. To GUVOAMKE GYETIKA GTATICTIKA
COAALOTA TOV OMOTEAEGLATOV deV Eemepvolv 10 2.3% o€ Oheg TIC TEPMTMGELS. Tol GCLOTNUATIKA
COAALOTA TTOL OPEIAOVTOL OTIC O1OPOPEG LETOED BEMPNTIKOV Kol TEPALOTIKOV TILAOV TNG 16Y00G
avaoyeong eivar ~4% vy TpOTOHVIOL TOV TPOSTINTOVY GE TVPITIO Kol 3.6% Yo TPOTOVIO, TOL
TPOCTURTOVV GE YPLod, OM®G avapépetal otny 1otoceridoa tov SRIM. Ot afefatdotnteg otnv
EVEPYELN TNG OEGUNG TTOV TPOKLATOVY Omtd TV dradikacio T Pabovounong Tov EXLTayLVTH NTAV
~3 keV kat n ofefordmmro Aoym Tov eVEPYELOKOD SL0GKESAGUOD TNG SEGUNG LECH GTO GTOYO OV
npocdlopiotke pe v teyvikn P-EBS frav ~2.4 keV. Avtég ov 6vo Téc mpootibevron
TETPAYMVIKG Kol £(0VV MG ATOTEAEGILO. GLVOMKT afefardtnta oto X-aEova iom pe 4 KeV og OAeg
TIC TEPUTTAOGELC.

Mo T1c kowvég ymvieg (120°, 130°, 150°) pe to dedopévo twv Machali et al. [20] nrapatnpeitor kokn
oLHE®Via otV TEpLoyN Yaunrov evepyetmv (uéypt 1400 keV), evd yia Tig vynAOTEPES EVEPYELEC
TapatnpovVIoL omokAicelc pe ta dedouéva twv Machali et al. va epgavifovv cvotnupotikd
vynAotepeg Téc. H autia ovtdv tov anoxkiicewv dev givon EexdBapn, owotdéco pmopel va
oyetiCeton pe {ntnpota oXeTIKA e Tov 610%0. Ol amoKAMGELS TV TAPOVI®MV OTOTELECUATOV amd
Tig avtiotolyeg Twég Rutherford sivan pikpéc oty meployn xapmiov evepyeidv (uéypt ~1600 keV)
EVD YOl DYNAOTEPES EVEPYEIEG Ol OMOKAIGELS UEYOAMVOLV HE TA TTAPOVTIO OTOTEAECLATO VO
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epeavifouv youniodtepeg tipés. EEautiog tov yeyovotog 0Tt 0ev vIapyel Kapio TAnpogopia yio Tig
EVEPYELONKEG OTAOLEG TOL GVVOETOV TVPNVA GTNV TEPLOY] LEAETNG OEV UTOPOVLLE VO GUGYETIGOVUE
TNV CLUTEPLPOPE NG OLPOPIKNG EVEPYOD OLOTOUNG HE TO UNYOVICUO GLVOETOL TLPNVOL.
E&etalovtac v yoviakn e£aptnon péowm tov Zynuotog XXiil, ylo evEpyeleg HEYOADTEPEG TOV
~1800 keV, ekdnrmvetar pia Eekabapn yoviakh cvoyétion omov N yovia 170° tapovoialet tig
VYNAOTEPEC TIHES TG EVEPYOD dlatounc evd 1 Yovia 120° tapovotdlet Tic yapnAdtepeg THéS Kot
OAeg o1 evilaueceg Yovieg mapovstdalovy TYEG Tov TEPIAOUPAVOVTOL GTIG OKPAlES TYES TOV
opilovv o1 yovieg 170° kan 120°.
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2yniua XXii a-f Aéyoc w¢ mpog tic aviiororyes tyuég Rutherford ¢ drapopikiic evepyod diatouns e eAactikig
orédaonc devtepicnv amd "'Si oo evepyelond evpoc 1000-2200 keV oe friuaza 10 keV yia 1i¢ ywvies okédaons
120°, 130°, 140°, 150°, 160°, 170° uali ue ta mpoivmapyovia dedouéva atnv Bifiioypagio..
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Zynuo. Xxiil Tiuéc e Srapopinc evepyod Srazousc (Mb/sr) ¢ elactixig orédaonc "Si(d,do)™Sioro
evepyeroxo evpog 1060-2200 keV yra 6leg tig yowvieg oxédaons mov petpnbnray.

"Ereyyoc aromoTtioc Yo Tnv eAactikn okédaon 2Na(d,do)*Na

[Ma tov éleyyo a&lomotiog TV TIUAV TNG OLPOPIKNG EVEPYOVL SATOUNG TNG EAAGTIKNG GKEOAONG
Sevtepiov "Si, axtivoPoAndnke £vag maydg GTIATVOC KpLGTOAMKOG 6TdY0¢ Si [111] pe évo Aemtd
oTPOUA YPLOOY amd TAve oe téooepic evépyeteg (1300, 1600, 1900, 2200 keV) kot yia té6oepic
yovieg (130°, 140° 150° and 160°). To mpmdtn Prua ¢ dwdikaciog benchmarking frav va
TPOGOI0PIGTEL O GTOYOG, dNANON TO TAYOG TOV GTPMOUATOS XPVGOVL KOl TVYOV TPOGHiEELS. AvTd
TPAYUATOTOONKE TPOCOUOIDVOVTOG TO TEPUUATIKO @dopo evépyelog Eqian=1300 keV «ot
yoviag okédaong 130° ypnowomowwvtog Rutherford diapopikég evepyég drotopég yo Tov ypvod
Kot 10 7upitio kaBdg omnv mepinTmon TG €AAOTIKNG oKEdaoNG devtepiov and mupitio
axoAovOeitan ) okédaon Rutherford (svtog ~4%) o€ avtiv TV evépyeila. APov TPoGdlopicTNKE O
01OY0C TPOGOLOIMON KAV T VITOAOUTO PACUATO KO KATO10 TOPUdELYLOTO QLTS TG O1aOIKAGTOG
eoaivovtol 6To Zynua XXiv a-c. @a npénet va. onuelwbei € OTL evépyeleg vymAotepeg Tmv 2000
keV amoppipdnkav kabmng 1 cupporr twv d-NRA avtidpdoemv ftav onuoviikn. Omog eoivetot
oT0. ZyfUoTo XXIV a-C 1 avamapaymyn TOV TEPAUUTIKOV QUCUATOV &ivol mTOAD KaAY, e
amokAicelg péxpt 4-5% péoa oe mapdbvpo olokAnpmong mov mepapPdaver ~200 keV (~90
KovoAo) Katm omd v empavelo tov moptriov. below the surface of silicon, visible in the graphs.
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Avoivtikd ta aroteAéopata Bpickovion otov [livaka . Onwg eaiveral, n peyordtepn dtopopd
evromiCeton ya v evépyetor 1600 keV koar tnv yovia okédaong 140°. Ot apbpoi owtoi motdc0

OEV LILOOEIKVOOLV KO0 ovaryKondTnTo Y10 VoL YIVEL KATTO10V £100VC KAVOVIKOTOINGM OTIG TIUEG TMV

JPOPIKDV EVEPYDV SLOTOUDV EPOCOV dEV EKONADVOVY KATOL0 GUGTILATIKOTNTA.

@ ' C ' ® Experiment @ ' ' ' ® Experiment
=== Simulation (SIMNRA v. 6.94) C == Simulation (SIMNRA V. 6.94)
E . X
Si Si 1
Au Au
<
ke] o -
o 12007 1%
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0 T T T T 0 T T T T T
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2ynuo XXIV TTelpopotine Ko mposopoimuEVe. pAcUoTo. TOXEOS OTOXOD TOV ATOKTHONKAY 08 EVEPYEIES KAl
yovieg (@) 150° kar 1300 keV, (b) 160° koz 1600 keV kou (¢) 130° kou 1900 keV. To mopdBopo
0LOKANPOONG ETONUOIVETOL UE UTAE OLOKEKOUUEVES Ypoyuués kol wepidoufaver ~230 keV (~90 kaviiia).

Energy (keV) 130° 140° 150° 160°
1300 1.2 -15 2.3 4.1
1600 -1.3 -54 1.8 0.2
1900 -0.6 -2.5 11 1.9

Iivoxog W diopopéc (eni %) petald twv mpooopoiwuévmy Kot Tmv TEipoaTIKOY YEPOVOTMY UECT, TTO

apdbopo oloklipwaong yio kabe covovacuo evépyeias oéounclywvio oxédaons. Ot apvytikoi opiluol
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OVTITTOLYODV G€ AIYOTEPQ TIPOTOUOLMUEVO. YEYOVOTO, EVE) 01 BETIKES TIUES AVTIOTOLYODY GE TEPLOCOTENC
TPOTOUOLWUEV O, YEYOVOTA.
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Merétn e shaotikne okédaonc °0(d,dy)°0

210 POV KEPAAOLO LEAETATOL 1) ELAGTIKY] OKEDAOT) OEVTEPI®V G€ 0EVYOVO. ApyiKd, TEPLYPAPETAL
N HETPMNOT NG SLPOPIKNG EVEPYOD OLITOUNG, OTN GLVEXELN OVOADETOL 1) dLOOIKOGIO TOL EAEYYOV
a&lomotiog Kot To TPOPANUATE TOV TPOEKLYOV KOTAE TNV SlodIKOGIo QVTH, Kot 6TV TEAELTOLN
evoTNTOL avOAVETAL 1) Oe@pnTIK HEAETN M OMOl0l TPOAYUOTOTOMONKE HE TOV KMOOIKO 7TOL
avortoydnke omd tov Dr. A. F. Gurbich, spoappolovtog v Osowpio R-matrix poli pe
VIOAOYIGUOVS Yot TO OmTKO poviého. H ehaotikn okédoon tov devtepiov amd o&uydvo
pedetnOnke Ko Oempntikd Kob®OG T0 0&VYOVO glval TO MO CNUAVTIKO GTOXEID amd TNV dmoyn
EQUPUOYDV GE GUYKPLOTN UE TO LIOAOTA oTOorKEl OV peAeT)OnNkay ota TAaicl OVTAG TNG
gpyacioc.

Y7noloyionoc S1o@opikic evepyov dratounc tne ehaotikic okédaonc "O(d,do)"d O

H Sagopikn evepydg Sroroun "*O(d,do)"™0 petpidnke 6to evepyetaxd edvpog 1500 — 2500 keV pe
Bruroto 10-20 keV kot yio tig yovieg okédaong 130°, 140°, 150°, 160° and 170°. To evepyelokod
Sibypapipa Tov ovvheTov TVPHVA oL Synuotileton BF* yia To 166TOMO pPE TNV pEYOADTEPY
apBovia eaivetal oto Zynuo XXV. Aeov, 0w PAETOVIE GTO ZyNo. XXV DITAPYOVV EVEPYELNKES
oT1a0ES pe AyvooTa e0p1 Kot TYHES ™ GTNV EVEPYELOKT) TEPLOYT VIO LEAETT], TO EVEPYELOKA PrioTal
Nrav petafAntd kot e€aptavray and tnv VToPEN EVEPYEWNKOV GTaOUOV ToOL chvOETOL TVLPNVA
MOOTE VO TEPLYPAPOVV LE AETTOUEPELD TUYOV GUVTOVIGUOL GTNV doUN TNG OOPOPIKNG EvEPYOD
dlTOUNG.

Env cuyKeKpévn TEPITT®OT, EPpOGOV vITapyeL To BewpnTikd evaluation g eLacTikng oKEdaoNG
%0(d,do)}%0 péypr v evépysi tov 1980 keV, ypnoipomornke oToV LWOAOYIGUO TNG
dpoptkng evepyol otatounc. Il ocvykekpiéva, Yoo TOV LIOAOYIGUO TOV TEMKOV TIU®V
YPNOOTOMONKE 1 GYEN:

natg Au  Ynat,
(@) = @)y 7 xFo (i
O mapdyovtag kavovikomoinong Fy vroloyiotnke amd to Mon vapymv SigmaCalc evaluation
(2012) yio xéBe yovia kot yio 6hec g TES evépyetog oto ddotnuo 1500 keV - 1980 keV,
avTIKAoTOVTOG TOV VITOAOYIGHO TOL AdYoL Toy®v. TTio cuykekpyéva, 1 AvaALTIKY dladtKacia
Eexivnoe pe Tov TPpocdloptopud TV Vo TPMTO dpwV TG e&icwong XViil, pe vIoAoyloud HEG® NG
oyéong ¢ okédaong Rutherford yia tov Tpdto 6po Kol HECH TV TEPUUATIKOV QACHATOV Yid
TOV 0€0TEPO. TN GLVEYELN O dVLO TPAOTOL OPOL YpN SOOI OnKay 6To evepyelakd dtdotnuo 1500-
1980 keV, omov vmapyer oxoéua to evaluation, yw Tov VIOAOYIOUO €VOG TOPAYOVIQ
KOVOVIKOTIOINGNG MGTE 1) TEPAUOTIKY TIUT THG EVEPYOV OLOTOUNG VO CUUTITTEL [LE TV BE@PNTIKT).
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Avt 1 dwdikacio TpaypatomomOnke yio kabe evépyeta (27 Tipég) ko yio OAeg Tig Yoviec. H péon
TIUN OVTAOV TOV 27 EVEPYELDV OMOTEAEL TOV TOPAYOVTA KOVOVIKOTOinong yio Kaoe yovia. Ot Tyuég
avtég, pall pe g afepforotnreg Toug, mapovcidlovion otov Iivaxa IV kKo cuppwvody evtog 1o
extoc amd v T tev 130° n omoio cvpupwvel evidc 26 pe avtv tov 140° Avti n Ty
eCaupeital amd T cHykplon TV TGOV Kabdg N podnuatikn dadikacio mTov eEnydnoav ot dvo
TPMOTOL OPOL Y10 QLT TN YOViK NTov Alyo dtapopetikny 6mwg Ba meprypagel mapoakdtw. [Taporo
7OV 1 GLUE®Vio NTaY EVTOg 1o, TapatnpROnKay HKPES Stapopég 6TIg LEGEG TIHES (Tdon peimong
™¢ péong Tung kabme n yovio omicbookédaong yivetal To andtoun) Kot ETOUEVOG TPOTIUNONKE
va ypnoponombel dlapopetikds mapdyoviag Kavovikoroinong ywo kabe yovio (ot TpéG tov
[Tivaxoa. V) avtiva ypnotponomBei o i610¢ yio OAeG TIG Ywvieg oKESUONG. AVTEG Ol LIKPEC SLAUPOPES
umopel va opeidovtar oto HoN vdpywv evaluation. Eriong va onueiwbei 01t o1 S10popéc avTég
TePEXOVV TIG affefatdTnTeg TG S10d1KAGING OALOKANP®ONG TV AVTIGTOL®V KOPLE®OV (dNAadn TV
EMA0YT TOL VTTOPEOPOV Kot TNV ETAOYN TOV 0PIV OAOKANPOGCTC).

I v yovio okédaong tov 130° kat yo xaunAéc evEPYELES 1) KOPLON TNG EAUCTIKNG OKESAGNG
Y7Au(d,do) " Au eppévile pio TapateTapévn ovpd oTHV aAPIGTEPY TAELPE TG Kopuenc. o val
amoeevyBel 1M oAokANpworn pw  TéTowS  Kopuvens, kobmg Paciletoar  otov  ypnoTm,
ypnoomomdnkav ta pacuata tov 160° péom g oyéong: Therefore, a term needed to be inserted
in Eq. 5.1 for the scattering angle of 130° in order to account for the different solid angle subtended
by the two detectors set at 130° and 160°. This process was allowed only because the deuteron
elastic scattering on gold follows the Rutherford formula and thus no anomalies are expected in
the theta angular dependence. Thus, the differential cross section values for the scattering angle of
130° were calculated using the following equation:

nat
o Au Y
do do ,130° K0J o .
( ) — ( ) % L0%yg x Fy x 2150 (xix)
an/1300F \d2/160%E"  Yau1600 24390

O televtaiog 6pog eloMyON Yo va suumeptneOei n dapopetikn oteped Yovia twv 130° og oyéon
ue tig 160°. H yprion awtrg ¢ oxéong nrov dvvarr| kabadg 1 eAactikn okédaon devtepiomv and
xpLo6 axorovbel v okédaon Rutherford xor emopévov m poper g S0QOPIKNG EVEPYOD
dwatoung etvar opaAn). o tov vroloyiopd Tov tedevtaiov OPoL ypnoyLoTomOnKe 1 oyéon:

(E)Au
21600 _ \d2/130%E Y au160° (xxX)
- Au
24300 (ﬂ) Y Au,1300
dnN/1609,E

["a Tov VTOAOYIGUO TOV AOYOL TV GTEPEDY YOVIMDV YPNGILOTOONKAY 01 OKTD HEYUADTEPES TIUES

EVEPYELUG, DOTE O SLOOPIGHOG TV KOPLP®VY v givan BEATioTog. H teducr Tipn fzav [21600/ D300~

1.248 + 0.023, omiadn 1.8% oyetikd c@dAL0 TO OmOI0 TPOEPYETAL OmO TNV Oladkacio
OAOKANPOONC TV KOPLO®V XPVGOD.
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Energy (keV) Total width (keV)  J*
8914 121
8961 19
9020 -
9093 144
9207 108
9500 -
9550

INNINY®
(Al()-i‘;‘ .

=75256keV /S —f """ -----
2 m 8858.9 keV/ el
O+d
170 +
19185 keV
14N +a
3110.4 keV

Zynua XXV Evepyetaro didypouue tov cvetipatos d+*0 aro abotnua avapopdc palov

Scattering angle Scaling factor uncgi;?:;/; (%)
130° 0.275 £ 0.009 33
140° 0.248 £ 0.014 5.7
150° 0.237 + 0.009 3.8
160° 0.231 + 0.008 3.5
170° 0.227 +£0.011 4.9

Iivaxog IV Tyéc tov mopayovra kavovikomoinong yio. kabe ywvio oxéoaons. Ot afefoiotyres yio kabe
yavio Exovy emions oVUTEPIANPOEL OTWS TPOKDTTOVY OO THV OTATIOTIKY UEAETH.

To méyog Tov oTdYOL, OTNV TEPITTMOON TOL 0EVYOVOV, NTAV ATAPOLTTO Y10 TOV VITOAOYIGUO TNG
OMAELOG EVEPYELNG TNG OEGUNG HESH GTOV 6TOYO0. [l ToV AdYo anTd Ypnoyoromndnke 1 TeVIKN
p-EBS péow pdopata tpotoviov og evépyesiec 1050 kar 1470 keV ko ya yovieg okédaong 160°
kar 170°. T'io TV TPOoGOopOimeT ToV KOPLO®V TG EAACTIKYC okéSaonc devtepiny amd "*C, "N,
"), 2Na ko 3P ypnowomowdnkav to evaluated dedopéva tov SigmaCalc 2.0 evéd y Ty
elaoTikn okédaon devtepiov amd Cl kot Au ypnoponomdnkay ot avtiotoryeg Tuég Rutherford.
Aol yapoktnpiotnKe 0 6TOXOG £YIVE O VTOAOYIGUOG TNG OMMAELNG EVEPYELNG KAOMS Kot TOV
EVEPYELOKOV O1OKEDAGHOV NG 0EGUNG HEGO 6TOV 6TOYO Yo kKabe evépyeta. 'Eva tumikd edopa
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npwtoviov poll He T0 TPOCOUOIOUEVO QOIVETAL 6TO ZyAua XXVi yio v evépyeta 1470 keV kat
v yovio okédaong 170°.

¢ Experimental Au
12000 C ﬁ E, ., = 1470 keV, 170° ¥

—— SIMNRA V. 6.94
10000 -

8000 - L

Yield

6000 -

4000

N
2000 - 1200 1250 1300 1350 -
U T
0 erms —— e e
900 1000 1100 1200 1300 1400 1500

Energy (keV)

2ynuo. XXVI Tleipouatind kol IpocoioimuéEVo pOooUa. TPWTOVIWY e CKOTO TOV XOPOKTHPLOUO TOD GTOYOD OE
evépyera 1470 keV kau yio yovia oxédaong 170° uali pe v avayvapion tmv aviiotoywv kopopav.

Ot teMKéc TIHEG NG OPOPIKNG EVEPYOD OTOUNG TNG EAOCTIKNG okédaons osvtepiov amd
0&uyovo 010 evepyetoko £0pog 1500-2500 keV kat yia Tig yovieg okédaong 130°, 140°, 150°, 160°
ko 170° mopovoidlovial o€ ypa@ikn HOPEN ©T0 Zyfuote XXVil a-e.  XTo ypoQnuoTo
nepapBdvovtal o mpoimdpyovta aroteAéopato otn PipAoypapio KaOdg Kot 01 GLVOMKES
OTOTIOTIKEG aPePUtOTNTEC. TVYKEKPYEVE Ol GUVOMKEG GYETIKES afefatdTnTes Yoo KABe ywvia
nrav: 130° puéypr ~6.5%, 140° péxpt ~7%, 150° ko 160° £mg~5%, war 170° émg ~6.5%. Ot
CLGTNUOTIKES aBePodTNTEG TOV TIUADOV TNG EVEPYOD OATOUNG TTPOEPYOVTAL OO TIG OLOPOPES
avapeco 6Tig 0emPNTIKEG KO TIG TEPAUOTIKEG TILEG TOV OEO0UEVOV TNG IGYVG AVAGYECNG KL 1)TOV
~2.8% y10. o 0&uydvo kat ~3.6% yia tov xpvco. Ot afefordtnteg otov opiloviio a&ova fray (~2
keV, amnd ™ dSwdikooio Pobpovounone tov emtayvvry kot 4.6 keV amd tov evepyelakd
SLICKESACHO TNG OEGUNG HECO GTOV GTOYO.

Onwg eaivetol ota ynuoto XXVii a-e 6ty Lopen g d1apopIkig eVEPYOD SLATOUNG KLPLOPYOHV
éva évtovo eldyioto kot éva évtovo péyioto. H poper avt Oa pmopovoe va amodobel otic
gvepyelaKkég oTadpeg Tov cvvhetov muprva °F*, e evépyeiec 8.91 MeV, 8.96 MeV, 9.09 MeV
kot 9.20 MeV, ta omoia gaivovtol 6To Zyfuo XXV. Zuykpivovtag [LE To TPOVTAPYOVTO OESOUEVH
tov Machali et al. [28] mopoatmpeiton 6o popery aAAG petatomiopéva Tave Kot 6g&d. Ta
dedopéva twv Machali et al. dev vmnpyov ovte otqv IBANDL ovte oty EXFOR «at
ymoelomomdnkay omd TV OMNUOCIELON EMOUEVOC UTOPEl Vo EUTEPIEXOVY GPOAUATO. X KAOE
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nepintoon 1 popen| eivon mapodpotla. To dedopéva twv Dietzsch et al. [29] cvppovoov pe ta
ToPOVTA OEOOUEVO OALA EUPOVICOVV 0. EVEPYELOKT UETATOMION, M OtTicl TG omoiag dev glval
Eexabapn.

E T T T T T n E 70 T T T T T
70 4 « e Present data 130° 1 e Present data 140°
- M SigmaCalc 130° (2012) |{ ~ 604 { —— sigmaCalc 140° (2012) | 1
2 g0 4 « < Machali 130° 13 Seiler 135.8°
E E
= = 50 1 E
2 “«<.1 8
= Al -
3 <« o]
2 2
O O %
8 4 877 7
£ {
5 £ 2 i
£ 1 £27 -
£ = ’ @Kg@
p 10 4 E
L] L] L] L] L] T T L] L] L]
1600 1800 2000 2200 2400 1600 1800 2000 2200 2400
Energy (keV) Energy (keV)
100 T T T T T @ 70 T T T T T
90 4 * Present data 150° === SigmaCalc 150° (2012)| * Present data 160°
o Dietzsch 150° <« Machali 150° 604 —— SigmaCalc 160° (2012) ]
o ) 0
g 12 Seiler 164.2
E ] E
5 £ %7 i@i ]
b 13
% - 1%
8 ¢
O 3] O
E <__U 30 - ¥ -
= 1=
£ 1 20 %ﬁ -1
a a =
1 3.*‘&* M
104 - E
0 L] L] L] L] T T T L] L] T
1400 1600 1800 2000 2200 2400 2600 1600 1800 2000 2200 2400
Energy (keV) Energy (keV)
r r r T T
70 4 * Present data 170° E
. —— SigmaCalc 170° (2012)
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E
& 50 -
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E 20 : |
= 20 L) 7
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Zynuo Xxvii a-e Tiéc e Siapopixic evepyod diatourc (Mb/Sr) e edaotixic oxédaonc "0(d,do)"™O oo
evepyeloko sopog Eqian= 1500-2500 keV yia ti¢ ywvies oxéoaonc 130°, 140° 150°, 160° and 170° uali ue to
ogdouéva. ¢ Pifioypopiag.
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"Elgyyoc a1omoTioc yio Tnv ehacTtiky] okédaon "1O(d,do)"d O

Mo tov éleyyo adlomotiog TOV TIHOV S10QOPIKNG EvEPYOD JATOUNG TNG EANCTIKNG OKESAONG
devtepiov and o&uydvo ypnowomomdnkayv eacpoto and évav mayxd otdéyxo ZnO ta omoia
amoktOnKav otov enttayvvry Tandem IPPE oto Obninsk tng Pooiag oo tov Dr. A. F. Gurbich.
Ta pdopoto tov devtepinv Ntav o evépyeteg 2000 keV ko 2250 keV yia tig yovieg okédaong
130° ko 150° ko 2000, 2250 ko 2500 keV yio t1g yovieg okédaong 170°. H napduetpog QxQ
TPOGAPUOGTIKE GTO GKOAOTATL TOL ZN OTOv 1 GuvelsPopd TG avtidpaong 20(d,p1)'*0 Hrav
eMdyot Yo to omoio ypnolpomomOnkav Rutherford tuég g evepyod Swotoung yuo kébe
ovVOLACUO eVEPYELNS dEouNc/Yoviag okédaomns. To mapdbupo ohokAnpmwong emALyOnke va eivon
~100 keV (~65 xovdria). To amotehéopata 0THG THG OAOIKAGING PaivovTal 6To ZyAuoto XX Viil
a-C. H onpavtiky cvveispopd tg avtidpaong 20(d,p1) 0 vroloyiotke pe xprion tov evaluated
dedopévov omov avtd frav dwbéoo (uéxpt 1650 keV), evd yio vymlotepeg evépyeleg
ypnowormomdnkav zmepapatikd dedopéva  and v Piploypaeia. Mo ovykekpyéva,
ypnowomomdnkav ta dedopéva twv Debras et al. [30] yio tqv yovia okédaong 130°, ya tig 150°
typnowomomOnkav to dedopéva tov Cavallaro et al. [31], eved yia ti¢ 170° emiéyOnkav o
dedopéva tov Seiler et al. [32] otig 164.25°. Q61660 T0 GAcua Tov Zynuatog XXViii b, mov
avtiotoel og evépyeta 2250 keV anoppipdnke kabmdg 1 cLUVEIGPOPE TG ELOCTIKNG OKESAOTG
devtepiov amd o&vuydvo Ntav povo ~30% peyoddtepn amd TNV GLVEIGEOPA NG OVTIOPAONG
180(d,p1)°0 evtog tov mapablpov oroKMpmone Yoo Oheg TG peTpnpévec yovisg. Ta
aroteAéopota TG odikaciag eAéyyov adlomotiag eatvoviar otov Ilivaka V. H peyaivtepn
dwapopd givar yro v evépyeta 2000 keV otig 170° (7.9%). Avti 1 Tiun, Kobdg kot OLEG Ot TIUES
tov [livaka V, vrodekvbiouv 1KOVOTOMTIKY GLUEOVIK KaODG ocuumeptAapfavouy  Tig
afePortdmreg TOV TEWPAUATIKOV HETPNOEMV TTOV Ypnoiponomdnkay (~5% amnd ta dedopuéva twv
Seiler et al., ~6% y1a ta dedopéva tov Cavallaro et al.). A&ilet va tovichei ed® OTL TOPOAO TOV TO
benchmarking mpoypotorombnke o€ Alyeg evépyeleg kol yovieg, T0  OmOTEAEGUOTO
avTAmoOKPivovTol 6 OAO TO VIO HEAETN evePYELOKD EVPOG.

57



@ 2000 1 1 1 1 1 1 1 @ 1 1 1 1 1 1 1
2000 keV, 130° = Experimental —— Zinc ] E_xperimental —7n
{_I —— Simulated Oxygen 1500 2250 keV, 150 —— Simulated o) i
Simulated (with dual scattering)
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2o, XxViil a-¢ Hepoauotika kar tpocouorwuéve. paouote. benchmarking azo évov otéyo ZnO oe
evépyeio. kar yovia oxéooong () 130° kou 2000 keV, (b) 150° xou 2250 keV xaz (€) 170° xou 2500 keV.
To wopaBopo 0lokANpwane mwov ypnoiuomoOnke ival HOPKOPIOUEVO UE KAOETES OLOKEKOUUEVES YPOLULES
kot meprlopfaver ~100 keV (~65 xavddia).

Energy (keV) 130° 150° 170°
2000 3.1 4.4 7.9
2500 - - 6.1

ITivaxag N Arapopéc (emi W) petald twv TEPOUOTIKOV KoL TOV TPOTOUOLDUEVDY YEYOVOTWV UEGO. OTO
ropabvpo oloxinpwans. O1 apiBuoi avtioTtoryody oe DYHAOTEPO OPIOUO TPOGOUOIMUEVWV OE TOYKPLON UUE

T0. TEIPOUOTIKG. YEYOVOTOQL.

OcopnTikny perétn e ehaotiknc okédaonc "1O(d,do)"O

2TV ovyKeKpluévn mepinTmon ypnolponotdnke n Oswpioa R-matrix yio Eva kovaAl kot ToAAEg
evepyelokég otdlueg dote va avamopoydel BewpnTikd n PLeTpnUéVN S1POPIKT EvEPYOS dloToun
™G €AOoTIKNG okédaong devtepiov amd ofuyovo oe evepyslokd evpog 1.98-2.5 MeV. Ou
VTOAOYIGUOL TPOYLOTOTOWONKOV 6T TAAIGLO TOV UNYOVIGLOD TOL GUVOETOL VPN VA aPoV ivar
0 KLPlaPYOG UNYOVIGHOG Y10, TETOLEG YOUUNAES EVEPYELEG OEVTEPIOV KOt TOGO EAAPPVG TVPNVES OGO
10 0&vydvo. O kmdikag mov avartdydnke arnd tov Dr. A.F. Gurbich ka1 ypnowomombnke ota
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TAaiclo TG Tapovcag SoTPIPNC YPNOUOTOLEL TIC oYE0ELS 0o TV KAaolkn R-matrix Oswpio amod
tovg Lane and Thomas [33].

Youpwvo pe v kKhootkn Oempio R-matrix 1o mhdrtog okédaong vroroyiletat ¥pNOHOTOIDVTOC
Vo dapopég phong, TV dpopd edong cvvrovicumy (resonant phase shift) kot v dapopd
@aong Adoym tov duvapkov Coulomb. H khaocwkr Oewpioa R-matrix givarl evoouatouévn otoug
KOOIKESG gVPELOG YPNONGS Y10 TOV VITOALOYIGHO SLUPOPIKMV EVEPYDV dlaTopdV OTtw¢ .Y, To AZURE
[34] ka1 to SAMMY [35]. Avtibeta, 0nmg tpotddnke amd tov Johnson [36], n meployn okédoaong
ekt0¢ cvvtovioudmv (off resonant scattering) umopsi va meprypagpei omd 10 omtikd poviéro. e
LTIV TNV TPOGEYYIOT TO TAATOC 0KESOONG VITOAOYILETOL 0O 3 GLVEIGPOPEG, TNV JAPOPA PACTG
ovvtovicpmv (resonant phase shift), mv dapopd @dong Ady® tov duvaukod Coulomb kot tnv
dapopd @aong g okédaong amd to dvvapukd (potential scattering). Avtin n evoAllokTikn
TPocEyylon epaproletarl pEpt GTIYUNGS LOVO Ao TOV KOJIKO TOL YPNCILonTombnke ota mAaicto
g mapovoag dTpiPrg. EmmAéov Adyor mov emléyOnke 1 TPocEyyIon UE TO OMTIKO SLVOUIKO
etvar 0TL pmopet vor TPoKLYOLV GLVTOVIGHOL GTNV SLPOPIKT] EVEPYO SLATOUN PLGIKE HUECH TOV
TAPOUETPOV TOV ONTIKOV HOVTEAOL YWPIG TNV TPOGONKN evEPYEOK®OY OTAOU®OV 6T0 cVVOETO
TopnNVva Kot 0Tt umopel var 0dNyNoEL G TANPOPOPIES GYETIKA LE TIG TIUES TOV TAPOUUETPOV TOV
OTTIKOD LOVTELOV.

To mpdto Pua ot dSadikocioo avamapay®YNg TG OPOPIKNG €vePYoy Slotoung elvar 1
TPOYLOTOTOINGT VTOAOYICU®Y HUOVO HE TO OMTIKO HOVIEAD YWPIG TNV TPOGONKN EVEPYEIOKADV
o1d0pewv ToV GVVOETOL TUPNVA. AVTOTL 01 VTTOAOYIGHOL £XOVV O OMOTEAECLLO. OPYEG KO OLOAEG
HETAPOLEC TNG OLAPOPIKNG EVEPYOD SATOUNG YWPIG EVTOVO HEYIOTO KOl EAAYIOTO, OTMOC QaiveTOL
ot0 Zynuo. XXIiX yo tpelg yovieg okédaong (130°, 150°, kou 170°). Xto ypaenuo avtod
TePAOUBEVOVTOL Ol TEWPAUATIKEG Kot 01 O@pNTIKEG TIES TNG EVEPYOD SLOTOUNG OAAG LOVO pE TNV
YPNOTM TOV OMTIKOV HOVIEAOL, YWPIG TNV TPocHnkn evepyslokmv otdabuewv. Emopévoc, pe
dwdwaciec dokyung ot omoieg O0ev otopotovv kaf’ OAn TN ddKocio avaTapoy®YNS TMV
SLPOPIKAV EVEPYDV OATOUMY 01 BEATIOTES TYES YO TIG TAPAUETPOVS TOV OTTIKOD OLVOLLKOD
oaiveron otov Iivaxa VI.

59



L L L L L
4 Experimental 130°
» Experimental 150°
Experimental 170° -

[e2]
o
L
L]

a1
o
1
I R
—vo— i+
H o
H-op-+H
H-votp—

w
o
L

—— Theoretical 130°
—— Theoretical 150°
—— Theoretical 170°

Differential cross section (mb/sr)
5
L

N
o
L

[any
o
L

T T T T T
1600 1800 2000 2200 2400
Energy (keV)

2ynuo. XXIX Hepauotikée kar Oewmpntinée TES TS EVEPYOD OLATOUNS UE T XPHON LOVO DTTOLOYLOUMDY UETH
TOV OTTIKOD UOVTEAOD XWPIS TNV TPOCONKN EVEPYELAKDV OTOAUEWDY TOV GOVOETOD TUPNVA YL, TPELS YWVIES
oxéoaons 130°, 150° kar 170°.

lo ac Vro Vr1 Vr2 Vr3 w Vso Re
(fm) (fm) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (fm)
156 055 66.31 7190 62.74 8541 0.16 9 2

Iivaxog VI Tyéc twv mapouetpwy 1o oxTikod HOVTELOD VI TOV DTOAOYIGUO THS OLO.POPIKNG EVEPYOD
010TOUNG THS EAQOTIKNG TKEDaTNS devTepiwVy amo olvyovo. O coufoliouds axolovbei tov coviin
ovufoiioud mov avapépetar atny 1" evotyo.

211 CcLVEXEW OTNV HOPEN TNG SPOPIKNG eVEPYOD OLOTOUNG OV QOIVETOL GTO XyNuo XXiX
TPOSTEIM KAV GUVEKTIKA Ol EVEPYELNKES 6TAOES TOL cVLVOETOL TVPTVA. Ol TAPAUETPOL AVTAOV TV
evepyelokav otdbuemv Pacilovtal 6t mAnpoeopieg mov vdpyovy oty PifAtoypagio yior Tig
evepyelkeég otabueg tov ovvletov mopnva. Ot TEAKEG TYWES TOL YPNGYOTOMONKAV GTOVG
vroAoyiopovs eaivovral otov [ivaxa VII. Onwg paiveton amd tov [Tivaxa VI yio tig evepyetaxég
ot160ueg pe evépyeta 2.242 MeV kot 2.294 MeV ot tpég tov J* givon 27 evad oty BipAoypagio ot
Téc antéc &yovv avatedel novo Tpocwpva kot gival AyvmoTo av 1 Tpayuatikh Tiun eivor 2 f 37
Ot vroAoyiopol TG TaPOVGOS EPYUGING VITOOEIKVVOLY OTL 1] TPOCSWPIVY TIUN 27 ivor o mhovn|
o€ GVYKPIoN He TNV evoAlakTiky Tiun 37
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Eqd (MeV) Jr I' (keV) /T W

1.650 2 50 0.070 0
1.665 1* 119 0.063 79
1.740 1* 94 0.162 0
1.854 1* 7.4 0.146 85
2.053 1 115 0.134 0
2.242 2 82 0.095 0
2.294 2 71.8 0.119 0
2.381 1* 130 0.36 0

Iivaxog VI Hoapduetpor twv evepysiaxav atdBuemyv mov ypnotiomonkay yio. Tovg DTOAOYIoUOVS THE
OLaYOPIKNG EVEPYOD dLaTouns ota wAaiola ¢ Gewpiac R-matrix.

Ta tedikd amotehéopota mapovcstalovior oto Zyfuoate XXX a-e poll pe 1o TEPUPATIKA
OTOTEAEGLLOTO Y10 TIG TEVTE YOVIEG GKEOAOMNG KAt Yo TO gvepyelako €vpog 1.98-2.5 MeV. Zto
Yynuo XXX b,y v yovia okédaong tawv 140° mapovoidletar eniong to Tpodndpymv OcTE Vo
eEokptPmOel 6TL 01 dapopéc avdpesa 6to Tpovimapymv evaluation kot otnv Bempntikny pedétn ™
Tapovoog epyociog dev ival peydlec. Lto Zynuo XXX a ot Be@pnTikég KaUmTOAES ovamapdyovy
EMOPKMOG TO TEPANATIKA dedopéva eviog ofepfatotitov. Ot MO ONUAVTIKEG OPOPES
napatnpovvral otig evépyeleg ~1990 keV ko ~2150 keV. H katdotaocn oto Zyfuo XXX b
BeATiOVETOL DTOOEIKVOOVTOS TOAD KOAY CUUP®VIOL GE OAO TO EVEPYELNKO €VPOC LTO UEAETN,
®o1660 N dopopd otnv evépyesia ~1990 keV mapatnpeiton akopo. Tto Tynuato XXX C-e givol
eEOPETIKN EVTOC GPAAUAT®V EKTOC OO TNV TTEPLOYN KOVTA oTnV evépyeta ~2420 keV. Zvvolikd n
BepnTIKY KAUTOAEG TAPOVGIALOVLY TOAD KAAT] GUUEMVI [LE TO TEPOUATIKG OEGOUEVOL.

H Mon mg mapovcag epyaciog mepthapnfdvet Tig TapoéTpovg TOV OTTIKOD LOVTEAOL Kol TMV
TOPAUETPOV TOV EVEPYEINKDOV 6TAOUE®Y TOV cVVOETOL TVPN VA, dNANdT cuvoAlkd 390 Tuég (78
og kG0e yovio okédaonc) ot omoieg 001 yodv o€ i6o apdud eélodoemv. Ot AyvmoTol TapAUETPOL
7oV TPocdlopioTnkay NTav 66 cuvorikd (18 amd 10 onTikd poviédo kot 48 amd kabévav amd Tovg
8 ovvroviopotc). 'Eva tétolo ovotnuo odnysi pobnuatikd oe povoadikr Avon. Qotdco m
mBovotnTo Vo TpayLatomoinfovv ot 10101 VTOAOYIGHOL LE SIPOPETIKES TYLES Y10 TIG EVEPYELOKES
OTAOLES KOt S1OPOPETIKEG TILEG TV TOPOUETPMV TOL OTTIKOD LOVTELOL 1) KOO KoL LLE ¥PNON TNG
Khaowng R-matrix Oewpiog kow va eEaybovv e€icov kaAd omotelécpoto dev pmopel va
ATOKAELOTEL.

Yyetikd pe v aglomotio g Be@pNTIKNG avamapaywyns, N ETEKTACT] TOV ATOTEAECUATMOV GE
evolapeceG Yovieg Ba oonynoel oe a&lOTIOTO AMOTEAECUOTO. ZYETIKO HE TNV EMEKTOCTN OE TO
UTPOOTIVEG Yovieg, M axpifela tov amotedecudtov e€aptdrol amd ta moAvmvoua Legendre.
Emouévag oe yovieg 6mov 1o moAvdvoua Legendre mincialovv undevikéc tpég (0mmg yio
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nopaderypa og yovia 6=90° 6rov c0s0=0) Ha vTapyovV amoKAIGEIS TV OEMPNTIKOV VITOAOYIGUOV
KOl TOV TEPAUATIKOV OEOOUEVMV.
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2xnuo. XXX a-e AwoteAéauaro ts Ocwpntikis avamopaywyng woli ue Tig TEPOUATIKES TIUES THS
Srapopixnic evepyod dratounc oto evepyeiard sbpoc 1.98-2.5 MeV yia v ehactixi oxédaon *0(d,do)*°0
y1a. 11g ywvieg oxédaong 130° 140° 150° 160° 170°. Zro ypapnue (b) courepilouféveror kot to
mpobmdpywv evaluation.
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IlpoonrTikEc

H ocvvelopopd g mopovoog epyaciog LEGM TV LETPNOEMV EAUCTIKNG OKEOONC deVTEPIMV Elval
ONUOVTIKT] OTOV TOHEN TNG avAALOoNG UE 0EGuES 1OVTOV Kol otov gumAovtiond g IBANDL.
Qo1660, VIapyeL duvatodTnTo Vo PeATimbel Tepattépm 1 Katdotaot. o HTov TOAD YPNGIUO Vi
emektafel n peAé ota vrolowmo shagpd otorxeia (yio mapaderypa B, 1B, 2'Al) dote va
0AOKANP®OEL 0T 1) CLOTNUATIKY HEAETT, EVIGYVOVTOG TNG EPOPUOYN TOV GLUVOLOGUOD TV
ovtikov teyvikdv d-EBS kot d-NRA ®ote va g&dyovion mo axpipn katavouéc Babovg tmv
erappadv otoyeiowv. Tétoleg petpnoelg €govv NON TPOYPAUUOATIOTEL YlO. TO EMOUEVO YPOVIKO
dwwotnua. Emmpdcbeta, Bo propodoav va mpaypatomromBovv mepdpato eAéyyov a&lomotiog yio
TIG TEPUWITAGCELS TOL Ogv Tpaypatomodnkoy ot mAaiclo g mapodcas epyaciag MOGTE Ol
OLPOPIKEG eVEPYEC OTOUES VO EMOANOELTOLY HE TNV YPNON TOYEOV GTOY®V, 1OOVIKA GE
SPOPIKO €PYOCTNPLO amd OVTO TOL UETPHONKOYV Ol JPOPIKES evepyég Olatopéc. Katd
OlapKEL TETOIWV UETPNOEWMV, Ol EMIMAOKES TOV TPOEKLYOV GTO. TAAIGIOL OVTNG TNG EPYACIOG
UTTOPOLY Vo omo@evyBohV e TNV PNoN SLPOPETIKNG TEPAUATIKNG dtdtaéng 6mov Ba pmopel va
dtywpicet Ta SELTEPLOL A0 TOL TPOTOVIO, KO TO. COUOTIOWN 0.

Evd ot dtopopikég TIEG ™G EAAOTIKNG GKEDAOTG TPMTOVIOV Kol TOPA TMV dguTEPiV lvar
LLEAETNLEVES Y10 TV TTAELOYNPia TOV EAAPPAOV GTOotYEl®V, 1| KOTdoTaoT 0ALALEL dpapaTikd otV
gLOOTIKN GKESoT copaTdiony *He and ehappd oTotysio. e avTHV TNV TEPIMTOGT VILAPYOLY LOVO
apotd Kot pepovopéva dedopéva oy Piproypapio. H pértpnon mg elactiknig okédaong tmv
eLaPpdV oTotyelnv pe xpron déoung SHe Ba odnyroet oe pekétec katavopdv Babovg sEattiog Tov
KOADTEPOL dloy®PIopoD palag Kot g KaAvtepng avaivong Badovc (depth resolution) oe ohykpin
pe ta TpoTOVIO Kot T OguTEPLa. Mo tétota peAétn eivon onpavtikn yiati O fondnoest oyt povo
oV HEAETN TOV LMKOV oLVTNENG oAl kol otnv peAétn vmd €EEMEn g TupPNVIKNG
OGTPOPVGIKNG, Y10 TAPASELYHO GTNV P StodikaciaL.

And v Bewpnrtikn okomid, BewpnTikég peEAETEG Bl UTOPOVGAV VO TPAYLOTOTOMOOOV Y100 TaL
eMappd ototyeion Tov TAPOLVGLALoVY UEYAAD TEXVOAOYIKO €VOlOQEPOV GAAL KOl Yo T Omoin
vdpyovv TANpoopieg oty PPAoypapia o T evepyelokég otdbuec Tov cvvletov TUPNVA,
ommg sivar Yo mapadstypa to N, Tétoteg pekétec Ba 0dMyoVGAV GE CUUTEPAGLOTO GYETIKE JLE
70 SVVOUIKO TOV TPOTOVIOV GE OVTEC TIG YOUNAES evEpyetec. TENOC, M| TEWPOUATIKY Kot OempnTiKn|
HeLETN OV TOV avTidpdcemy Tov 0 pe Séopm devtepimv Oa Tav sEatpetikd xpHon Kabog ot
TAPALETPOL TOV EVEPYELNKDV GTAOUEDY TOV TPOGIOPIGTNKOY GTA TAAIGIA OLTHG TG EpYaciog Oa
UTOPOVGAV VO EAEYYOOLV Yia dtapopeTikd KavaAle. H Bewpntikn pedétn Ba odnyovoe axodua otnv
LLEAETT) TNG CLVEICPOPAG TOV AIEGOVL UNYOVIGHOD avTidopacnc. Zuvoyilovtag, Tapd v eEopeTikn
TPO0d0 TOL TpaypaToTomOnKe kot eaivetal otig 1otocelideg Tng IBANDL kot tov SigmacCalc,
VILAPYOLVY aKOUO TOALA avoryTd {nTRHaTa TOL YPNLOVY TEPAITEP® UEAETNG.
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Introduction

lon Beam Analysis (IBA) techniques are universally used for analyzing elements and/or isotopes
in the near-surface region of solids. More specifically, the implementation of such techniques
includes the measurement of the number and the energy distribution of ions scattered from atoms
in the near-surface layers of solid materials, and it provides a simple quantitative analysis, or it
determines the depth profile of target elements. In the field of material analysis, in order for such
results to be obtained via IBA techniques, the a priori knowledge of the corresponding differential
cross section values is essential. However, the analytical calculation of the differential cross
section values, for beam energies in the MeV range, is impossible since the physics concerning
the interaction of the beam-target nucleons is only partially known. Therefore, the application of
such analytical techniques is based on the existence of the corresponding experimental datasets in
the literature.

At the same time, light elements find numerous technological applications in the industry. They
are crucial in the field of material analysis due to their presence in ceramics, glasses, and polymers,
while they are also frequently added in metallic alloys in order to improve their corresponding
properties, such as, hardness, wear and heat resistance, or rigidity. Consequently, the accurate
quantitative determination of light-element depth profile concentrations in a variety of matrices is
of paramount importance in contemporary science and technology. Such information, concerning
light elements, can be acquired via the implementation of IBA (lon Beam Analysis) techniques
and more specifically via ERDA (Elastic Recoil Detection Analysis), for ultra-thin surficial layers
and NRA (Nuclear Reaction Analysis) due to the production of isolated peaks (high Q-values
involved) with negligible background. At the same time, the use of a deuteron beam provides high
depth resolution, deep layer analysis and allows for the simultaneous study of practically all the
main light isotopes and/or elements coexisting in a target. The implementation of d-NRA could be
further enhanced if one could also coherently analyze the elastic scattering spectra which are
simultaneously acquired using the same experimental conditions. However, the general
applicability of d-EBS is still limited nowadays, mostly because of the lack of reliable and coherent
datasets of differential cross-sections in the literature for energies and angles suitable for IBA.

Hence, the contribution of the present thesis in the field of IBA is a comprehensive review of the
differential cross section values of the deuteron elastic scattering on many important stable light
elements and isotopes, such as 6L, 'Li, °Be, *N, ™0, 2Na and "*Si, at energies and angles suitable
for analytical purposes. In several cases ("0, 2Na, "Si) the obtained differential cross-section
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datasets are also benchmarked using thick targets of known and accurate stoichiometry. All
measurements were carried out at the 5.5 MV Tandem Accelerator of N.C.S.R. “Demokritos” in
Athens, Greece. The experimental setup consisted of a high-precision goniometer, along with six
silicon surface barrier (SSB) detectors (500 pum in thickness). Most of the obtained datasets are
already available in IBANDL (lon Beam Analysis Nuclear Data Library [38]) under the
International Atomic Energy Agency auspices, in order to be used by the scientific community in
basic research problems, as well as in technological applications in the field of material analysis.

Last but not least, in the context of the present thesis, the measured differential cross section values
of the deuteron elastic scattering on oxygen were accompanied by theoretical calculations in order
to extend the existing evaluation to higher deuteron beam energies. The theoretical calculations
were accomplished in the framework of the R-matrix theory which is the most appropriate
theoretical approach for calculating differential cross sections for resonant elastic scattering
processes. The R-matrix theory takes into account the interaction of the projectile with the nucleus
as a whole and the parameters of the used model were adjusted to the measured differential cross
section values.
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Chapter 1
Deuteron Physics & Basic Principles of Theory

The present chapter begins by mentioning a few crucial details for the elastic scattering properties
of deuterons, and continues with the basic study of the formal quantum mechanical theory of
scattering. Subsequently, the optical model for elastic scattering is described, followed by a review
of the mechanisms of projectile-nucleus interaction. Finally, the basic principles of the R-matrix
theory are illustrated, along with an example of the R-matrix derivation in the case of the elastic
scattering of a spinless particle by a central potential.

Deuteron, consisting of one proton and one neutron, is the simplest bound state of nucleons found
in nature and thus, over the years, has been extensively used for studying the interaction between
two nucleons. The main drawback in understanding the deuteron structure through electromagnetic
transitions is the lack of excited states, since the only possible “excited” states are a free proton
and a neutron due to the low binding energy of deuteron (2.2246 MeV [39]) [2].

The deuteron total angular momentum J is given by the equation:
J=C+sn+Sp

It includes the individual spins of the proton (s, = 1/2), the neutron (s, = 1/2) and the orbital angular
momentum £ of the nucleons as they move about their common center of mass. The value of J for
the deuteron is measured to be equal to one (triplet state) and thus is a boson. Therefore, four ways
exist to couple the sp and sn along with € in order to acquire a total J of 1: if sp and sn are parallel
and € =0, if sp and snare antiparallel and € = 1, if sp and sn are parallel and € =1 or if sp and snare
parallel and € =2. However, the combinations of spins which contain £=1 are eliminated since the
deuteron parity is experimentally determined to be even. More specifically, the parity is associated
with the orbital motion via a phase (— 1) and therefore the £=0 (s states) and £=2 (d states) result
in an even parity leading to possible values of £, whereas the £=1 (p states) results in an odd parity
and is thus rejected.

The two possible values of £ result in the wavefunction of the deuteron ground state being a
quantum mechanical superposition of s and d wavefunctions in the form of ¥; = cos w | %s;) +
sinw | *d;). | ®s;) and | *d;) are normalized s and d state wave functions and the terms cose and
sinw ensure that ¥, is normalized. Usually, it is assumed that for the ground state configuration of
the deuteron the dominant component is | ®s;) and ~ 4% is the | *d;) one. Such a mixed
configuration is unexpected for the simple combination of a proton and a neutron [2], [3], [39].
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Since this contribution is small, in the studied case, that is the deuteron elastic scattering on
oxygen, only the s state wave functions were taken into account.

1.1 Theory of Elastic Scattering

When a beam of charged particles interacts with a target nucleus there is an interference between
nuclear and Coulomb forces. Such an interference depends on the beam energy, the scattering
angle and the target nucleus. The different ranges in which these two kinds of forces act, lead to
regions where only long-range Coulomb forces, or only short-range nuclear forces operate, as the
latter ones are at least 100 times greater than Coulomb forces at short distances of about 1 fm.

The atomic nucleus, a strongly bound system of nucleons located in a small domain, has a typical
size of r = ro AY3 fm, where A is the mass number and ro =~ 1.2 fm [2] or ro = (1.1-1.5) fm [1].
Assuming that the nucleus is a uniformly charged sphere of radius R, and Z and z are the charge
numbers of the nucleus and projectile respectively, the dependence of the electrostatic potential
energy on the distance r for the projectile-nucleus system is:

zZe?

- forr >R
V.(r) = 2762 r2 (1.1)
R (S—E) forr <R

The combination of Coulomb and nuclear potential, as shown in Fig. 1.1, could be illustrated as a
well (40-50 MeV deep) with a narrow regime near the boundary of the nucleus in which the
transition from repulsion to attraction is occurring.

40l

Figure 1.1 The combination of Coulomb and nuclear potential of a nucleus. The classical turning points
for a particle with kinetic energy T are located at r1 and r» [1].
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A charged projectile will reach the attraction of the nuclear force, if it possesses a kinetic energy
T sufficient to overcome the Coulomb potential barrier at height B. = zZe?/R. It should be noted
here that the energy T is of the order of 1 MeV, even for the interaction of a single charged particle
with the lightest nuclei. However, according to the basic principles of quantum mechanics, a
particle having a lower kinetic energy could penetrate through the barrier via the tunneling effect.
In this case, the transparency of the barrier is given by the formula:

D ~ exp [—gf:: 2u(V. = T) dr] (1.2)

Where p is the reduced mass (1 = M-m/(M+m)) and ry, r» are the classical turning points indicated
in Fig.1.1. Thus, reactions of the atomic nuclei with low-energy charged particles could still
happen even for lower energies than the potential barrier [1].

At this point and in order to describe the cross section for the Coulomb and nuclear interactions,
the Coulomb and the nuclear scattering will be examined separately.

1.1.1 Coulomb scattering

If the only forces operating in a projectile approaching a nucleus are the long-range electric ones
(Coulomb) then the differential cross section can be derived from the principles of the conservation
of energy and angular momentum along with the impact parameter b. The latter is defined as the
perpendicular distance of the closest approach to the target nucleus in the absence of the repulsive
force. The derived formula, called the Rutherford formula, describes the probability of a particle
with mass My, charge z and energy E to be scattered at an angle 6 by a target nucleus with M, Z
and is given (in the laboratory system) by:

2

(daR) (zzez) 2[(M%—M%Sin26’)1/2+M26056’] (13)
dn E,0 o 4E MZSin‘Le(M%—M%SinZQ)l/Z .

As the energy of the projectile increases, a point will be reached in which the distance of closest
approach will be equal to the nuclear radius and therefore the target and the projectile will start to
feel each other’s nuclear force. At this point, the Rutherford formula can no longer describe the
interaction since it was derived with the assumption that only electric forces take place. Nuclear
terms should then be included in the cross section due to the interference between Coulomb and
nuclear scattering. However, at such short distances where the nuclear force is operating,
simultaneous knowledge of the momentum and the position (thus the impact parameter) of the
scattering particle is impossible according to Heisenberg’s uncertainty principle. Consequently, in
principle, nuclear forces cannot be incorporated into any theory that assumes the trajectory of the
particle determined. Thus, quantum mechanics must be used instead of classical physics [2] [1].
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1.1.2 Nuclear Scattering

The nuclear scattering of a projectile with no charge is going to be firstly examined, and
subsequently the charged projectile case is going to be examined. The incident beam in the z axis

is represented by a plane wave e**? with momentum p=hk, where k is the propagation vector k =
P _ 1

h X

As the scattering is taking place, the incident plane wave interacts with the potential of the nucleus
V/(r), giving rise to a spherical divergent one from the center of the interaction. This wave has the
form of:

f(6)- e (1.4)

Thus, after the scattering, the wave can be represented by a superposition of two waves, the
incident plane wave and the spherical one in the form:

e®? + £(6) - ekr (1.5)

where f(0) is the amplitude of the divergent wave and the term represents the decreasing of the
flux.

However, the incident plane wave e**# can be represented as a superposition of spherical waves
(since the outgoing particles are represented as spherical waves) by:

Wine = Ae*? = AY S it (2¢ + 1) j,(kr) Py(cosB) (1.6)

Where A is a normalization constant. The radial functions j,(kr) are spherical Bessel functions
which are solutions to the radial part of the Schrddinger equation, in a region far from the target
where the nuclear potential vanishes. The angular functions P,(cosf) are the Legendre
polynomials (Py(cos8) = 1, P;(cos8) = cosb, P;(cosO) = ¥(3c0s?0-1)).

Equation (1.6) corresponds to the partial wave expansion of the incident wave, with each partial
wave corresponding to a specific angular momentum #£. This expansion is only valid if the nuclear
potential is assumed to be central.

When the wave is far from the nucleus, meaning that the free particle remains unaffected by the
potential, (kr>> #), the functions j,(kr) have the following expansion:

sin (kr—%ﬁn’) e—i(kr—em/2) _ g +i(kr—em/2)

kr

je(kr) = and since kr>> ¢ — j,(kr) =i

And by replacing the radial functions in Equation (1.6), the incident wave can be described by the
following equation:

= (1.7)

. 41T . 41T
Wie = o N2, 17120+ 1) [e 0772 — 7D poss (L9
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Where the first term in the brackets, involving e %", represents an incoming spherical wave
approaching the target, while the second term, involving e *™" | represents an outgoing spherical
wave emerging from the target nucleus. The superposition of these two spherical waves, of course,
gives the plane wave.

The scattering can affect the outgoing wave in either of two ways: through a change in phase
(phase shift), and through a change in amplitude. The change in amplitude suggests inelastic
scattering (or some other nuclear reaction) and the energy (or even the identity) of the outgoing
particle may change. We account for the changes in the £th outgoing partial wave by introducing
the complex coefficient S; into the outgoing wave and thus the total wave after the scattering can
be represented by:

. 4T . 4Tt
Y= 2% YR oift(2¢+ 1) [e_l(kr_T) — S[e“(kr_?)] P,cosf (1.9)

The complex coefficient S, includes the change in amplitude in the real part and the phase shift in
the imaginary part. Equation (1.9) represents a superposition of the incident and scattered waves:
¥ =Y. + W.q:- The scattered wave can be found by subtracting Equation (1.8) from Equation
(1.9) (Fscar =¥ — Pine):

A elkr
2k T

Yol 2¢2+1) (1 —S,) P,cosO (1.10)

Vecar =

This equation includes the same wave number k as the incident wave, thus corresponds only to the
elastic scattering. The current density of scattered particles per unit area can be calculated via:

. h * 0%sca 0¥scq
Jscat = 5 (llu £ — ‘ lpscat) (l-ll)

2mi scat or or

= 4|2 —— |£2,(2¢ + 1)i (1 — S,) P,cos8|? (1.12)

4mkr?

The current density of the incident wave is:
. hk
Jine = m |A|2 (1.13)

This scattered current is uniformly distributed over a sphere of radius r. An element area of r’dQ
on the sphere subtends a solid angle of dQ = sin® d6 de¢ at the scattering center. And since the
differential cross section do/dQ is the probability per unit solid angle for an incident particle to be
scattered into the solid angle dQ; then the probability do is the ratio of the scattered current through
dQ to the incident current:

do = (jscat.tered)(rz d-Q) (114)
Jincident
The differential cross section is given then by:

L — 82,2+ 1)i(1—S,) Pycosf|>  (1.15)

dn ~ 4k?

71



The most crucial terms in the above equation are the k and S; ones, since the potential which is
used for solving the Schrodinger equation depends on these terms. In order to calculate the total
cross section, we need to integrate Equation (1.15) over all angles using the integral of the
Legendre polynomials:

ng(cose)P[r (cosB) sinf dOde = if¢t=1+

2¢+1
=0 if ¢ #¢ (1.16)
And thus
Oscat = Domo TR (22 + 1|1 = S,[? (1.17)

If the elastic scattering is the only occurring process, then |S,| = 1 and it is common to write S, =
e?i% where &, is the phase shift of the #th partial wave (Fig. 1.2). For this case, |1 — S,|? =
|1 - eZi‘gf’|2 = |1 — (cos(268,) + isin(26,))|* = (1 — cos(26€))2 + (sin(26g))2 =4 sin?5, and the
scattering cross section becomes:

Oscar = Dowo 4mA% (2¢ + 1)sin?6, (1.18)

ulr) i r=R

wll NN/
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Phase shift
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Figure 1.2 The scattering potential is shifting the phase of the scattered wave at points beyond the
scattering regions [2].



If inelastic scattering or other reactions are occurring along with the elastic scattering, then
Equation (1.18) is not valid, because |S,| < 1. All the other processes’ probabilities are grouped
together under the term of the so called ‘reaction cross section’ g,..,.:. T0 find this cross section,
Equation (1.9) must be examined in order to find the rate at which particles are “disappearing”
from the channel with wave number k. Firstly, the current of the reaction is found using the
difference between the incoming current and the outgoing current via, respectively, the first and
second terms of Equation (1.9):
2

, . . |AI*h
|]react| = |]inc| - |]out| = dmkr2

- AT
Z(Z{’ + 1)it*1 e'2 P,(cos0)
=0

o1 2
— |22, e+ 1)it*rS, e P{)(COSQ)| } (1.19)

And then the reaction cross section becomes:
Oreact = NgmoTA? (22 + D(1 = 1S,1%) (1.20)
The total cross section can now be calculated as:
Ototal = Oscat + Oreact = Dpeo 2TA% (2€ + 1)(1 — Re S,) (1.21)

It should be noted here that it is possible to have only elastic scattering occurring in the absence
of other processes; that is, if |S,| = 1, then Equation (1.20) equals to zero. On the other hand, it is
impossible, to have reactions without also having elastic scattering; that is, any choice of S; for
which a,.,. # 0 for a given partial wave automatically gives o,.,; # 0 from Eq. (1.17) for that
partial wave.

In the case where the projectile is charged, it interacts with the combined Coulomb and nuclear
potentials of the target nucleus. The equation for the scattering cross section is then derived from
Eq. (1.21) along with Eq. (1.3), in order to account for the Coulomb scattering, as:

. 2
z_; = |£.0) + % Y2 (22 + 1) (S, — 1)e? P,(cosO) (1.22)

Where f.(6) and a; are the scattering amplitude and phase shift of the Coulomb scattering,
respectively [1], [2].

In order to solve the Schrddinger equation and calculate S,, resulting in determining the elastic
cross-section, it is essential to assume a form for the nuclear potential.

1.2 Optical Model for Elastic Scattering
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Although the interaction of an incoming particle with an atomic nucleus can be described as the
sum of the elementary interactions between the projectile and each of the nucleons of the nucleus,
the potential of the scattering of one nucleon by another is not known. Moreover, the sum of these
interactions would still not allow us to calculate the exact interaction, since it constitutes an
unsolved many body problem. Therefore, in order to avoid these difficulties arising from the
complicated interaction of a projectile with the nucleus, empirical optical potentials are used. The
term ‘optical’ originates from the fact that the nucleus is a strong absorbing medium with respect
to the incident nucleons, behaving similarly to an opaque glass sphere with respect to incoming
light waves, causing reflection, absorption and interference effects.

In this section, the optical model is described. In the context of the optical model, the nucleus is
represented by a potential U(r) and thus it can be assumed that the projectile is interacting with the
nucleus as a whole. This potential however, must display several characteristics arising from the
nucleon-nucleon interaction. To begin with, it is mandatory to follow the nuclear matter
distribution which reduces from its interior value close to the nuclear surface. It is expected that
this reduction is performed exponentially as the nucleon-nucleon interaction. Moreover, the
potential U(r) should include a real part in order to account for the elastic scattering, as well as, a
complex imaginary one, to account for the non-elastic processes (absorption effects). All these
characteristics lead to the final equation for the optical model potential, which can be written as
the sum of:

Ulr)= Ug(r)+ U;(r) + Up(r) + Us(r) + Uq(r) (1.23)

which contains parameters that can vary with the energy and the masses of the nuclei and their
values can be chosen depending on the available experimental data. However, in order for the
optical potential to make sense these values must not display large variations for close masses or
neighboring energies.

The first term of Equation (1.23),
Ug(r)= =V f(r,R,a) (1.24)

is the real one representing a nuclear well with depth V usually being multiplied by a Woods-
Saxon form factor

f(r,R,a) = {1+ exp[(r —R)/a]}?! (1.25)

where R is the radius of the nucleus, a is the diffuseness of the potential, meaning the width of the
region where the function f ranges from 0 to 1.The Woods-Saxon factor produces a well with a
smooth border, as shown in Fig. 1.3, which corresponds to reality better than the square well. The
parameters V, R and o comprise adjustable parameters of the optical model.
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Figure 1.3 The Woods-Saxon factor which produces a well with round border and its derivative [4].

The next two terms U,(r) and Up(r) of Equation (1.23) account for the non-elastic processes,
namely the absorption effects and therefore are imaginary. U,(r) corresponds to the absorption in
the whole volume while U, (r) accounts for the absorption into the region close to the nuclear
surface and can be written as:

U(r)=—iWf(rR;,a;) (1.26)

and
. d
Up(r) = 4dia,W, —f(R,ap) (1.27)

These two terms (U,;(r) and U, (r)) act complementary to each other. That is, for high energies,
the incident particle has a large penetration depth and the term U, (r) is dominant, whereas for low
energies, the term Up, () is important since the interactions occur essentially at the surface.

The fourth term of Equation (1.23) is a spin-orbit interaction term, loaned from atomic physics,
which is usually written in the form:

h

myc?

Us(ry=s - £ ( )2 Vs 2= f(r, Ry, as) (1.28)

containing a normalization factor which takes into account the mass of the pion; s corresponds to
the spin operator and Zto the angular momentum one. The spin-orbit term is, like U, (), only
important in the surface of the nucleus, as it includes the derivative of the f factor. The values of
the Vs, Rg, as parameters are adjusted to the experimental data in each case. The spin-orbit
interaction may also result in an asymmetric scattering due to the possible different signs of the
product s - €, depending on which side of the nucleus the projectile passes by.
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The necessity of this term in the optical potential equation lies in the fact that nucleons have spin
% and even if the incident beam is unpolarized, the scattered beam is polarized in the direction
perpendicular to the scattering plane. Thus, the spin-orbit term accounts for the polarization and
thus the optical model is in principle able to reproduce the experimental values of the polarization.

Last but not least, the final term of Equation (1.23), U (), corresponds to the Coulomb scattering
in the case where charged particles are involved in the scattering. It can be written as:

21Z2€2 T'z

B —ZRC (3 - R_é r < RC
Uc(r) = 5

leze

r

(1.29)
r >R

where the nucleus is considered to be a homogeneously charged sphere of radius equal to the
Coulomb barrier radius (R.) [1], [3], [4]-

1.3 Reaction mechanisms

Nuclear interactions can proceed via several mechanisms. The mechanism characterizing each
interaction depends on the incident energy, the incident angle and the kind of particles that are
involved in the interaction. All the mechanisms are shown in Fig. 1 and the main ones, occurring
when deuterons are the incident nuclei, are detailed below.

. Elastic
Shape scattering
elastic Compound elastic
_ | Equilibration _ | Compound
Projectile - cascade " nucleus
Pre-compound Evaporation

Direct ermss;ons
reactions lneiasuc scattering

C harge exchange

Pick- -up. knock-out.
elc, -

Figure 1.4 A sketch of the possible interaction scenarios emerging from a nucleon-nucleus collision [3].

1.3.1 Compound nucleus mechanism
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If an incident particle enters a target nucleus with a small impact parameter compared to the nuclear
radius, then it will, with a high probability, scatter and make successive collisions with other
nucleons. In the course of such process one or more particles can be emitted and form, along with
the residual nucleus, the products of a reaction which is called a pre-equilibrium one. If the particle
IS not emitted, it performs several interactions with the nucleons and afterwards the incident energy
is randomly shared among many of the nucleons of the combined system of the projectile and the
target. The average increase in energy of any single nucleon is not adequate to free it from the
nucleus, since it is much smaller than the binding energy. However, as many more-or-less random
collisions occur, there is a statistical distribution (Maxwell-Boltzmann) in energies and a small
probability for a single nucleon to gain adequate energy to escape. This results in the relatively
long-lived intermediate state of the compound nucleus ~108 s — 107 s, but also lifetimes as long
as 10 s have been observed.

In such cases, where a definite intermediate state is created, after the absorption of the incident
particle and before the emission of the outgoing particle (or particles), the reaction can be written
as:a+ X — C*—> Y + b, where C* indicates the compound nucleus. Therefore, the compound
nucleus reaction is a two-step process: the formation and the subsequent decay of the compound
nucleus. A formed compound nucleus possesses a variety of possible decay modes (elastically,
inelastically, reaction or gamma rays) and, according to Bohr-independence hypothesis, the
relative probability of decaying into a specific set of final products is independent of the means of
formation of the compound nucleus. The set of final products depends only on the energy acquired
by the system; meaning that the compound nucleus "forgets” the process of its formation and
decays, governed primarily by statistical rules and conservation laws.

Bohr-independence hypothesis, meaning the compound nucleus model, is best applied in cases
where the incident energy is low (below 20 MeV) and therefore the projectile has a small
possibility of escaping the nucleus, preserving both its energy and identity. Moreover, the
compound nucleus model works best in cases of medium and heavy nuclei (Z>30) where the
interior of the nucleus is adequately large in order to absorb the energy of the projectile. An
important characteristic of the compound nucleus model is the nearly isotropic angular distribution
of the emitted particles, which originates from the random interactions among the nucleons and
the Bohr-independence hypothesis. The compound nucleus mechanism is schematically illustrated
in Fig. 1.5 [2].
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Figure 1.5 Formation of the compound nucleus (Based on [40]).

At this point, it should be noted that it was theoretically predicted by Ericson (1963) [41] that when
a compound nucleus is formed at excitation energies such that its levels completely overlap,
meaning it is no longer possible to distinguish individual resonances from each other, then the
differential cross section is simultaneously dominated by a large number of resonances, the
amplitudes of which interfere strongly. This interference between the different resonances displays
largely a random nature and gives rise to fluctuations in the differential cross sections around an
average value. The theory predicts that cross sections at any two energies differing by more than
I' and cross sections leading to different final levels are statistically independent. These
fluctuations predicted by Ericson were experimentally verified by different authors e.g. [42], [43].
In the course of the present thesis, Ericson fluctuations may contribute to the differential cross-
section behavior of the deuteron elastic scattering on silicon for deuteron energies above ~1600
keV, as discussed in Chapter 4.

1.3.2 Direct reaction mechanism

In direct or peripheral reactions, the incident particle interacts primarily at the surface of the target
nucleus with one nucleon, very few valence nucleons or the whole nucleus. As the energy of the
incident particle increases, its de Broglie wavelength () decreases, until it becomes more likely
to interact with a nucleon-sized object, than with a nucleus-sized one. A 1-MeV incident nucleon
has a A~4 fm, and thus does not distinguish individual nucleons; it is more likely to interact through
a compound-nucleus reaction. A 20-MeV nucleon, on the other hand, has A~1 fm and therefore
could distinguish individual nucleons and thus participate in direct processes.

In some cases a reaction proceeds via both the compound nucleus and the direct reaction
mechanisms and thus both mechanisms contribute to the cross section. These two contributions
could be distinguished through two principal differences that can be experimentally observed:

e The time scale of the occurred reaction is very different between the two mechanisms.
Direct processes occur very rapidly, in a time scale of the order of 1022 s, while compound-
nucleus processes typically take much longer, close to 10%6-1018 s, Such a difference is
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expected since in the compound nucleus mechanism a statistical equilibrium needs to be
attained by the system. A few experimental techniques exist for distinguishing between
these two incredibly short intervals of time.

e The second difference is related to the angular distribution of the outgoing particles. As
mentioned above, the angular distributions of interactions proceeding via the compound
nucleus mechanism are relatively isotropic, whereas in the case of direct reactions, more
sharply peaked and forward angular distributions are produced.

The simplest direct reaction is the elastic scattering of a single bombarding particle from a potential
well, representing the nucleus. In this case, the incident particle is directly scattered by the nuclear
potential, without forming the resonant state and is called potential or shape elastic scattering. For
deuterons at very low energies as projectiles and a heavy element as the target nucleus, the
deuterons are repelled by the electrostatic field of the nucleus (Coulomb) and are scattered
elastically with a cross section given by the Rutherford formula. This interaction is included in
direct reactions.

Inelastic scattering could proceed via both reaction mechanisms, namely a direct process and a
compound nucleus one, largely depending on the energy of the incident particle. In the cases where
the projectiles are deuterons, the stripping reaction (d,n) proceeds via both mechanisms. Another
stripping reaction, namely (d,p), is more likely to proceed via a direct process, since the
“evaporation” of protons from the compound nucleus is partly inhibited by the Coulomb barrier.
It should be mentioned here that when a deuteron is approaching a nucleus is oriented in such a
way that the proton is further from the nuclear core than is the neutron, due to the electrical forces.
Thus, taking into account the deuteron orientation, the deuteron small binding energy (2.2 MeV)
and the relatively large diameter, it is more likely that the neutron is absorbed by the nucleus while
the proton keeps moving in a forward direction.

Single-particle transfer reactions and especially the deuteron stripping ones, (d,p) and (d,n), are
among the most important reactions since critical information about the nuclear structure has been
obtained in the past through their implementation [44]. More specifically, such reactions allow the
identification of the single-nucleon states of a nucleus. In the case of a (d,p) reaction, for instance,
the neutron is captured into a vacant single-particle state and the detection of the energy of the
outgoing proton determines the energy of the excited state of the residual nucleus. Moreover, the
angular distribution and the polarization of the outgoing proton can determine the spin and the
parity of the state in which the neutron was captured [1]-[3].

[llustrated in Fig. 1.6 are the contributions of the different reaction mechanisms of a proton beam
inelastically scattered by >*Fe at 40° scattering angle and for the proton energy of 29 MeV. Several
differences exist between the scattering procedures studied in the present thesis and the
%4Fe(p,po)>*Fe scattering, for instance different projectiles, different beam energies and different
scattering angles, however, it is included for the qualitative illustration of the dominant reaction
mechanism at each energy region. At the highest energy part of the spectra the peaks correspond
to particles with definite energies, which give the excitation energies of discrete low-lying states
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of the residual nucleus. These particles originate from the direct reaction mechanism. At the lower
energy part of the spectra a Maxwellian peak exists due to protons with energies only slightly
greater that the Coulomb potential in the proximity of the iron nucleus, corresponding to the
compound nucleus mechanism.
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Figure 1.6 Spectrum of protons with 29 MeV incident energy inelastically scattered at 40° by **Fe (Part
of [3]).

In the present dissertation only low deuteron beam energies were used and thus the dominant
reaction mechanisms are the compound nucleus and the resonant one, detailed in the next section.

1.3.3 Resonant reactions

The compound nucleus model leads to reaction cross sections without sharp minima or maxima
since the probed nuclear states form a structureless continuum, meaning a plethora of discrete
nuclear states so close together that they form a continuum spectrum. On the other hand, the bound
states are studied by direct reactions. Between these two extremes is the resonance region-discrete
levels in the compound-nucleus region. These levels have large cross sections, meaning a high
probability of formation, while their widths are usually small (implying relatively large lifetimes),
and the quasibound state that is formed usually has only two modes of decay available to it; y
emission or re-ejecting of the incident particle, as in elastic or inelastic scattering.

In the case of the formation of a resonance, the incident particle interacts with the nuclear potential
which is represented by a square well, in the simplest case. The oscillatory wave functions inside
and outside the well must be matched smoothly at the nucleus surface (r=R). Fig. 1.7 displays three
different cases of how this might occur. In case (a), where the amplitudes of the wavefunctions
inside and outside the well match badly at the nucleus surface, the incident particle has relatively
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little probability to penetrate the nucleus. In case (b) a higher probability for penetration exists
while, in case (c), where the amplitudes match exactly, the incident particle easily penetrates the
nucleus, forms a quasibound state, achieving the resonance, while the cross section reaches a
maximum value. As the energy of the incident particle varies, the relative phase of the inner and
outer wave functions varies; the location of the matching point and the relative amplitudes vary
accordingly. The conditions shown in case (c) of Fig. 1.7 can be achieved only for certain incident
energies, the energies of the resonances in the cross section.

(a)

TV~

VAL ™
VUL L

Figure 1.7 Three cases of a particle approaching a nucleus. In case (a) the wavefunctions match badly
thus little probability of penetration exists, in case (b) higher probability for penetration exists and in
case (c) the resonance case is displayed where the wavefunctions match exactly [2].

The cross-section for a single isolated resonance of energy Er and width T, in the case of elastic
scattering, is described by the Breit-Wigner formula:

_ T (1-'aX)2
7= 129 (E—ER)2+I2/4 (1.30)

where g is a general statistical factor accounting for the spins of the reacting particles. More

specifically, if s, and sx are the spins of the incident and target particles, and if J is the total angular
2¢+1

(2sq+1)-(2sx+1)’
For spinless particles (s, = sy = 0) then g = (2¢+1). I'ax is the partial width of the entrance and
the exit channel, since Equation (1.30) describes the elastic scattering and I" is the sum of all partial
widths: T=Y; I, . The I'? factor in the denominator is related to the decay width of the resonant
state and therefore to its lifetime: I'=h/t. Finally, k is the wave number of the outgoing scattered
particle. Fig. 1.8 (b) shows the structure of a Breit-Wigner resonance. Moreover, a common elastic

momentum of the resonant state (meaning that ] = s, + sy + ¢)thengis: g =
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scattering shape is the one shown in Fig. 1.8 (a). This originates from potential or shape elastic
scattering. The interference between these two processes, namely the potential and the resonant
scattering, can lead to smaller or higher values of the combined cross section than it would be for
either process alone. Such an interference is shown in Fig. 1.8 (c). Thus, the contribution of the
two processes should be calculated by writing the complex scattering amplitude as:

S, = e?i(8er+dep) (1.31)

where 8,5 is the resonant phase shift and 6, is an additional contribution to the phase shift due to
potential scattering.
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Figure 1.8 Interference of the potential and resonance scattering for *2C(p,po)**C [1].

In order to calculate the elastic scattering cross section, the determination of the phase shifts is
necessary. This can be performed by a few phenomenological approaches. In the context of the
phase shift analysis, for instance, one can calculate the phase shifts by directly fitting the cross
section relations. A second approach is to solve the Schrédinger equation for partial waves, with
the parameters of the nuclear potential being free. However, the applicability of the optical model
near and below the Coulomb barrier is still debatable. Finally, the framework of the R-matrix
theory [33], described in the next section, could be used by adjusting the compound nucleus level
parameters and the boundary conditions [1].

1.4 R-Matrix theory

1.4.1 Introduction

The R matrix framework (1947, Wigner & Eisenbud [5]) is a theoretical approach for calculating
differential cross sections mainly when the structure presents minima and maxima which
correspond to discrete levels of the formed compound nucleus. It regards an interaction between a
projectile and the nucleus as a whole, as a black box with an unknown internal structure. The
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properties of the internal structure, which correspond to the elements of the R-matrix, are treated
as adjustable parameters of the theoretical calculations to the available experimental cross section
datasets [45].

The R-matrix approach is based on the assumption that the interaction between the projectile and
the nucleus proceeds via the compound nucleus mechanism, as well as, that the cross section
structure is governed by the interference between the resonant and the potential scattering. Since,
in the case of deuterons (up to 2.5 MeV) impinging on a low/medium Z target, the dominant
reaction mechanism is the compound nucleus one, the R-matrix theory is the most suitable
approach for analyzing such elastic scattering cases. The basic principles of the R-matrix theory
are described in the section below.

1.4.2 Basic principles

The basic concept of the R matrix theory is the division of the configuration space of the problem
into an “internal” and an “external” region. The internal region corresponds to the compound
nucleus, whereas the external one corresponds to the reaction alternatives, or channels, possible to
reach the compound nucleus or emerge from it. An illustration in three dimensions of the internal
and external regions of the space for resonance reactions can be found in Fig. 1.9.

e

SURFACE

CHANNELS

Figure 1.9 Schematic representation in three dimensions of the actual surface of the compound nucleus
and the channels emerging from it (part of [46]).

Such division of the internal and the external region represents the radius of the atomic nucleus
and it is accomplished via the choice of boundary conditions on the nuclear radius of the compound
nucleus. Thus, for each reaction channel, a nuclear radius is chosen. The fact that the boundary
conditions of the wavefunctions of the internal region and the external region must match on each
nuclear radius, leads to resonances in the cross-section structure. The nuclear or internal
parameters involved in the R-matrix framework are strongly tied to the basic nuclear physics
properties, e.g. the nuclear radius which is used in the R-matrix framework originates from the
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short range of nuclear forces, designating the R-matrix framework as the best one for the
description of resonance properties.

1.4.3 Elastic scattering of a spinless particle by a central potential

The derivation of the R-matrix for the elastic scattering of a particle with a spin by a potential is
highly complicated due to the involved spins, the Coulomb fields and the possibility of nuclear
reactions. Therefore, in this section, the R-matrix will be derived for the simplest case of the elastic
scattering of a spinless particle by a central potential V/(r). This interaction includes the centrifugal
potential for each partial wave and the scattering of charged spinless particles by a nuclear potential
well.

In the external region, the differential cross section for each partial wave was derived (Equation
(1.15)), including the effects of partial waves and the Coulomb potential:

2
do 1

an -~ 4k?

Z(Zf + 1)i (1 — Uy) Pycos6
£=0

The integrated cross section (Equation 1.17) was:

Goons = anz (26 + 1|1 — U,|?
£=0
where the collision functions U, = exp (2id,) are related to the phase shifts for each partial wave.
Therefore, in order to calculate the cross section, the collision functions need to be determined.

In the internal region, meaning the compound nucleus, resonances or stationary states X;,(r) exist
for each partial wave. Thus, the Schrédinger radial equation for each partial wave is:

h? (d?x
~om (sz) +V ()Xo = ExeXae (1.32)

and the boundary condition at the nuclear radius is:

dx

d—rM| = by Xpe(a) (1.33)

r=a

where a, is the matching radius chosen for each partial wave to separate the internal from the
external region and b; is the boundary condition number chosen for each partial wave. Thus, a
boundary value problem for the resonant states emerges, where, if the boundary condition numbers
are real, the problem is Hermitian.

The internal wave function, ¢,(r), at energy E, satisfies the same Schroédinger equation:

(L) +vg=Ep  (134)

2m

84



Multiplying Equation (1.34) by X;,(r) and the complex conjugate of Equation (1.32) by o(r),
subtract and integrate them, then apply Green’s theorem, the logarithmic derivative at the matching
radius is obtained as:

(@2/Plr=a = (1 + beRy)/Ry (1.35)

where the prime indicates the dimensionless derivative, ¢, = r% and the R-function is defined
as:

Ry = YaVie/(Ere — E) (1.36)
with the reduced width, y7, of level A defined as:
Vie = (W2/2may) X3, (ay) (1.37)

The external radial equation must include terms of the central and the Coulomb potential and is
given by:

a2, [e G (Zm) (lezez)] @, =0 (1.38)

dr? r2 hz T
This equation has regular solutions F¢, which are finite at r = 0 and irregular ones, G¢, which are
not finite at r = 0. At large r, their asymptotic behavior is:

. 1

Fp~ sin [kr —nlog(2kr) — (E) fm+ 0{)] (1.39)
and

G, ~ cos [kr —nlog(2kr) — (%) fm+ O'[:I (1.40)
where k = mv/h and the Coulomb phase shift (g,) and the Coulomb parameter (n) are given by:

o, = arg[1l + € + in] (1.412)

_ lelez

o (1.42)

and the incoming (I,) and outgoing (0,) wave functions in the external region are:
Ip = (Gp — iFp) exp (iwy) (1.43)
0, = (G, + iFp) exp (—iwyp) (1.44)
Withw, = Yf_, tan(%) being the Coulomb phase. The penetration factor (P,), the shift functions
(Sp) and the scattering phase shifts £, can now be written as:

_ kr
(F}+6G2)

P, (1.45)

_ (FgFe +GyGy)
T (FF+GD)

S, (1.46)

And 0,1, = exp (2if2,) with
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Q, = w{)—tan(g—j) (1.47)

where -tan(F,/G,) is the phase shift of the hard sphere. Such hard sphere phase shifts result from
the division into external and internal quantities at the matching radius. The internal potential,
V(r), is assumed to be vanishing in the external region and thus the sudden change at the matching
radius introduces square-well phase shifts.

The internal and external logarithmic derivatives are matched in the matching radii and the
collision function is obtained as:

Up= 07'(1 = ReLp)™ (1 — ReLy) * I, (1.48)

In which I, and 0, correspond to the incoming and outgoing wave functions, as before and L, =
0,/0, — b,. Through the above equations L, can be also written as:

Lg = 0:0/0[— b[ = S[—b[+l.P[ (149)

The R-function (Equation 1.36) along with the external functions I,, O,, L, (Equations 1.43, 1.44,
1.49 respectively) are inserted in the collision functions U, (Equation 1.48) and subsequently the
collision functions are inserted in the cross section relation (Equation 1.17). Hence, the cross
section is determined as:

0 = (Z) @e+D|-exp@i) {1+ i/ [Br—E+ a0 - O} @50
where
L = 2Ppy7, (1.51)
and

Ayp = (Se — bp) v (1.52)

Therefore, an expression of the cross section (Equation 1.50) is deduced, which includes the
interference between the potential and resonant scattering and contains all the essential elements
of a resonance: The resonance can be very narrow by choosing its energy (via the choice of the
potential well depth), Ex, to be sufficiently far below the Coulomb barrier; the level shift, Axg, is
energy dependent and also depends on the choice of the boundary condition number. Therefore,
the obtained equation of the cross section contains most of the elements of the real nuclear problem
except for the complications introduced by the spins, which were ignored here, and the
complications introduced by the possibility of an additional occurring reaction. In this case the
functions of (1.48) all become matrices.

One reason that the R-matrix framework was not, initially, as successful as it was afterwards, was
that the channel parameters (matching radius and boundary condition numbers) were initially
considered too artificial. In fact, the boundary condition numbers were often chosen to be zero for
all channels. However, definitions containing physics do exist for these parameters and were
analyzed later. More specifically, it is quite advantageous that the boundary condition numbers b,
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correspond only to outgoing waves (since the resonances naturally decay) thus to be equal to S, +
iP,. This equation originates from L, = 0,/0, — b, = S, — b, + iP, (Equation 1.49), where O,
corresponds to the outgoing wave function. Thus, if L,=0 then b, = S, + iP, which correspond
only to outgoing waves. However, in order to preserve the Hermitian nature of the problem, b,
needs to be real, so the closest real value is selected, meaning b, = S,. The shift functions S, vary
slowly with energy, and by choosing the b, = S, equation to be valid for a value of energy within
the energy interval in which the data is analyzed, then the level shifts 4;, = (S, — b;) v3,
(Equation 1.52) are close to zero for all resonances in the energy interval. Therefore, in this case,
the resonance energies E;, slightly differ from the positions of the states of the nucleus. This means
that the boundary condition numbers are physically compelling and also lead to close values of the
level energies and level widths that arise from the shell model.

The situation is simpler for the choice of the matching radii; it must lead to reduced widths y,;
readily comparable to the results of nuclear structure calculations. It is proven that the most suitable
choice for a matching radius value is approximately one fermi larger than the mid-point radius of
the mean field [46].

1.4.4 The single channel multi-level R-matrix

In the single channel multi-level approach [33], [47], [48], the R-matrix reduces to a simple R-
function:

2
Yaey
-

Rey= X (1.53)

E
The relation between the R-function and the collision function U, is (based on [48]):
Up = exp(2i2p) |(1 — 20) P (Ry/ (1 + LyRy)|  (1.54)

In the present thesis the R-matrix theory will be employed for the theoretical reproduction of the
cross sections of deuteron elastic scattering on oxygen in the energy range of 1.98-2.5 MeV. The
main purpose of this project is to theoretically investigate the energy region where the present
evaluation stops (1.98 MeV). The calculations are performed only for the elastic channel and a
few levels of the compound nucleus. The details of this procedure and the results are analytically
presented in Chapter 5.
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Chapter 2
Motivation and IBA technigques

2.1 Light Elements

Light elements find numerous technological applications in the industry. Most of them are highly
reactive, resulting to their presence practically everywhere. They are crucial in the field of material
analysis due to their presence in ceramics, glasses, and polymers, while they are also frequently
added in metallic alloys in order to improve their corresponding properties, such as, hardness, wear
and heat resistance, or rigidity. Since each isotope/element investigated in this thesis has different
applications in a variety of fields in the industry and in science, it is deemed important that each
isotope/element is analyzed in detail separately.

In more details, °Li, comprising 7.59 % of natural lithium, has a very high neutron absorption cross
section (~940 barns) and thus readily fissions to yield tritium and helium. SLi has been the main
source of tritium which is used in biochemical research, future controlled fission, thermonuclear
weapons and fusion power reactors. The usage of 6Li depends to a great extent upon its diffusion
properties. Consequently, the knowledge of ®Li concentration gradients in the matrices is an
important requirement in the continued development of all relevant technology [49].

"Li (92.41 % of natural lithium) is present in various materials, such as ceramics, glasses,
lubricants, greases. Moreover, a common use includes lithium ion batteries which are one of the
most widely used portable energy devices. In the field of research for lithium ion batteries, the
mobility of lithium creates problems in which a comprehensive understanding of lithium transport,
acquired by the determination of lithium concentration depth profile, is necessary to get a
consistent picture of the problem [50] and eventually lead to a solution. In fact, after a successful
usage of lithium ion batteries in consumer electronics, efforts are made to extend the application
to electric vehicles [51].

Concerning beryllium (100% °Be, with traces of "Be and °Be), although it is a relatively rare
element in the universe, it finds numerous applications in the industry. It is added as an alloying
element to metals such as copper (beryllium copper), aluminum, nickel and iron, as it improves
many physical properties. A few of its own physical properties, e.g. high metal flexural rigidity,
thermal stability and conductivity, lead to the usage of beryllium in mechanical and defense
applications, namely as aerospace material for aircraft components, guided missiles, satellites and
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space crafts. Moreover, beryllium has a reasonably high melting point, an ability to getter or bury
oxygen in the absence of chemical reactivity with hydrogen and a relatively high neutron scattering
cross-section. These characteristics render beryllium one of the most crucial materials in plasma-
facing components of magnetic fusion energy devices [52]. It is important to note here that the
accurate quantitative determination of beryllium depth profile concentrations leads to the
assessment of beryllium erosion, material migration and deposition processes which are
interdependent with the safety of tokamak fusion reactors.

Nitrogen (99.63% *N, 0.37% °N) comprises, in molecular form, ~77% of the earth atmosphere.
It is widely used in metallurgy and in the semiconductor and insulator technology. In metallurgy,
it is implanted into metals, e.g. steels, titanium and titanium alloys, because it increases their
hardness, toughness and wear resistance, important features for cutting tools. In fact, a heat treating
process called nitriding takes advantage of nitrogen diffusion into the surface of a metal in order
to create a case-hardened surface and to enhance its mechanical properties. Nitrogen is also used
as a common dopant for the creation of n-type semiconductors. Moreover, nitrogen is incorporated
into bulk ceramics, in order to modify the physical and the electrical properties in industrial
glasses, polymers and biological samples.

Oxygen (99.76% %0, 0.04% 170, and 0.2% *80) is the third most abundant element by mass in the
universe and it comprises ~21% of the earth’s atmospheric volume in molecular form. Oxygen is
used in the production of steel, plastics and textiles, brazing, welding and cutting of steels and
other metals. Furthermore, as it is highly reactive, oxygen-induced corrosion, or even simple
oxidization, is a well-known problem in most technological materials. Thus, the accurate
quantitative determination of oxygen depth profile concentrations in various targets is deemed
necessary.

Sodium (100% 23Na) is the sixth most abundant element in the Earth’s crust. Sodium is never
found in nature in pure elemental form as it is readily oxidized. Its compounds are present in
minerals, glasses, aerosol particles and pigments and are of great importance for material,
environmental, earth sciences and for cultural heritage studies. Pure sodium is used in the industry
in its liquid form as heat transfer fluid in certain types of nuclear reactors [53], due to its high
thermal conductivity and low neutron absorption cross section. Moreover, corrosion phenomena
which are unavoidably present in soda-lime glasses (sodium is a matrix element in these kinds of
glasses) and in order to prevent the corrosion it is necessary to understand the applied corrosion
mechanism and the composition of the corroded glass. Thus, it is deemed necessary to monitor the
compositional changes that occur during the corrosion process via the determination of sodium
depth profiling.

Silicon (92.23% 28Si, 4.67% 2°Si, 3.10% 30Si) is the second most abundant element in the Earth’s
crust, due to the various forms of silicon dioxide and silicates present in dust and sands. Silicon
and its compounds form the basis of many modern technologies and have found their applications
in industry. For example, silicon is used in semiconductor electronics and particularly for silicon
wafers that constitute matrices on which the semiconductor structures are built and are essential to
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the integrated circuits used in computers, cell phones and modern technology. Although, silicon
applications dominate the wafer technology, it is also used in the field of building materials,
ceramics and glasses (soda- lime silicate glasses).

From the above-mentioned applications, it becomes evident that the accurate quantitative
determination of light-element depth profile concentrations is of paramount importance in
contemporary technology and science. However, the existence of all these light elements in
relatively complex matrices, along with several medium- or high-Z elements, leads to a rather
complicated analytical problem. The determination of the depth profile concentrations can best be
accomplished via the implementation of lon Beam Analysis (IBA) techniques.

2.2 lon Beam Analysis Techniques

IBA techniques for the determination of depth profile concentrations are divided into categories
based on the studied interaction and are schematically represented in Fig. 2.1. Depth profiling
without any standards and almost non-destructively have rendered the IBA techniques as the most
commonly used tools for material analysis. The IBA techniques suitable for depth profiling are the
Rutherford Backscattering Spectrometry (RBS)/ Elastic (non-Rutherford) Backscattering
Spectrometry (EBS), the Elastic Recoil Detection Analysis (ERDA) and the Nuclear Reaction
Analysis (NRA). The fundamental characteristics of each of these techniques are outlined below.

Incident lons | Rutherford backscattering
(RBS), Elastic backscattering

Nuclear Reaction Analysis (EBS)
(NRA) p, a, n, 7 5
\. S
0cg’020°%ey% o° %0°?
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Figure 2.1 IBA techniques suitable for the determination of depth profile concentrations.

2.2.1 Rutherford Backscattering Spectrometry
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RBS is the most widely used IBA technique for sample analysis since it provides elemental depth
profiles non-destructively, with the use of a relatively simple experimental setup. The beam
particle is scattered from the Coulomb potential of the target nucleus and the differential cross
section follows the Rutherford formula (Equation 1.3) and can be analytically calculated. The
kinematics of this interaction (conservation of energy and momentum) require that heavy (or light)
target atoms scatter the primary ion beam at high (or low) energies. However, deviations from the
Rutherford formula are observed at both low and high energies for all the beam-target
combinations. For the low energies, these deviations are attributed to the screening effect of the
beam particles due to the electrons surrounding both nuclei. Thus, a correction term F, ey, yer [54]

is multiplied with the Rutherford cross-section value, which is given by:

*/3
0.4873 Z;Z,

FLIEcuyer =1- (2.1)

Ecm

The screening effect is larger for heavier targets and heavier ions. For 1.5 MeV deuterons
impinging on gold the correction term is ~1% whereas for 1.5 MeV deuterons impinging on lithium
the correction term results to a practically zero correction in the cross-section values due to the
screening effect. For high energies, the deviations are attributed to the nuclear forces present in the
interaction. More specifically, as the beam energy increases and the target becomes lighter, the
incident particle exceeds the Coulomb potential barrier and interacts with the nucleus, implying
that the interaction is no longer purely Rutherford and thus cross-section measurements are deemed
necessary for the implementation of the non-Rutherford EBS technique. Therefore, the RBS
technique has been established as the standard analytical method for accurately measuring the
depth concentration profiles of heavy elements in lighter matrices.

2.2.2 Elastic Recoil Detection Analysis

The ERDA technique is based on the elastic scattering, as the RBS one, but in this case the detected
particle is the recoil nucleus which is scattered in the forward direction (6 < 90°) from the sample.
The yield of the recoil particles is directly proportional to the amount of the corresponding element
in the target layer. ERDA can yield quantitative depth profiles of any light element, using
commonly a heavy ion beam and it is widely used for the depth profiling of hydrogen, deuterium
and helium. The sensitivity of the ERDA technique is in the order of parts per million or even
better and the depth resolution depends on the detector resolution and could be of the order of 1
nm. The main drawback in the implementation of the ERDA technique is that it provides depth
information only for the near-surface target layers, due to the heavy ion beams used and the high
stopping power values involved. The cross-section values are given by more or less the Rutherford
cross-section (Equation 1.3), along with screening corrections (Equation 2.1) [4 - Chapter 5].
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2.2.3 Elastic (non-Rutherford) Backscattering Spectroscopy

In several cases of elastic scattering the cross-section is not purely Rutherford, as described in
section 1.1, due to the interference of the Coulomb and the nuclear potential. In these cases the
cross-section values have to be measured. The implementation of the EBS technique is based on
the usage of these experimental cross-section measurements and can provide accurate results for
light elements. EBS is presented in detail in the section 2.4.

2.2.4 Nuclear Reaction Analysis

Concerning the NRA technique; it is similar to the RBS one from the experimental point of view,
but in the NRA technique the detected particles are ejected from the inelastic reaction of the beam
with the target and not from elastic scattering. NRA is analyzed in detail in the next section.
Moreover, it is possible that the detected particles are y-rays. In this case, the technique is called
Particle Induced Gamma ray Emission (PIGE). These y-rays originate from the excited nucleus,
as it de-excites by emitting y-rays. The acquisition of a depth profile with the PIGE technique
could be achieved through the shifting of a sharp resonance along the thickness of the target (the
so-called resonant-PIGE). The PIGE technique is not frequently implemented for the acquisition
of the depth profile of light elements, since resonances are usually very wide and limit the
resolution of the technique. However, several cases exist where resonant PIGE is implemented
with high precision, especially via the reactions H(**N,oy)'?C (4.43 MeV y-ray [55]) ,
HF,ay)%0 (6-7 MeV y-rays [55]), °F(p,ay)®O (6-7 MeV y-rays [56]) and *Na(p,oy)?°Ne
(using the 440 keV vy-ray [57], [58]).

2.2.5 Parameters for choosing the most suitable IBA technique for each case

In order to choose the most suitable IBA technique for each specific case, a number of parameters
have to be examined. The ion beam and the beam energy, the emitted ejectile and the scattering
angle, the elements/isotopes existing in the under-study sample and whether the desired result is a
simple quantitative analysis or a depth profile determination, are among the most important ones.
For example, higher beam energies (used for thick targets) allow for the analysis of deep layers at
the expense of depth resolution, since the stopping power is reduced as the beam energy increases.
Depth resolution can be improved by using a heavy ion beam for thin samples or by increasing the
outgoing particle path by tilting the target or by changing the detector angle. Hence, all this
information must be taken into account before deciding which is the most suitable IBA technique
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for each case. Moreover, another crucial parameter for choosing the most suitable IBA technique
is the availability of the specific cross section dataset in the literature. Except for the RBS and the
ERDA techniques, in which the cross-section is analytically derived (Eg. 1.3), the implementation
of the EBS and the NRA techniques completely relies on the available cross-section datasets. Thus,
the cross-section datasets should be available, but should also be accurate and reliable, because the
final results are based on these values. Since all the available datasets in literature are either
measured or evaluated, with the latter being also based on measurements (as described in Chapter
5), the only way to test their accuracy and reliability is via a benchmarking experiment [23]. A
benchmarking experiment is performed in order to validate a specific differential cross section
dataset. Thus, with the use of a thick target containing the element/isotope of interest at a known
composition, the experimental spectrum is simulated using the cross-section data to be checked.
This whole procedure determines the error margin of the benchmarked data. The benchmarking
procedure is analyzed in more detail in Chapter 4. For the easier implementation of the IBA
techniques a data library has recently been created at the International Atomic Energy Agency
(IAEA) called IBANDL (lon Beam Analysis Nuclear Data Library) [38], in which measured and
evaluated cross-section datasets are included. The evaluated cross-sections are provided by the
online calculator SigmaCalc [59], developed by Dr. A. F. Gurbich.

2.3 Deuteron Nuclear Reaction Analysis Technique

As already mentioned, in the NRA technique the detected particles originate from inelastic
processes with high Q-values. These offer the significant advantage of having emitted particles
with high energies (higher than the elastically scattered ones), appearing in the high energy region
of the experimental spectrum, where little or no background due to the target matrix exists.
Moreover, NRA provides high isotopic selectivity and the possibility of the simultaneous analysis
of more than one light elements in near surface analysis for the determination of non-destructive
depth profiles. Hence, these significant advantages render the NRA technique a very useful tool
for the detection and concentration depth profiling of light elements/isotopes in heavy, complicated
matrices. Especially in the cases where the incident beam is deuterons, the simultaneous analysis
of most of the light elements/isotopes is possible, since deuterons excite most of the main light
isotopes coexisting in a target; in some cases though, an increased background is created.
Furthermore, d-NRA is characterized by the relatively high cross-section values involved, which
lead to enhanced sensitivity and accuracy, especially in the depth profiling of light isotopes present
in small concentrations. In fact, these are the reasons why the >C(d,po) , **N(d,po), *¢0(d,po,1) and
23Na(d,po) reactions constitute flagships in the determination of depth profile concentrations of the
corresponding light elements. It should be noted though, that when the deuteron-induced NRA
technique is implemented, neutrons are also emitted due to (d,n) reactions on the target elements
and materials along the beam path as well as from the deuteron breakup (for deuteron beam
energies higher than 2.2 MeV) and thus radiation safety precautions are obligatory. However, the
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emitted neutrons usually do not cause problems at the low energies and currents (of the order of
nA) typically employed during NRA studies.

2.4 Deuteron Elastic Backscattering spectroscopy

In the above section the outstanding advantages of the d-NRA technique in the analysis of light
elements have been illustrated. The implementation of the d-NRA technique could be greatly
enhanced if the ever-existing elastic peaks appearing in the low-energy part of the experimental
spectrum, could also be analyzed. This simultaneous analysis of the elastic and the inelastic peaks,
implying the simultaneous implementation of both the EBS and the NRA techniques, could lead
to the full analysis of the target matrix. However, the cross-section values required for the EBS
technique are usually a combination of the Coulomb, the nuclear potential and the resonant
scattering, as already mentioned, and hence there is no analytical way to calculate the values ab
initio; thus, measurements are required. Unfortunately, the significant lack of such experimental
data in literature is the main reason why the simultaneous application of the d-NRA and the d-EBS
techniques is impeded. The experimental measurement of the cross-section values of deuterons
elastically scattered from most of the light elements is a rather challenging task, however it is
essential from the experimental point of view, as well as the theoretical one. From the theoretical
aspect, unfortunately, for the d-EBS case the only existing theoretical evaluations concern carbon
and oxygen, the latter up to 1.98 MeV. From the experimental point of view, deuteron elastic
scattering cross sections of light elements are important, since the EBS technique offers high
sensitivity and accuracy, as well as superior depth resolution with respect to the d-NRA one. More
specifically, the use of measured cross section values which are frequently many times greater than
the corresponding Rutherford ones leads to increased sensitivity and accuracy for the
determination of light elements. Concerning the depth resolution; depth information originates
from the energy loss of the outgoing particles. Hence, a particle with lower energy loses more
energy as it traverses through the target compared with an identical particle with higher energy for
the same analyzing depth. Therefore, combining the NRA and the EBS techniques one could
obtain a very useful tool for the simultaneous, coherent analysis of the light elements coexisting
in a target. Furthermore, if heavy elements also exist in the target the RBS technique could also be
simultaneously employed with the use of the same experimental setup.

However, a serious problem that was encountered in the present dissertation arises from the
benchmarking procedure. Especially for higher beam energies (above ~ 2 MeV) the contribution
of the levels of the (d,px) and (d,ox) reactions becomes more significant. Such contribution creates
a “tail” even in the low energy part of the experimental spectrum of a thick target and consequently
under the light element elastic scattering edge. In such complicated cases a solution could be the
use of a magnetic spectrometer for the separation of the deuterons, protons and alpha particles,
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however this situation constitutes a well-known problem in the scientific community. In the
present dissertation this problem was only partly addressed.

At this point, the comparison of the deuteron beam, for the simultaneous implementation of the
EBS and the NRA techniques, with proton and alpha beams for the same techniques is deemed
necessary since protons and alphas are the most widely used beams for the determination of the
depth profile concentrations of light elements up to now.

As evident in IBANDL, the p-EBS technique is widely implemented because of the high cross
section values involved and due to the existence of evaluated and benchmarked differential cross-
section datasets for the most important light elements. However, the major drawback of the p-EBS
technique is that the simultaneous implementation of p-EBS and p-NRA (when complex matrices
are involved) is impeded since the reactions (p,a), (p,d) and (p,>He) are in several cases strongly
endothermic (e.g. for *N, 0, Si). Even in the cases where the reactions are exothermic (e.g.
®Li(p,3He), °Be(p,do)), the p-NRA Q-values involved have usually relatively low values and the
corresponding cross-sections have more complicated structures, than the corresponding d-NRA
ones. This situation usually impedes their use in applications. Moreover, due to the kinematics,
deuterons offer better mass separation and resolution from protons, without a significant loss in
the maximum analyzing depth for the same beam energy, creating spectra with more distant peaks
and thus more easily manageable for subsequent analysis.

The a-EBS technique on the other hand, displays undoubtedly the advantage of better mass
separation and resolution than deuterons and, of course, protons. However, the a-NRA technique
is rarely used due to the existence of negative Q-values in most cases and the rather low cross-
section values involved. Thus, the simultaneous implementation of the a-EBS and the a-NRA
techniques is rather hindered for analytical purposes.

Last but not least, it should be noted here that only a *He beam can lead to similar results with
those obtained with a deuteron beam, regarding the excitation of most of the light elements, while
it produces — on average - one hundred times fewer neutrons than the (d,p) and (d,a) reactions.
Moreover, reactions induced by *He beams display better mass separation and resolution, due to
the higher stopping power compared with deuterons of the same energy. On the other hand, the
involved cross-section values are significantly lower [60] and for most of the light isotopes have
not yet been measured. Another drawback in the implementation of the 3He-EBS technique is that
the production of the 3He beam from the accelerator source is considerably more costly.

2.5 Content and goals of the present work

The widespread use of light elements in the industry, as well as in science, indicates the necessity
of the determination of light element depth profile concentrations in a variety of complex matrices.
The advantages of the simultaneous implementation of the d-NRA and d-EBS techniques
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mentioned above, render this combination as the most suitable one for such cases. However,
concerning the d-EBS cross-section datasets, for several light elements only a few datasets exist
presenting many discrepancies among them, as evidenced in literature. Therefore, the present
doctoral thesis aims at contributing in the field of lon Beam Analysis via the differential cross-
section measurements of elastically scattered deuterons from selected, technologically important
light elements. More specifically, the differential cross section measurements include: 5Li(d,do)°Li,
"Li(d,do)’Li, °Be(d,do)°Be, *N(d,do)*N, °0(d,do)'®0O, #Na(d,do)**Na and "'Si(d,do)"Si in the
deuteron energy range of 0.9-2.2 MeV, using a variable energy step and for the detection angles
between 120° and 170° in steps of 10° (in most cases). In order to validate the results, in three
cases, namely 10, 2Na and "*Si, benchmarking data were also acquired, as detailed in Chapter 4.
The last part of this dissertation, Chapter 5, concerns an attempt to theoretically investigate the
cross-section of the deuteron elastic scattering on oxygen for energies higher than 1.98 MeV,
where the current evaluation of SigmaCalc stops.
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Chapter 3
Experimental Setup

3.1 5.5 MV Tandem Accelerator

All the experiments were performed at the 5.5 MV HV TN11 Tandem accelerator located at the
Tandem accelerator laboratory of the Institute of Nuclear and Particle Physics of the National
Center for Scientific Research “Demokritos” in Athens, Greece.

The accelerator is shown in Fig. 3.1 while the major components are sketched in Fig. 3.2. To begin
with, the sources are a duoplasmatron one, from which the protons and deuterons are produced
and a caesium sputter source for the production of heavier ion beams ('Li, '°C etc). After the
sources, the negatively charged ions that are produced at ground potential get pre-accelerated and
subsequently enter the main beam line towards the acceleration tube. This acceleration is caused
by the Van de Graaff generator which is a positive high-voltage terminal (metallic sphere) located
in the center of a pressure tank. In order to achieve high voltage values, the system must be able
to hold the entire high voltage between the terminal and the ground, hence a gradual increase of
the voltage value from zero to the needed final value is ensured by the acceleration tube. The tank
surrounding the main accelerator parts is filled with SFs gas at high pressure in order to ensure
electronegativity and to inhibit electrical breakdown (sparking) of the power motor responsible for
the rotating charging belt. The acceleration tube must be kept under high vacuum (<10 Torr) in
order to reduce the corresponding energy losses in the residual gas. A corona feedback system also
exists in order to stabilize the voltage. The stripping of the negatively charged ions from their
electrons is performed via thin carbon stripping foils located in the center of the tube. After the
stripping the positively charged ions are repulsed due to the positive polarity of the terminal and
are subsequently accelerated for a second time (the name tandem originates from this subsequent
acceleration). The ion beam which contains a range of energies is then guided to the 90° analyzing
magnet where the desired beam energy is selected by choosing a specific g/m ratio (i.e. value of
the magnetic field). The feedback system which controls the magnetic field of the analyzing
magnet is based on a Nuclear Magnetic Resonance (NMR) probe. Following the analyzing magnet,
analyzer slits are installed; their aperture determines the range of the beam energy around the
desired central value. Subsequently the beam enters the switching magnet which directs it towards
the desired beam line. Each beam line is selected depending on the experimental purposes, since
at the end of each beam line chambers containing the necessary detection systems and the under-
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study targets are mounted. As the beam traverses through the beamline it is properly guided to its
destination by a series of optical components (like dipole lenses, electrostatic steerers and magnetic
quadrupoles) which are implemented in order to guide and focus the beam along the desired path.
The acceleration tube and the beam lines are kept under high vacuum ~10%°-107 Torr, using a
combination of diffusion and thermomolecular pumps.

Figure 3.1 Panoramic view of the Tandem Accelerator of N.C.S.R. "Demokritos", Athens, Greece.

00 00

Figure 3.2 A schematic diagram of the accelerator along with the beam line.

In the present work deuterons and protons from the duoplasmatron source were used, and their
energy was selected via a 90° analyzing magnet controlled through a Nuclear Magnetic Resonance
(NMR) probe, along with a high-accuracy electronic feedback system. However, due to remanence
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and the fact that the NMR probe is not located in the absolute center of the magnet, resulting to
not exactly measuring the precise value of the field, the beam energy, along with its spread (largely
defined by the aperture of the slits) had to be determined and verified. In order to achieve this goal,
an accurate accelerator energy calibration procedure was carried out before every experiment
implementing resonance reactions. More specifically, the resonance of the 2’Al(p,y) reaction
corresponding to the proton energy of 991.9 keV with I' = 100 eV [61] and/or the resonance of
the!3C(p,y) reaction corresponding to the proton energy of 1747.6 keV with I' = 122 eV [61] were
used, as will be thoroughly described in the next chapter.

3.2 Scattering chamber

At the Tandem accelerator laboratory, the beamline that was used for all the experiments of the
present dissertation ends up in a large-size, cylindrical scattering chamber with a radius of 40 cm,
equipped with a high precision goniometer. The interior of the scattering chamber is shown in Fig.
3.3 and illustrated in a schematic diagram in Fig. 3.4. There is a collimator/antiscatterer system set
at the entrance of the scattering chamber. The antiscatterer (2.5 mm in diameter) was located 40
cm before the target holder and the distance between the collimator (2 mm in diameter) and the
antiscatterer was ~4 cm. The antiscatterer, as suggested by its name, is practically a second larger
collimator set up to partially impede the large-angle scattered ions from the first collimator to
continue their course along the beamline. Such a system results in a beam spot of about ~2x2 mm?
on the target. In cases where the active area of the target was too small, an additional collimator (1
mm in diameter) was mounted at ~10 cm from the target holder, resulting in a beam spot size of
~1x1 mmZ. Inside the scattering chamber, the target holder was placed perpendicularly to the beam
axis and in the center of the goniometer. The target holder allows for the simultaneous mounting
of five targets. Two independently rotating tables exist with the possibility of mounting detectors
per 5° (lower table) or per 10° (upper table). Four motors with micrometric precision permit the
control of both the rotating tables and the target holder without opening the chamber. For the latter
there exist only two degrees of freedom, namely a vertical one along the y-axis and a rotational
one along the x-axis. The motors which are controlling the rotating tables result to an uncertainty
in the detector scattering angle of 0.1°. The detector signals are guided out of the chamber through
BNC vacuum feedthrough connectors. The same cabling system is responsible for the voltage
biasing of the detectors as well. Finally, a Faraday cup is mounted at the end of the beam line, at a
distance of ~1.3 meters from the target holder in order to measure the charge (charge collection
and current integration). The vacuum inside the scattering chamber is of the order of 10°°-10"" mbar
via the use of a rotary and a turbomolecular pump.
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Figure 3.3 The interior of the scattering chamber prepared for an experiment. The red arrow in both
pictures indicates the direction of the impinging ions.
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Figure 3.4 Schematic diagram of the scattering chamber and the Faraday cup assembly for cross-section
measurements. The diagram is not scaled.

3.3 Detection System

The detection system consisted of four, five or six Silicon Surface barrier (SSB) detectors
(provided by Dr. N. Patronis, property of the department of Physics at the University of loannina),
depending on the studied case, having thicknesses of 500 um, carefully selected so that the
scattered deuterons or protons deposit all their energy in the detector. The detectors were mounted
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in the goniometer at the corresponding backscattering angles varying from 120° (or 125°) to 170°
with steps of 10°. Orthogonal slits with variable sizes (e.g. ~ 3x6 mm?, 4x8 mm?, 4x7 mm?) were
placed in front of each detector in order to minimize the angular uncertainty to less than 1°, while
subtending a sufficient solid angle for the detectors. The solid angle obtained by all the detectors
ranged between 2 and 4 msr. At the same time, cylindrical aluminum tubes with variable lengths
~ 30 - 70 mm, having a diameter of 10 mm were placed in front of each detector in order to reduce
the contribution of the elastically scattered particles from the goniometer walls and/or the faraday
cup in the spectrum background under the studied elastic peaks. These tubes were also connected
to ground via wires so that the beam is not deflected as it traversed the chamber due to any possible
charging of the tubes. Such aluminum tubes are visible in both pictures of Fig. 3.3 while the slits
are shown in Fig 3.5. The detectors were mounted at a distance of 10-12 cm from the target holder
and their resolution (for protons and deuterons) varied from 8.5 keV to 13 keV in the energy range
of 1-3 MeV. These values were experimentally determined by irradiating a polished thick silicon
target with protons at E, = 1.8 MeV and were deemed stable. During the course of every
experiment the leakage current of the detectors was monitored, hence ensuring the proper
operation of the detectors, and it displayed values up to 100 nA.

It should be noted here that no correction was deemed necessary concerning the pulse height defect
(PHD) of the detectors since the experimental spectra were in all cases collected at an energy range
of maximum 1.5 MeV, usually from ~1 MeV to ~2.2 MeV [1], taking into account the relatively
small stopping powers of protons and deuterons with respect to alpha particles.

The detector signals were collected and processed via suitable, standard spectroscopy electronics,
as presented in the following section.

Figure 3.5 Orthogonal slits placed in front of the detectors. In the left image the detector is removed so
that only the slit is visible, whereas in the right image the detector is on the back side of the holder, so
that both the slits and the aluminum tubes are visible.

3.4 Electronics
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The signal obtained from each detector was properly processed via a sequence of NIM
spectroscopy electronics, schematically represented in Fig. 3.6. The signal originating from the
silicon detector was processed primarily from the preamplifier which was located as close as
possible to the detector. The preamplifier maximized the signal-to-noise ratio and its output was a
linear tail pulse, shown in Fig. 3.6. Moreover, through the preamplifier the detector was supplied
with the required voltage bias in order to be fully depleted from charge carriers. Such a linear tail
pulse was used as input to the shaping (RC-CR) amplifier, which produced an approximately
Gaussian shaped pulse with an amplitude proportional to the input pulse. Afterwards, the analog
signal was converted to digital via an analog-to-digital (ADC) converter coupled to a multichannel
analyzer (MCA) responsible for the histogram (spectrum) creation. For silicon detectors the
number of required channels was limited to 1024/2048. The specific implemented amplifiers
allowed for the adjustment of several important parameters like the shaping time, the pole zero
cancellation, the polarity and the shape of the output signal (bipolar or unipolar). The shaping time
usually was set at 2 ps, which constitutes a reasonable compromise for the reduction of pile up,
without critically affecting the resolution of the detection system. Concerning pole zero
cancellation, adjustments were performed in order to minimize the effect but retain a slight
undershoot during the electronic setup at the beginning of each experiment. The output signals
were adjusted to a unipolar shape. Pile-up rejection was not deemed necessary since the current
was kept relatively low (below 100 nA for the ultra-thin targets used in the differential cross section
measurements) in order to avoid overheating. The adjustment of the amplification (gain) depended
on the specific experiment and the elements/isotopes present in the target [62].
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Figure 3.6 Schematic of the used electronics [4].

3.5 Target Preparation
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The targets used for all the experiments in the context of the present thesis were either purchased
or manufactured at the Tandem laboratory using the evaporator or the high-pressure system.
Within the evaporator two kinds of techniques can be performed, the thermal evaporation and the
electron-gun technique. The selection of the appropriate technique depends only on the properties
(physical and chemical) of the material to be evaporated.

3.5.1 Targets manufactured using the evaporation procedure for cross section measurements

The thin targets for the differential cross section measurements of deuteron elastic scattering on
SLi, 'Li, "*O and ?*Na were manufactured using the evaporator, shown in Fig. 3.7, at the Tandem
laboratory of the N.C.S.R. “Demokritos”. As displayed in Fig. 3.7 the evaporator is essentially a
chamber operating in high vacuum (~10° mbar), achieved via a rotary and a turbomolecular pump.
Both thermal evaporation and electron gun techniques were implemented for the manufacturing of
all the targets. Thermal evaporation is achieved via a gradually applied high current on a thin metal
sheet (boat), on which the material to be evaporated is placed, located at the center and bottom of
the chamber. Substrates are placed above the boat, at a distance ranging from 10 to 20 cm, with
the help of a mechanical frame (visible in the right picture of Fig. 2.7). Thus, due to the heating,
the material on the boat is evaporated, transported to the substrates and is finally condensed,
forming a solid film on each substrate. The method with the electron gun utilizes the same
geometry, but instead of the boat, a pellet manufactured from the material to be evaporated is used.
More specifically, an electron beam is being generated via the heating of a resistor and directed
towards the evaporation material using an appropriate magnetic field. The thermal energy that is
produced when electrons are striking the evaporation material, heats the material locally, causing
its melting and subsequent vaporization. The resulting vaporized material forms a solid film on
the substrate located above. The application of the electron gun is generally necessary when the
melting point of the desired substance is quite high. Such high temperatures cannot be achieved
using the standard thermal evaporation technique.

One of the most important parameters in the target manufacturing procedure is the choice of the
substrate. For all the thin targets manufactured in the Tandem laboratory in the context of the
present thesis the selected substate was carbon. Since carbon is evaporated using an electron gun,
a carbon pellet was placed in the evaporator and glasses with a mixture of soap (10% betadine and
90% sugar water) on top were placed at ~15 cm, depending on the case, from the carbon pellet.
Subsequently, the electron beam impinged on the pellet, causing the formation of a carbon layer
on top of the soap-covered substrates. The glasses were then sunk in water and since soap is a
dissolvent, each carbon foil floated on the water surface and was ready to be adjusted on a frame,
thus creating a self-supported thin carbon target. This is in fact the same process used for the
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manufacturing of the stripping carbon foils used inside the accelerator, as described in section 3.1,
only in this case the foils needed to be thinner (~10 pg/cm?).

The next step included the evaporation of the element/isotope under-study. As a typical example,
the procedure of manufacturing the target for the 22Na(d,do)*Na experiment will be analyzed. The
selected powder was NaO since it contains a high amount of sodium with a relatively low melting
point (1132 °C). The areal density (p) of the powder was calculated with the help of the SRIM2013
[63] code so that the deuteron beam loss at 1 MeV was ~10 keV as it traversed through the target.
The calculated areal density is related to the amount (m-mass) of the powder and the distance R in
which the carbon foils are placed via the equation: m = p - 2rR?, since the evaporation is
performed in the upper part of the chamber (i.e. with a corresponding 27 solid angle). The distance
R=17 cm was deemed preferable in order to achieve a relatively isotropic evaporation resulting in
a uniform distribution of the sodium films on top of the carbon foils. Thus, the proper amount of
Na.O (m ~ 82 mgr) was weighted on a high-accuracy scale and was subsequently placed on a
metallic boat made of tantalum. Tantalum is among the most common materials that are used for
manufacturing boats since it has a high melting point (2996 °C), as well as, proper physical
properties (electrical conductivity, possession of low vapor pressures). Alternatively, molybdenum
and tungsten boats can be used, with the choice depending on the chemical affinity of the metallic
base with the evaporated substance. In the case of sodium oxide as primary material a standard
tantalum boat was deemed adequate. Thus, as the high current was applied on the boat, the powder
was melted, vaporized and deposited on the carbon foils forming a thin layer of Na2O on top of
carbon.

The same procedure was followed for the evaporation of gold. A small quantity of gold (30 mgr
in order for the energy loss of 1 MeV deuterons in the gold layer to be ~1-1.5 keV or less) was
placed on the tantalum boat, while the carbon foils with the NaO layer were again placed on top.
After the evaporation an ultra-thin gold layer was deposited on top of the Na>O one for the
protection of the target, as well as for normalization processes (as described in the next chapter).
The final layering of the obtained target can be seen in a schematic diagram in Fig. 3.8.

It should be noted here that in some cases the obtained layers and elements in a target were not
exactly as represented in Fig. 3.8 and displayed differences. More specifically, the mixture of soap
used for the manufacturing of self-supporting carbon foils may cause a minor contamination of
chlorine and nitrogen, as observed in the experimental spectra of the obtained targets. An
asymmetry (tail at the left side) in the experimental peaks has also been observed and may be
attributed to the coating for the creation of the carbon foils. Moreover, the evaporation procedure
itself may cause an oxygen contamination. The contribution of each of such contaminants will be
thoroughly discussed in the next chapter for every manufactured target separately.

Furthermore, of great importance are the cases where the evaporated substance is a compound. In
such cases the stoichiometry is usually not retained during the evaporation process (due to e.g. a
possible break of the chemical bonds followed by rapid oxidization when the targets are removed
from the evaporator etc.). Since in the present dissertation compounds and not chemical elements
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were used for all the manufactured targets, the experimental determination (along with the
corresponding verification of the target thickness) is absolutely mandatory. Several techniques can
be implemented for the full characterization of the obtained targets. A very common technique for
the thickness determination of heavy elements is XRF. However, in the course of this dissertation,
due to the study of low- and medium-Z elements which are expected to present strong deviations
from the Rutherford formula when studied with deuterons over the whole energy range covered in
the present work, the EBS technique with protons was implemented for the full target
characterization and the determination of the target thickness in each case. Moreover, for
beryllium, the ERDA technigue using an oxygen beam was also implemented in order to acquire
a supplementary value of the target thickness. The corresponding beam energies and the whole
procedure are analyzed in detail in the following chapter.

The materials used for each one of the manufactured targets can be found in Table 3.1. The melting
point of each powder along with the suitable boats [64] are also included in the table.

Figure 3.7 The evaporator of the Tandem laboratory of the N.C.S.R. “Demokritos” during an
evaporation process. In the left picture the rotary and the turbo pump are visible, as well as the power
supply of the electron gun and the system for thermal evaporation.
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Figure 3.8 Schematic diagram of the obtained target. The red arrow indicates the direction of the beam.
The diagram is not scaled.

Table 3.1 Materials used for the target manufacture procedure.

Cross section | Substrate | Powder evaporated Powder Top layer | Suitable Boats
measurement on top of the melting point
substrate (°C)
®Li(d,do)5Li C SLiF enriched 97% 841 Au Ni, Ta, Mo, W
Li(d,do)"Li C nat) i 841 Au Ni, Ta, Mo, W
"0O(d,do)™O C Na;HPO4 250 Au
2Na(d,do)*Na C Na,O 1132 Au

3.5.2 Purchased targets for cross section measurements

Concerning specific differential cross-section measurements, targets were also purchased that
included beryllium (highly toxic), nitrogen and silicon. More specifically, differential cross-
sections of the deuteron elastic scattering on nitrogen and silicon were accomplished using ultra-
thin, high-purity silicon nitride membranes manufactured by Silson Ltd. Such self-supporting
membranes had a nominal thickness of 75 nm and their square-shape active area was rather small
(5x5 mm?), thus necessitating the implementation of a third collimator inside the scattering
chamber, as described in the previous section. Moreover, for normalization purposes (described in
section 4.1), on top of the SisN4 membrane a small quantity of gold was evaporated using the
standard thermal evaporation technique with tantalum boats, as described above. It should be
mentioned here that, according to the manufacturer, the stoichiometry in these silicon nitride
targets may vary between 3:4 and 1:1. This excludes from the differential cross section values
calculation the possible use of the nominal stoichiometry. For the deuteron elastic scattering on
beryllium, these identical high purity, ultra-thin self-supporting SisN4 membranes (Silson Ltd.)
were used as substrates, with the deposition of a thin °Be layer on top being carried out by means
of magnetron sputtering.

3.5.3 Targets for the benchmarking experiments
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For the validation of the obtained cross-section values, benchmarking experiments were performed
for the selected cases of 22Na and "*'Si. For the sodium case, the used thick target was manufactured
by using the high-pressure system for manufacturing pellets located at the Tandem laboratory.
More specifically, the NaCl target was manufactured by pressing a small quantity of high purity,
fine-mesh NaCl powder at ~8 tn. The formed target was pressed for at least half an hour, in order
for the pellet to be homogeneously formed, through a reduction of the air inclusions. However, the
surface roughness of the created pellet is relatively high. Polished crystalline wafers, when
available, do not present this problem when used in benchmarking experiments; thus for the silicon
case a thick Si polished wafer was used. For charge normalization purposes, an additional gold
layer was evaporated on top of the Si target. However, it should also be pointed out here that in
the case of thick crystalline targets channeling perturbations near the surface might occur. This
phenomenon might seriously affect the experimental spectra and thus the obtained results. A more
detailed discussion will be presented in a following chapter in cases where channeling was
possible.

It should be noted here that during the benchmarking experiments, unlike the differential cross-
section measurements, the current on each thick target was kept very low (1-2 nA) in order to
significantly reduce pile-up effects in the experimental spectra.
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Chapter 4
Methodology, Data Analysis, Results and Discussion

In the present chapter the methodology and the necessary steps for obtaining the final differential
cross section values, as well as the validation procedure, will be thoroughly analyzed (sections 4.1
and 4.2 respectively). Subsequently, each case of the deuteron elastic scattering on °Li, 'Li, °Be,
1N, #Na and "'Si is described in detail separately, along with the benchmarking process in the
cases of 2Na and "S;i.

4.1 Differential cross section determination — Methodology

In general, the determination of the differential cross section values for the elastic scattering of a
deuteron from a light element at energy E and for the scattering angle 6 could be achieved by
implementing an ultra-thin target containing the isotope/element of interest using the absolute
measurement technique via the equation:

(d_o>llght isot _ Yiight isot (4 1)
4o EQ Q-0 Nil‘ght isot '

Where Yjigneisor COrresponds to the number of detected particles scattered from the light
isotope/element under-study, Q corresponds to the number of impinging deuteron ions in each
measurement, Q corresponds to the detector solid angle subtended by the detector set at angle 6
(in sr) and N/"9" °%js the light isotope target thickness calculated in atoms/cm?2. The obtained
units of the differential cross section values are mb/sr. It should be noted here that E represents the
energy at the half of the target’s thickness (see section 4.1.1.2).

In order to calculate the differential cross section, the parameters in Eq. 4.1 need to be determined.
Y can be easily obtained by processing the corresponding peak in the experimental spectra, as

described below. The determination of the target thickness, N/"9"*™°" is among the most
challenging parameters since it should be obtained from an independent measurement with high
accuracy, as analyzed in section 4.1.3. The collected charge Q can be measured by adding the
charge from the Faraday cup and the charge induced in the target, using a current integrator.
However, as the beam impinges on the target a large number of secondary electrons and photons
(X-rays) are emitted. Such secondary electron current could be comparable or even higher than the
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incident beam current, depending on the beam-target combination [1]. Possible solutions to this
problem could be the installation of a suppression system for these electrons, or the installation of
a Faraday cup in close distance from the target or the use of the whole chamber as a Faraday cup.
In principle, the latter solution could lead to a better collection of the charge, however, it is rather
difficult to be performed since the scattering chambers used for differential cross section
measurements have usually large dimensions in order to allow for the simultaneous mounting of
multiple detectors and act as charge collectors from the surrounding environment, thus impeding
the accurate measurement of the charge. Past measurements have pointed out that the Faraday cup
located in the scattering chamber at Demokritos, where all the experiments of the present thesis
were performed, leads to an accuracy of ~7-14% for deuterons at the energy range of 1-2 MeV
depending also on the target thickness. Thus, Q is difficult to determine with high accuracy and
frequently leads to a high percentage of uncertainty, in the absence of a sophisticated faraday cup
with a suppression system. At the same time, the detector solid angle ©, is also rather difficult to
be calculated with high accuracy. An accurately calibrated alpha source emitting alpha particles at
a solid angle of 4z could be placed at the position of the target, thus leading to the determination
of Q. The main problems of this method are the different dimensions of the source compared to
the beam spot, as well as the difficulty in mounting the source in the exact position of the target
[1].

Therefore, Q and Q are quantities that are hard to measure with high accuracy and the use of
equations for relative measurements for the cross sections could in principle provide results with
high accuracy, as it bypasses the calculation of these two coupled parameters. More specifically,
the differential cross section values for a heavy element at the energy E’ and at the scattering angle
0 could be found by using the following equation, similar to Eq. 4.1:

(d_d)heavy elem _ Y heavy elem (4 2)
do ErO Q-0 N?eavy elem '

The values of the differential cross section for each beam energy and scattering angle combination
can be analytically calculated using the Rutherford formula (Eg. 1.3). In this case, the beam energy
E’ represents the energy at the half of the gold layer thickness. All the parameters of the right part
of Eqg. 4.2 correspond to the same quantities as for Eq. 4.1, but in this case regarding a heavy
element and can be calculated with the same methodology. If the heavy element and the light
isotope are both present in the target during a measurement, then the impinging number of ions
and the solid angle for a specific measurement and for each detector are equal (Q=Q', Q=Q"). Thus,
if Eq 4.1 is divided with Eq. 4.2 then the following equation is derived:

. i heavy elem

do light isot _ (do heavy elem . _Yiightisot N g 4.3

— =\ Y light isot ( ' )
E0 Er0 heavy elem N

In the present thesis Eq. 4.3 was used for the determination of the differential cross section values
in all cases with the heavy element frequently being gold. Gold was chosen since it is a malleable
and ductile metal, has a relatively low melting point (1064.18 °C) while it displays good
conductivity and general resistance to oxidation and corrosion. Unfortunately, in the beryllium
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cross section measurement the target did not contain gold or any other heavy element, requiring
the use of the following equation where the beryllium differential cross section values were
obtained compared to the ones of the "*Si(d,do)"Si elastic scattering, which does not deviate from
the Rutherford formula at Eq 1= 1000 keV [6], for the same scattering angle:

9 . .
(L2) ™ = (o). Do g M (g
/g d2/1000,0 Ynatg; Qop, NE€ '

In this case, the calculation of the relative charge of both measurements could not be avoided. This
case is analyzed in section 4.5.

Therefore, after the completion of each experiment, the procedure in order to obtain the final
differential cross section values includes the analysis of the recorded spectra, the determination of
the target thickness and, with the target thickness known, the final beam energy can be calculated
via the accelerator calibration and the energy loss in the target. With all these parameters set, the
unknown differential cross section values can eventually be determined at each energy step.

4.1.1 Spectrum analysis

A typical spectrum of deuterons having an energy of 1290 keV impinging on a Na2O target and
scattered at 170° is shown in Fig. 4.1 along with the corresponding peak identification (procedure
and discussion below). The obtained spectra are technically histograms showing the number of
deuterons scattered at a certain angle after interacting with the isotopes/elements present in the
target, with respect to the channels of the ADC, coupled with the MCA. In order to obtain the
number of counts of each of the isotopes/elements of interest from the spectra, the peaks need to
be identified. Thus, the calibration of each one of the ADCs, namely the procedure determining
the relation between the channel in the spectra and the energy of the scattered ion, leads to the peak
identification process which is rather essential. This relation is different for each one of the ADCs
since the detector, the amplification gain and the cables are different. Subsequently, the peaks
which correspond to the elastic scattering of interest should be integrated in order to obtain the
yield parameters Yj;gnt isor @Nd Yreqvy etem Of EQ. 4.3 needed for the determination of the cross

section.

110



Experiment Au }
E . =2140keV, 170°
12 13 d,lab !
Cc(d,p,)°C :
1000 - @p,) -

Counts

100 +

10

S
300 400 500
Channel

Figure 4.1 A typical spectrum of the Na,O target for the deuteron energy 2140 keV and for the scattering
angle of 170° along with the corresponding peak identification.

4.1.1.1 Peak ldentification — Calibration ADC

The spectra obtained from all the experiments are frequently composed of multiple peaks, as
observed in Fig. 4.1. In order to identify such peaks, the calibration of the ADC, namely the relation
between the channel visible in the experimental spectrum and the energy of the scattered ion from
the specific isotope/element of interest needs to be determined. The ADC calibration can be
performed either via the use of calibrated sources or via the use of standard samples with at least
two elements (both high and low Z) at the surface, or by using a target with one surface element
at multiple beam energies. In the latter two procedures surface elements are usually preferred in
order to avoid the uncertainty introduced by the calculation of the beam energy loss between the
surface and the depth in which the element is located. In the present thesis the ADC calibration for
all the experiments was performed using one surface element at multiple energies. Generally, the
ADC calibration procedure involves the identification of channel numbers corresponding to well-
known energies. The channel can be easily obtained from the experimental spectra; in cases of
very thin layers (FWHM less than the detector resolution) the signal peak is chosen, whereas for
thick layers the signal half-height is chosen. The energy of the surface element, since it is
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characteristic of the struck particle in the target, can be analytically calculated, for the elastic
scattering, via the kinematics of the corresponding scattering (E, = k.E,, Where E, is the incident
beam energy and k. is the kinematic factor of the corresponding element), for instance via
CATKIN [65]. In the case of a reaction, the Q-value and the levels of the residual nucleus should
also be taken into account. After the channel and energy values are determined and plotted, a linear
regression is performed to obtain the gain a (in keV/ch) and the offset b (in keV) values: E,. =
a C + b, e.g. the energy E_ is represented by a channel C. With the relation of channel number to
energy established, the conversion of a backscattering spectrum from channel numbers to particle
energies and the subsequent identification of all present peaks is possible.

At the Tandem Accelerator Laboratory, where all the experiments were performed, the accurate
ADC calibration was achieved by using the surface gold evaporated on top of all the targets (except
for the case of the beryllium). Since the thin layer of gold existed in all the cross-section
measurement targets, all the obtained spectra over the whole energy range could be used for the
ADC calibration. In the beryllium case, a target of thick silicon with a thin layer of Au evaporated
on top was also irradiated at several beam energies (in steps of 100 keV) over the whole energy
range under-study for the determination of the ADC calibration. In most cases, since the layer of
gold was ultra-thin, the chosen channel was the signal peak. Thus, after the channel and the
corresponding energy of gold were determined, the linear graph of the energy with regard to the
channels was obtained and a least square fit was performed. The graph of the ADC calibration
procedure for the scattering angle of 170° and for the differential cross section measurement of
sodium is visible in Fig. 4.2. The obtained values were o = (3.187 £+ 0.004) keV/ch and b = (32.4
+ 1.8) keV. These values are valid until a change in the amplification gain for any reason occurs.
In order to decrease the statistical uncertainties of the parameters obtained from the least square
fit procedure the number of experimental points could be increased. The goodness of the fitting
procedure, is described by the chi-squared value; in the case of Fig. 4.2 a figure of merit of the
linear fit is 0.99999, implying an almost perfect linearity of the system. With the calibration
parameters known (namely o and b) the conversion of the horizontal axis of a spectrum from
channels to energies, as shown in Fig. 4.3, can be performed.

The accurate calibration of the ADC is a rather important procedure, especially in cases like the
one shown in Fig. 4.3 where the spectrum includes multiple peaks either from the elements existing
intentionally in the target or from the ones existing in small amounts and originating from parasitic
contributions. In Fig. 4.3 for instance, chlorine and nitrogen are present, which were introduced in
the target during the manufacturing process, as discussed in section 3.5.1. Moreover, the accurate
ADC calibration allows also for the identification of reaction channels of one or more
isotopes/elements (e.g. *N(d,p7)**N in Fig. 4.3). However, in cases with complex targets
containing many elements, the phenomenon of overlapping peaks is not rare. In fact, in Fig 4.3,
the overlapping peaks of *2C(d,do)!*C and *2C(d,p1)'3C are displayed. In such cases the spectrum
analysis must be performed very carefully, especially if the overlapping peaks include the peaks
of interest. In the context of the present thesis overlapping peak phenomena occurred and will be
discussed in detail in the following sections.
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Generally, the accuracy of the obtained ADC calibration depends on the accelerator calibration
(section 4.1.4.1), on the accurate knowledge of the detector entrance window and dead layer (pulse
height defect (PHD) of the detector), since semiconductor detectors are known to respond in a non-
linear way to particle energy, species, and to the detector resolution [1]. However, as mentioned
in section 3.3, the PHD is not affecting the linearity of the ADC, as displayed in Fig. 4.2, in the
energy range of maximum 2.5 MeV of protons and deuterons, used in the present thesis.
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Figure 4.2 Calibration of the ADC connected with the detector mounted at 170°.
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Figure 4.3 Calibrated typical spectrum of the Na,O target for the deuteron energy 2140 keV and
for the scattering angle of 170° along with the corresponding peak identification.

4.1.1.2 Peak integration

After all the peaks are properly identified in the experimental spectra the yield parameters in Eq.
4.3 should be determined. In the cases where the peaks of the elements of interest are well
separated and the counts can be accurately determined from the spectra, the peak integration
method can be applied. The programs used for spectra analysis in the present thesis were the
SpectrW [7] and the Tv spectroscopy code [8], depending on the case. The two programs were
compared prior to their use and the differences in the acquired integrals were well below 1%.
Generally, the deuteron-induced EBS spectra are relatively rich, especially in the cases where
nitrogen is involved, due to the excitation of several levels, however in the obtained experimental
spectra there was no significant background under the peaks of elements of interest. A linear
background was subtracted (no substantial loss of signal is caused) from the under-study peaks
prior to the integration procedure. The statistical uncertainties of this procedure were obtained
from the analysis program. The uncertainties in the SpectrW code are calculated for the sum over
all the channels in the integration region as the square root of the counts of all channels plus the
counts of the corresponding background. For the gold peak the statistical uncertainty remained
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usually below 1%, whereas for the under-study elements it was usually higher. The specific values
of the statistical uncertainties are mentioned below for each case separately.

In the cases where the under-study peaks were overlapping, the peak integration method could not
be applied. In the far-fetched scenario where peaks were fully overlapping no results could be
produced. Although fully overlapping peaks of elastic scattering cannot occur, with the given thin
targets and the detectors with good resolution, as far as reactions are concerned caution is needed.
These cases should be identified by keeping track of the closest peaks to the studied ones at each
scattering angle and energy combination. Moreover, these cases should be predicted before the
experiment by studying the kinematics of the anticipated reactions via e.g. CATKIN. In the cases
where the peaks were partially overlapping, the use of a fitting method to separate the contributions
of different elements to the total counts in the overlapping peaks was deemed necessary. Thus, the
least square fitting procedure with Gaussian functions was applied in the experimental spectra,
when needed, via the use of the SpectrW or the Tv codes. The two codes were again compared
and the differences were below 2%. Since, as already discussed in section 3.5.1, the peaks in
certain cases display a tail on the left side, during the fitting process the application of an
asymmetry to the left side of the Gaussian fit was required and was thus used. The results of the
fitting process provide the counts in the desired peak along with the appropriate values of
uncertainties, which are usually higher compared with the integration method. The statistical
uncertainties in the fitting method in the SpectrW code are calculated following the Levenberg—
Marquardt method for chi-square minimization [66].

4.1.2 Target thickness calculation

heavy elem
N

The accurate determination of the /Nl,-ght isor Tatio is probably the most crucial parameter
t

in Eq. 4.3 for the determination of the differential cross section values using the relative technique.
Since deuteron elastic scattering from the under-study elements was a priori expected to display
deviations from the Rutherford formula over the whole deuteron beam energy range covered in
the present dissertation, measurements with protons as projectiles, at several different beam
energies were also acquired during all the experiments. The proton energy values were carefully
selected in all cases in order to be far from the existing Breit-Wigner resonances to maximize
accuracy. Proton elastic scattering in most of the studied cases ("*N(p,po)"™N, 2*Na(p,po)**Na,
"ASj(p,po)"™Si) has been evaluated [59] and benchmarked in the cases of "™N(p,po)"™*N [67],
23Na(p,po)*Na [22] and "Si(p,po)"®Si [68]. In order to calculate the target thickness ratio, the
following equation could be used:

()
N \a0)iighe isot Y 4y

light isot do ' Yoo
Nt (dﬂ)Au light isot

(4.5)
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However, Eq. 4.5 calculates the target thickness ratio for a specific value of the incident energy
without taking into account the changes in the cross-section structure as the beam traverses through
the target and loses energy. In order to address this problem the obtained proton spectra were
analyzed using the SIMNRA (v. 6.94) code [9]. The followed procedure included: The choice of
a specific energy value and scattering angle and the double fitting of the product Q-Q and the
thickness of gold using the corresponding (or any heavy element which is used for normalization)
peak. For this fitting Rutherford cross section datasets were used. Subsequently, while keeping the
gold thickness constant for all the remaining beam energy/scattering angle combinations, the
product QxQ was fitted in the gold or any other heavy element peak. After this procedure was
completed, the total areal density of the under-study element (in atoms/cm?) could be determined
by slightly varying the under-study element composition in each case for every proton
beam/scattering angle combination. Thus, the final value (in atoms/cm?) of the target thickness
ratio was calculated as the mean value of the different beam energy/scattering angle combinations.
Only the spectra corresponding to the backscattering angles of 150°, 160° and 170° were used in
the target thickness ratio calculation process in order to avoid uncertainties due to the larger
straggling caused by the larger exit path of the beam in the most forward angles (120°, 130°, 140°).
Moreover, only the spectra where the under-study peaks were well separated were included in the
analysis process in each case. Therefore, the average value along with the relative statistical
uncertainty were obtained from this procedure. However, the determined statistical uncertainty did
not include any systematic uncertainties, mainly due to the accuracy of implemented stopping
power compilations, possible lateral inhomogeneities in the target composition as well as carbon
buildup effects. The values of the systematic and statistical uncertainties differed for every case
and are mentioned below, in the devoted sections for each specific case.

For the analysis of the proton spectra at every experiment the exact detector geometry was used
along with the effect of multiple scattering. Moreover, a very small energy step in the incoming
and outgoing protons was adopted at least in one spectrum and the differences were negligible for
all the tests. For the stopping power the ZBL compilation was used along with the corrections for
silicon [69], [70] and for the straggling Chu and Yang’s model was adopted, as implemented in
the code.

The method described above was used for most of the cases of the present dissertation. The
adjustments of this method according to the requirements of each specific case will be discussed
in the corresponding section devoted to each experiment.

4.1.3 Differential cross section calculation for the heavy element

. do heavy elem i i . i
In order to determine the (d—ﬂ) , parameter in Eq. 4.3 the differential cross section of the
Er,

heavy element existing in the implemented target e.g. gold or gallium needs to be calculated. The
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gold as well as the gallium differential cross section follows the Rutherford formula at these low
deuteron incident energies and for backscattering angles. Thus, it is analytically calculated using
Eq. 1.3, along with the corresponding correction for the screening effect. The beam energy at
which the differential cross section of gold is calculated corresponds to the energy after the
accelerator calibration procedure (see below). It should also be noted here that the values
corresponding to the differential cross section in the surface of the target and in the middle of the
Au layer were compared and, due to the fact that the difference was well below 1%, no uncertainty
needed to be included in the final uncertainty budget of the obtained differential cross section due
to the differential cross section value of the heavy element parameter.

4.1.4 Energy determination

The true beam energy E that corresponds to a specific value of the cross section should be
accurately determined since it is important for the obtained results, especially in cases where
resonances are present in the cross-section structure. The procedure in order to obtain the energy
of the beam particles entering the scattering chamber, the so-called accelerator calibration, is
followed by a proper correction of the obtained energy values since not all interactions are
occurring on the surface of the target. Thus, the energy loss as the beam traverses through the
target until the interaction occurs at a random depth should be taken into account. In order to
account for this phenomenon, the convention of attributing the differential cross section value to
the half of the target’s thickness was followed, as analyzed below.

4.1.4.1 Accelerator calibration

The beam energy value frequently slightly differs from the value provided by the accelerator
operator. This is due to the remanence and the fact that the NMR probe is not located in the center
of the magnet, as described in section 3.1, and thus the careful calibration of the analyzing magnet
of the accelerator is necessary for conducting cross-section measurements. The energy calibration
of the accelerator is equivalent with calibrating the field of the magnet in terms of energy, so that
it bends the desired g/m ratio at the corresponding required energy. The needed values that should
be obtained from the machine calibration procedure are the offset, namely the numerical difference
between the nominal value (set by the operator) and the true one, as well as the uncertainty (ripple)
of the energy, since the beam displays a gaussian distribution around its central value. The ripple
directly depends on the aperture of the analyzing slits. For the experiments of the present thesis
the aperture of the slits was either 5 or 8 mm, depending on the experiment.

Several techniques exist in order to calculate the accelerator energy. For example via resonances
in elastic scattering e.g. 2C(p,po)*2C, although the maximum of the yield does not correspond to
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the energy of the resonance since an interference exists between the nuclear and potential
scattering, or by using a threshold reaction with neutrons in the exit channel (e.g. ‘Li(p,n)'Be at
1881 keV [71]). These two calibration techniques lead to accurately determining the energy offset,
without obtaining the beam energy ripple with high precision, and also in the case of emitted
neutrons radiation safety precautions are necessary. If available, a time of flight (ToF) system
could also be used. Furthermore, RBS measurements constitute a competitive technique although
with a mediocre energy resolution, since the implementation of charged particle detectors is
necessary [72]. However, the most commonly implemented technique is the use of sharp, narrow
(commonly with a width T" of a few hundred eV) resonances of proton induced reactions. This
technique is preferred, since it offers better resolution compared with the ones using charged
particles. In the present dissertation, where deuteron elastic scattering on light elements is
discussed, a reaction with deuterons as the incident beam could avoid the necessity of measuring
a narrow proton resonance before switching to a deuteron beam. In the past, the *O(d,n)!’F
reaction at the energy of 1829.2 + 0.6 [73] has been used for the precise absolute energy calibration
of accelerators. Moreover, in a recent work, Csedreki et al. [74] determined with high accuracy the
beam energy and the level width of the >C(d,py)*3C reaction emitting an intense gamma ray with
E, = 3089 keV. The deuteron energy was measured 1446.9 + 0.2 keV while the width was
measured as 5.3 £ 0.6 keV. This is among the strongest and narrowest resonances in the field of
the deuteron induced reactions, however it still displays a large value of the width I", compared to
the ones obtained from (p,y) reactions, which evidently leads to a limited accuracy. Generally,
deuteron induced reactions lead to higher levels with larger widths in the formed compound
nucleus and therefore are not frequently implemented for precise accelerator calibrations. Since
this is the situation, and taking into account that the accelerator calibration technically means
calibrating the field of the magnet in terms of energy, the use of proton induced reactions for the
calibration of the analyzing magnet is preferred concerning cross section measurements with
deuterons.

The most suitable (p,y) reactions implemented in the present work are the 2’Al(p,y)?Si, the
BC(p,y)¥*N and the 32S(p,py)®2S ones, corresponding to the proton energies: (991. 9 + 0.04) keV
[61], (1747.6 £ 0.9 keV) [61] and 3379 keV [75] having widths I" = (100 = 20) eV, ' = 122 eV
and I'= 700 eV, respectively. These resonances provide an accelerator calibration with high
accuracy up to 3.4 MeV, sufficient for the present dissertation. In cases where higher beam
energies are required, the reaction **N(p,py)**N which displays resonances up to 6 MeV could be
implemented, but only for very practical ion beam applications, since the widths of the associated
levels are quite large (I' = 106, 27, 17 keV [76]). It should be mentioned here that at the Tandem
laboratory, in the past, the main three reactions mentioned above have been sequentially
implemented and the magnet displayed a linear behavior in this energy range. In the context of the
present thesis the resonance of the 2’ Al(p,y)?®Si reaction or the 2*C(p,y)**N reaction, depending on
the case, were used for the accelerator calibration in the beginning of all the experiments. The
procedure will be described in detail for the 2’Al(p,y)?®Si reaction performed prior to the
"ASi(d,do)"™Si experiment.
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A thick aluminum target was placed in front of the faraday cup, at the end of the beamline, and a
18% HPGe detector was placed behind the beamline at a distance of 1 cm between the front face
of the crystal and the target. The used proton beam energies were in the energy range of 980-1006
keV with a variable energy step; in the energy range of 988-1000 keV the energy step was 1 keV
in order to properly scan the resonance. In this case the impinging charge was the same for every
beam energy, whereas in several cases, the impinging charge of every proton energy differed, thus
the acquired yield needed to be normalized over the charge. The produced gamma-rays were
recorded in a spectrum with the utilization of standard spectroscopy electronics namely a
preamplifier, an amplifier and an ADC coupled with an MCA adjusted to 4096 channels. In order
to identify the aluminum peak, the gamma ray with the energy of 661.7 keV emitted by a Cs-137
source and the gamma rays with energies 1173.2 keV and 1332.5 keV emitted by a Co-60 gamma
ray source were used for the calibration of the obtained spectra. Thus, the aluminum peak at the
energy of 1779.03 keV was identified and integrated. The normalized yield is plotted in Fig. 4.4
as a function of the proton energy. A sigmoidal Boltzmann function was fitted in order to determine
the beam offset and the ripple. The offset is determined by the mid-point of the sigmoidal rise
which corresponds to 995.2 keV resulting to an offset of 3.3 keV, while the ripple is the width
from the 12% up to 88% [1] of the maximum yield, as shown in Fig. 4.4 and it was determined to
be 2.7 keV (0.27% of the incident beam energy).
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Figure 4.4 Normalized thick target yield of the >’Al(p,y)?®Si reaction in the energy range of 988-1006 keV.

4.1.4.2 Energy loss - Mean Energy Approximation
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Following the accelerator calibration, the obtained energy values need to be corrected in order to
account for the energy loss as the beam traversed through the target until the interaction occurred.
The amount of the energy loss per traversed distance Ax depends on the identity of the projectile,
on the density and composition of the target and on the initial incident energy. Since the
composition of the target is a crucial parameter, the energy loss should be separately studied for
each of the isotopes/elements that are present in the target. The isotopes/elements are structured in
layers inside the target (analyzed in section 3.5) and since the used targets are thin, the energy loss
in a layer is minimal and can be approximately considered as constant over the whole layer’s
thickness. This approximation is only valid in the cases of thin targets (as well as Eq. 1.4), where
the cross section does not display any sharp resonances.

Moreover, the cross section values are attributed to the energy that corresponds to the mean target
thickness (mean energy approximation [77]). This is a common convention and can be used in
cases of ultra-thin targets, but also taking into account the cross-section structure. The targets used
in the present thesis had a variety of thicknesses ranging from ~10 to 30 keV. Nevertheless, the
mean energy approximation can be applied since the cross-section do not display any sharp
resonances with widths of a few keV. The thickness of each one of the used targets is analyzed in
detail in the following sections along with the energy loss values.

Therefore, after the target thickness ratio was determined and the simulation of the target layers
was performed in the SIMNRA program, the differential cross section values were attributed to
the beam energy E after the accelerator calibration minus the energy that the beam loses as it
progresses up to the mean thickness of the under-study element. More specifically, the energy E
was obtained by using the following equation: E = E; — AE,, — AEy,,, where E; corresponds
to the beam energy after the accelerator calibration, 4E,, to the energy loss in the surface gold
layer and AEy , is the energy loss taking into account half of the target thickness of the layer where
the under-study element is located. These values also correspond to the incident beam energy in
the cases where ratio to Rutherford plots are shown. The settings of the parameters in SIMNRA
for such calculations are the same, as described in section 4.1.2.

The uncertainty obtained from the whole procedure of calculating the final energy in which the
cross-section values were attributed involves the ripple value of the accelerator, as well as the
energy straggling in the target, value obtained from the target thickness calculation procedure via
SIMNRA. Since the used targets are not ultra-thin, the dominant parameter in the assessment of
the beam energy uncertainty is the energy straggling, as it becomes obvious in the sections where
the specific cases are analyzed.

4.2 Validation procedure — Benchmarking methodology
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As discussed above, the only way to test the accuracy and the reliability of a specific differential
cross section dataset is by using the benchmarking procedure. In the present dissertation, in certain
cases (*°0, #Na, "™'Si,), benchmarking experiments of the acquired datasets followed the
differential cross section measurements. Such a validation process includes the irradiation of a
thick target containing the under-study element/isotope at a known composition, using the same
incident beam as the tested cross section dataset. The obtained experimental spectra are
subsequently simulated in detail, by implementing the cross-section dataset to be checked using
an appropriate program capable of taking into account any possible sharp narrow resonances
displayed in the cross section, such as e.g. the SIMNRA code. Up to now SIMNRA, as all the
widespread analytical codes, does not take into account the uncertainties when using experimental
datasets, while the evaluated ones do not include any uncertainties either. The obtained result of
the whole benchmarking procedure is the error margin of the benchmarked data.

It should be pointed out here that the key points of a benchmarking experiment are the target
selection and the integrated window. The target ideally needs to be polished and to contain a
medium-Z element besides the element under-study, for charge normalization and in order to avoid
a huge background contribution from the matrix which would need to be subtracted in case of the
presence of a heavy element. The integrated window is a region below the surface of the under-
study element in the target, in which the comparison between the simulated and the experimental
counts is performed. Usually it is chosen to be ~150-200 keV below the target surface in order to
avoid differences due to straggling and plural scattering (in the case of heavy elements).

The most important parameters of benchmarking measurements are the stopping power
compilation and the straggling models (the latter have only a minimal contribution due to the
choice of the integration window) used, the resolution of the detectors, the beam energy, the ADC
calibration and the target roughness [22]. The stopping power and the straggling models are the
same as the ones used for the target thickness ratio calculation mentioned in section 4.1.2.
Moreover, different stopping power models (Ziegler-Biersack [78] and Andersen-Ziegler) were
tested in the integrated window and the differences in the benchmarking procedure were below
1%. All the experimental parameters (detector resolution, beam energy and ADC calibration) were
determined as discussed in the previous sections. Concerning the target roughness, in the cases
where the implemented target is not a crystal, the edge of the target surface in the experimental
spectra is not so steep. Corrections could be applied after the measurements in the simulated
spectra in order to account for the target surface asperities [22]. However, in the course of the
present thesis where a NaCl pellet was used for the benchmarking of the 2°Na(d,do)**Na, the
obtained spectra did not indicate any severe effects of surface roughness and thus no corrections
were applied, as discussed in the dedicated section. On the other hand, the crystalline targets
usually display channeling perturbations near the surface. One way to impede such perturbations
and obtain a truly random spectrum is the tilting and rotating of the target during the acquisition.
However, in the used experimental chamber this was not possible. Thus, following the completion
of the measurements, the obtained spectra were carefully re-examined for a decrease in the number
of the counts near the surface edge and for a change in the detector resolution (different slope),
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that is, for experimental effects related to channeling effects. After the examination, the used
spectra were very strictly selected; if doubts existed the spectrum was not used, in order to ensure
that the spectra did not contain any channeling perturbations.

As the benchmarking is an integral experiment, it contains its own uncertainties and limitations.
Concerning the uncertainties, the main parameters are the stopping power systematics, the pulse
height defect, the counting statistics and the correct determination of the Q-Q parameter in the
used spectra [22]. Since the use of different stopping power compilations results to effects in the
benchmarking process below 1%, no systematic uncertainty is obtained. However, the issue of the
accuracy of the available stopping power compilations remains unresolved and thus it cannot be
somehow accounted in the final calculated uncertainty budget. The statistical uncertainty of the
stopping power in each case depends on the element and it is examined separately. The pulse
height defect had a negligible effect on the analysis for the studied deuteron energy range. The
counting statistics and the determination of the Q-Q factor are strongly related to the
isotopes/elements in the target and more specifically to the presence of medium or high Z elements
and are discussed in each specific case.

The major problem of the benchmarking procedure that is more profound in the d-EBS spectra and
inserts extra uncertainties and may even exclude spectra from the benchmarking process is the
contribution of the d-NRA levels under the elastic ones, as mentioned in section 2.4. Especially
for higher beam energies (above ~ 2 MeV), where additional levels of the (d,px) and (d,ox)
reactions are excited and may contribute to the experimental spectra under the elastic scattering
edge. One way to resolve the problem of the combined NRA/EBS benchmarking contribution is,
as mentioned before, the use of a magnetic spectrometer for the separation of the deuterons,
protons and alpha particles. In the absence of such a magnetic spectrometer the implementation of
very thin AE-E telescopes could in principle separate alpha particles and deuterons. In the case of
protons however, since the differences between the stopping power of protons and deuterons in
the d-EBS energy range between 1-2 MeV are relatively small, thick AE-E telescopes would be
required. Such thick telescopes would result to a large dependence on the proper straggling model,
leading to large uncertainties in the benchmarking procedure. In the context of the present thesis
none of these methods was possible and thus no results were obtained in the cases where the
background attributed to the (d,px) levels was significant.

All the details concerning the particularities of each case are analyzed in the specific sections
devoted to each element/isotope under study.

4.3 Cross section measurements for the °Li(d,do)°Li elastic scattering

The differential cross section of deuteron elastic scattering on 6Li were studied in the energy range
of 940-2000 keV with a variable energy step (~20-30 keV) and for the scattering angles of 125°,
140°, 150°, 160°, 170°. Since the structure of the under-study cross section cannot be a priori
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known, especially in the case where it has never been measured before in the selected energy range,
the theoretical study of the levels of the formed compound nucleus before the experiment is
essential. From such a study the required energy steps depending on the level density in the studied
energy range, along with the proper thickness of the measured target are obtained. The level
scheme of the system °Li+d is shown in Fig. 4.5 along with the possible reaction channels. The
levels of the compound nucleus included in the level scheme are the ones close to the studied
energy region. The formed compound nucleus is 8Be and one level lays in the studied energy range
with energy Ex"= 22980 keV and amplitude I'= 230 keV. Moreover, the levels with energies Ex =
22240 keV, Ex"= 23980 keV and amplitudes I'=800 keV and I'~7MeV respectively are included
in the level scheme since the cross-section structure could be affected due to their large amplitudes.
The information concerning the energy of the levels and the widths were obtained in all cases from
the National Nuclear Data Center website [79], unless it is reported otherwise.

The implemented target had a thin gold layer on top of an enriched ®LiF layer, evaporated on top
of a self-supporting carbon foil (details on section 3.5.1). A typical spectrum is shown in Fig. 4.6
for the deuteron energy of 1820 keV and the scattering angle of 150°. The parasitic contribution
of oxygen and nitrogen, inserted in the target during the evaporation process, was observed, as it
creates two partially overlapping wide peaks. The width of such peaks was probably caused by the
existence of nitrogen and oxygen in all the target layers. In the carbon elastic peak, as well as in
the 12C(d,p1)*3C peak, a second peak is also formed in the right side of the main peaks that could
be attributed to the possible partially diffused LiF in the carbon foil and was enhanced due to the
carbon buildup effect during the measurements. However, none of these effects impeded the
analysis of the experimental spectra, since the under-study peaks of °Li and Au remained
unaffected. Equation 4.3 for the ®Li case is transformed to the following:
ao\ U rac\Au Yoy Nt au
(@)™ @)opr X @9)

an 0.E an Y au Nt, 61
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Figure 4.5 Level scheme of the ®Li+d system in the CM reference frame.
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Figure 4.6 Typical deuteron experimental spectrum of a °LiF layer on top of a carbon foil, along with a
¥7Au layer on top acquired at 1820 keV and for the scattering angle of 150°along with the corresponding
peak identification.

4.3.1 Target characterization

NAu

In order to calculate the target thickness ratio N, the enrichment factor of °Li in the target
L

tAu __ Nt Au

. . N . N .
(fenr ) Was used via the equation = . For the calculation of the —“4“~ ratio the
Nt' 61i fenr . Nt_natu t,”atLi

assumption that lithium and fluorine retain their respective elemental ratio during the evaporation
procedure was used and thus the equality Heaw _ Neau pogs This assumption is justified by the

gnaty; NiF

strong ionic bonding between alkaline/halogen salts like LiF that retain their stoichiometry under
extreme circumstances. In chemistry, the bigger the difference between the electronegativity of
the elements in the bond the stronger the ionic bonding is. The electronegativity value for lithium
is 0.98, while the corresponding one for fluorine is 3.98. This difference is among the highest in
the periodic table of elements. Moreover, this assumption has also been verified in the past in our

laboratory [10] and the obtained results based on this assumption were also benchmarked.

N N .
LAu — Ldu  — _tA%  holds and it was used for

. f N
Consequently, the following equation: = =
Nt, 61 fenr- Nt‘natu fenr - Nt

the target thickness calculation. Since the deuteron elastic scattering on fluorine is described by
the Rutherford formula for energies up to ~1200 keV, for the scattering angles of 140° and 150°,
(deviations are less than 2%) as shown in [11], the low-energy deuteron spectra at the scattering
angles of 140° and 150° were used. The fitting of the corresponding spectra at 1160 keV and 1200
keV using the SIMNRA program was performed by implementing Rutherford cross section values
for both fluorine and gold and the results are shown in Fig. 4.7 for the Eq,ap=1200 keV and for

140°. This procedure led to a mean value of Neaw 0 091 + 0.004,

t,natu

For the determination of the enrichment factor f,,,,- proton spectra of the enriched ®LiF and a thin
"tLiF (prepared in a similar way) target were acquired at Ep,1ap=1600 keV and 1700 keV for the
scattering angles of 125°, 140°, 150°, 160°, 170°. The ratios of counts of F and ®Li in both the

enriched and the natural target were determined (Y,F,,:YZ%, and YnZLtl: Y;#), afterwards the
numbers corresponding to the enriched target were normalized over the charge. The charge
normalization number was obtained by the ratio of the charge of the two measurements using the
current integrator and subsequently a second normalization was performed over the counts of 6Li
in the enriched target due to the different target thicknesses. The normalization number was the
ratio (%) which expressed the ratio of the equivalent target thicknesses of lithium in the natural

enr
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and in the enriched target. Thus, by taking into account that the abundance of ®Li in the natural
target is 7.5%, the value of the enrichment factor was acquired. This procedure was repeated for
both proton energies (1600 keV and 1700 keV) and for the five scattering angles and the average
value of the enrichment factor was 97%, with a statistical error of ~2%. This experimentally
obtained value was in excellent agreement with the nominal one supplied by the manufacturer and
it was therefore adopted for the determination of the differential cross—section values.

The target thickness ratio N4, : N, s;; Was also calculated straightforward, as an alternative

means of checking the obtained value, using the proton spectrum of the °LiF target for the energy
of 1600 keV at 170°. More specifically, a dataset from literature should be implemented in the
simulation of the experimental spectrum and the one measured by Fasoli et al. [12] at 166.4° was
chosen, due to the fact that it was obtained with a small energy step. The results of this simulation
led to a good agreement, as shown in Fig. 4.8. However, the obtained Li:Au areal surface density
ratio differed by more than 10% from the one determined with the deuterons. Moreover, since
Fasoli et al. has also measured differential cross—section datasets for proton elastic scattering on
’Li [80] and spectra from the thin "™LiF target were also obtained during measurements, the
simulation of both °Li and "Li peak was deemed crucial and thus it was performed using the Fasoli
et al. datasets. An overestimation of 11% occurred in the Li integral when the “Li peak was fitted,
as shown in Fig. 4.9. It is not clear whether the problem lies in the dataset of °Li or “Li and in fact
this situation is common in non-benchmarked and non-evaluated cross section datasets.
Additionally, the datasets by Baskin et al. for °Li and “Li [81] were used, which are the only
existing ones along with data by Fasoli et al. for both isotopes in IBANDL, and the situation
deteriorated (deviations were higher than 15%). Such systematic divergences (~11% and >15%)
could not be considered negligible and thus the target thickness ratio determined with deuterons,
by using the Rutherford fluorine data, was considered more reliable and was subsequently adopted
in the differential cross section values calculation.
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Figure 4.7 Experimental and simulated spectra at the deuteron energy 1200 keV and for the scattering
angle of 140° acquired for the target thickness ratio calculation, along with the corresponding peak
identification.
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Figure 4.8 Experimental and simulated proton spectra at Epan = 1600 keV and 170°, along with the
corresponding peak identification, using the Fasoli et al. [12] differential cross-section values for proton
elastic scattering from °Li.
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Figure 4.9 Experimental and simulated proton spectra at Ep 2 = 1700 keV and 170° of the thin "Li
target, along with the corresponding peak identification, using the Fasoli et al. differential cross-section
datasets for proton elastic scattering on °Li [12] and ’Li [80]. An overestimation of more than 10% in the

integrated counts of the °Li peak is obtained.

4.3.2 Uncertainties

The integration process of the ®Li and Au peaks yielded a statistical uncertainty below 1%. The
target thickness ratio calculation inserted a higher statistical uncertainty of 4.4% originating mainly
from the mean value determination process of the ratio N 4, : N, s;; along with ~2% obtained

from the enrichment factor determination process due to the integration of the 5Li and F peaks in
the corresponding spectra. In this calculation the use of ratios was indeed intended to avoid the
insertion of any additional uncertainties in this process. It should also be pointed out that during
the course of the determination of the SLi:Au ratio different stopping power compilations were
also implemented in SIMNRA and the discrepancies were always below 1%. The sum of these
values according to the error propagation formula yielded a statistical uncertainty of the order of
5%, adopted in the determined cross section values.

129



Systematic uncertainties were inserted in the final cross section values due to the deviation
between the SRIM compilation and the existing experimental stopping power data; for lithium a
value of 9.6 % was obtained, while for fluorine there was no information available (as shown in
the SRIM website, https://www.srim.org). However, testing neighbouring nuclei like oxygen and
neon differences up to 2.8% were observed for both. For the gold case the differences were up to
3.6%.

The uncertainties in the deuteron beam energy originated from the energy calibration process and
the energy straggling inside the determined target. In this specific case, the energy calibration was
accomplished using the proton resonances with energies 1.737 MeV (I" = 47 keV) and 2.08 MeV
(I' = 15.6 keV) of the 2C(p,po)**C [82] and %Si(p,po)?®Si [27] elastic scattering respectively which
are described via evaluated differential cross section values. As mentioned in section 4.1.4.1, with
the implementation of this method for energy calibration the determination of the ripple is not
possible and the accuracy cannot be better than one channel in the experimental spectra
corresponding to ~3 keV. The straggling was determined to be 3.4-3.6 keV for all beam energy
values.

4.3.3 Results and Discussion

The differential cross—section values of the deuteron elastic scattering on °Li, ®Li(d,do)®Li, in the
energy range 940 — 2000 keV for the backscattering angles of 125°, 140°, 150°, 160° and 170° are
presented in graphical form in Figs. 4.10 a—e and in tabulated form in Table 4.1, along with the
corresponding statistical uncertainties. The plotted uncertainties are only the statistical ones,
according to the common convention, while the uncertainties concerning the deuteron beam energy
are not visible in the horizontal axis due to the adopted scale.

The final cross section values are considerably higher than the corresponding Rutherford ones, up
to a factor of ~18. The whole cross section structure is influenced by the overlapping levels of the
compound nucleus 8Be, shown in Fig. 4.5 with energies Ex'= 22240 keV, 22980 keV, and 24000
keV and amplitudes I' = 800 keV, 230 keV and 7000 keV respectively. More specifically, the
structure revealed in the low energy part (930-980 keV) resembles the tail of a resonance and could
be attributed to the level with energy Ex'=22240 keV and I'= 800 keV of the compound nucleus
8Be. Even though this level is below the studied energy range it might have affected the cross
section. These broad overlapping states could in principle have caused the small variation of the
differential cross section values at such a broad energy range of ~1.1 MeV.

Regarding the angular dependence of the obtained differential cross sections of deuteron elastic
scattering on °Li, as shown in Fig. 4.11, a region exists (~1400-1800 keV) where the changes in
both the angle as well as the energy are minimal. Such a characteristic could be very useful for
applications of determining 8Li depth profile concentrations when the beam energy and/or the
scattering angle are not known with high precision. It should also be pointed out that in the low
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energy region (below 1400 keV) the more forward backscattering angles displayed higher cross
section values, whereas in the high energy region (above 1800 keV) the opposite behavior was
observed, with the more backscattering angles displaying higher values. This could be attributed
to the differences in the angular dependence of the resonances at low and high energies of the
compound nucleus ®Be.

The problem of benchmarking the obtained d—EBS differential cross—sections, especially in the
case of °Li, which is a relatively low—abundance isotope, is rather important; however, it was not
addressed in the present dissertation since it required a more sophisticated target e.g. a metallic,
enriched in 5Li, one.
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Figures 4.10 a-e. Differential cross-section values (mb/sr) of the ®Li(d,do)°Li elastic scattering, measured
at Eq1ap = 940-2000 keV and for the scattering angles of 125°, 140°, 150°, 160°, 170°, in variable energy
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steps ~20-30 keV. The total estimated statistical uncertainties are included in the graphs; in the x-axis,
the uncertainties are not visible due to the selected scale.

Table 4.1 Tabulated differential cross sections (mb/sr) of the °Li(d,do)°Li elastic scattering, measured for
Eq1a0=940-2000 keV, in variable energy steps (20-30 keV) at backscattering angles 125°, 140°, 150°, 160°,
170°. The corresponding combined cross-section statistical uncertainties are also included.

Edib  dEg ., (otde) (mb/sr)

(keV)  (keV) 125° 140° 150° 160° 170°
930 5 454 22 414 22 | 371 18 |340 17 |291 17
950 5 456 23 |417 23 |341 18 |327 18 |315 19
970 5 425 21 (386 22 |313 17 |308 17 |291 19
990 5 405 2.0 |345 20 |328 17 |292 16 |31.0 20
1010 5 396 20 |33 20 (298 16 |276 16 |309 19

1031 5 375 19 | 327 20 |313 17 (294 16 |325 19
1051 5 371 20 | 338 20 307 17 (323 17 |320 20
1071 5 373 19 |30 21 322 18 311 16 |309 18
1091 5 401 20 | 376 22 336 18 |[306 16 |31.7 20
1111 386 20 |36 21 336 18 322 17 |304 20
1131 367 19 |37 21 327 17 |284 16 |305 18
1151 372 19 |31 20 339 18 314 16 |302 18
1192 374 19 | 346 20 |326 18 |[320 16 [303 19

1212

5
5
5

1171 5 390 20 | 347 20 338 18 308 16 |315 19
5
5 346 18 |36.0 21 |335 17 [300 16 |306 1.8
5

1232 373 19 | 344 21 | 351 18 [304 16 320 19
1252 5 378 19 |38 21 |340 18 |311 16 329 20
1272 5 327 17 | 337 20 |319 17 [ 296 15 322 19
1292 5 355 18 |[338 20 |323 17 [ 299 16 |268 16
1312 5 338 18 |337 19 |316 17 [300 16 |[313 19
1332 5 346 18 | 349 20 |317 17 [298 16 |295 18

1352 5 347 18 | 339 19 329 17 (307 16 |301 18
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Figure 4.11 Differential cross-section values (mb/sr) for the °Li(d,do)°Li elastic scattering at different
angles, measured at Eq1ap=940-2000 keV and for all the scattering angles measured in the present work.

4.4 Cross section measurements for the "Li(d,do)’Li elastic scattering

The differential cross section values of the “Li(d,do)’Li elastic scattering were measured in the
deuteron energy range of 940-2000 keV with a variable energy step (5-50 keV) and for the
backscattering angles of 125°, 140°, 150°, 160° and 170°. The level scheme along with the reaction
channels is displayed in Fig. 4.12. The formed compound nucleus is °Be and the levels included
in the study energy range were Ex"=17495 keV with I'=47 keV and the Ex"=18020 keV with
unknown amplitude. Moreover, the ones outside the studied energy range but with the possibility
of affecting the cross section due to their large amplitude were the ones corresponding to
Ex'=17300 keV with I'=95 keV and Ex"=18580 keV also with unknown amplitude.

The implemented target consisted of a thin "LiF layer on top of a self-supporting carbon foil with
a thin layer of gold on top. An experimental spectrum at the deuteron energy of 1700 keV for the
scattering angle of 150° is shown in Fig. 4.13a. However, at certain energies and angles, a full or
partial overlap between the elastic scattering on ’Li with the reaction channels ‘Li(d,po)®Li (Qv =
-191.95 keV) and *2C(d,p1)**C was observed, as shown in Fig. 4.13b.

Since for the case of ’Li Eq. 4.3 is transformed to:
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the determination of the Y -,; is essential for the calculation of the cross section values. Thus, in

the cases where the fitting process could not be accomplished due to the overlap, the sum peak
containing the contributions of ‘Li(d,do)’Li, ‘Li(d,po)®Li and *2C(d,p1)**C was initially integrated.
Afterwards, the calculation of the contribution of the *2C(d,p1)**C reaction in the sum peak was
performed using the carbon amount in the target obtained for the experimental spectra and the
SIMNRA program. More specifically, the carbon amount was calculated through the deuteron
spectra and the implementation of the evaluated '?C(d,do)!?C elastic scattering datasets in the
SIMNRA program and through the proton spectra, via the 2C(p,po)?C evaluated ones.
Afterwards, the verification of the calculated carbon amount was deemed necessary and thus in
the energies without the overlap where the peak induced by the *2C(d,p1)**C reaction could be
properly integrated, the experimental counts were compared with the simulated ones acquired
using the Kokkoris et al. dataset [13] for the 2C(d,p:)**C reaction. After the verification of the
carbon amount and via the implementation of the *2C(d,p1)!3C dataset for the energies with the
peak overlapping, the counts induced by this reaction were calculated and subsequently subtracted
from the sum peak counts at each of the energies demonstrating such an overlap. This procedure
was not implemented for the scattering angle of 125°, since the used 2C(d,p1)*3C datasets did not
include measurements for this scattering angle and thus the experimental cross section values for
125° were initiated at 1420 keV. Moreover, in the case of 140° since no measurements exist for
the 12C(d,p1)**C reaction at this exact angle, the dataset for 145° was used due to the relative
invariance of the angular distribution (within £10°) of the *2C(d,p1)**C reaction at low deuteron
beam energies.

Unfortunately, a similar procedure for the “Li(d,po)°Li reaction could not be accomplished, since
there is a complete lack of associated datasets in literature. Thus, the obtained cross section
measurements refer to the combination of "Li(d,do)’Li and “Li(d,po)®Li for the particular energies
where the overlap between the two peaks occurred. This situation, however, does not render the
obtained cross section values useless, since in thick target measurements, where no mass
spectrometer or ToF technique is employed, resulting to no possibility of distinguishing protons
from deuterons, this overlap would also appear in the experimental spectra.
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Figures 4.13 (a) An experimental spectrum of a "LiF layer on top of a carbon foil, with a Au layer on top
taken at the deuteron energy 1700 keV at 150° along with the corresponding peak identification (b) An
experimental spectrum of the same target at the deuteron energy 1300 keV at 150° along with the
corresponding peak identification.
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4.4.1 Target characterization

For the determination of the N; 4, : N, 7,; term of Eq 4.6 the assumption of the retention of the

stoichiometry between fluorine and lithium during the evaporation process was used, as in the case

. - N N N . .
of 5Li, and thus the equation —2%~ = LA — LA was deemed valid. In this case,
Nt, 7L 0.9241 - Nt,natLi 0.9241 - N¢ g

since the target consisted of natural LiF, the enrichment factor was not an unknown quantity; it
was simply the abundance of “Li in natural lithium (that is 0.9241). Thus, in order to calculate the
term N; 4, : N the low energy deuteron spectra were used, taking into account that fluorine
follows the Rutherford scattering formula for deuteron energies lower than ~1200 keV at 140° and
150° within 2%, as presented by Foteinou et al. [11], as discussed above. More specifically, the
used deuteron energies were 1000, 1050, 1100, 1150, 1200 keV for the scattering angles of 125°,
140° 150° 160° and 170° and the mean value of the target thickness ratio Ny 4, : N, 7,; Was

calculated to be (0.0084 + 0.0004). A spectrum at the deuteron energy of 1000 keV and 140° is
shown in Fig. 4.14. For the simulation of the deuteron energy spectra, Rutherford cross section
values were used for the fluorine and gold peaks, whereas for the carbon [14] and oxygen [14]
ones the evaluated data existing in SigmaCalc 2.0, as implemented in SIMNRA 6.94, were used.

Moreover, the proton spectra acquired at the energies of 1600 keV and 1700 keV were used as an
alternative means of obtaining the N, 4, : N, 7;; value. In order to effectively utilize the proton

spectra, datasets from literature were tested for the proton elastic scattering on ’Li. The dataset by
Fasoli et al. [80] was the first one tested since it was in good agreement with Malmberg et al. [83],
had a small energy step and was accompanied by measurements for °Li [12]. The results of the
simulation are shown in Fig. 4.15 for the proton energy of 1600 keV and at 170°. The cross-section
values used for the simulation of the *2C(p,po)*?C [82], °O(p,po)*°O [84] and °F(p,po)*°F [85]
were obtained from SigmaCalc 2.0, as implemented in SIMNRA 6.94, despite the fact that for the
fluorine case a more recent evaluation existed [10]. The mean value of the ratio N 4, : N, 7;;

acquired with this method was 0.0082, which has a ~2.4% deviation from the first method.
However, by implementing the dataset by Paneta et al. [10] in the proton spectra simulation this
deviation increased, as discrepancies up to ~11% were observed between the datasets from Fasoli
et al. and Paneta et al. Taking these discrepancies into account, the value obtained from the low
energy deuteron spectra was deemed more reliable and was subsequently used in the cross section
values calculation.
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with the corresponding peak identification.
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Figure 4.15 Proton experimental and simulated spectrum at the E; .o = 1600 keV and for 170° along with
the corresponding peak identification.

4.4.2 Uncertainties

The statistical uncertainties in the differential cross section values included the statistical
uncertainty in the determination of the target thickness, which was ~4.8% and the uncertainties in
the peak integration method, which were ~1% in the cases where no overlap was observed.
However, in the cases with an existing partial or full overlap between the "Li(d,do)’Li, ’Li(d,po)°®Li
and 2C(d,p1)**C peaks, the statistical uncertainties increased due to the much larger uncertainty of
the *2C(d,p1)®3C cross section values, obtained by Kokkoris et al. [13], which were introduced in
the calculations through the error propagation formula. Such calculations led to the combined
statistical uncertainties in the differential cross section values of ~ 5% for the higher beam energies
and 6-14% for the lower ones, where the *2C(d,p1)*3C reaction peak has been subtracted and the
combined differential cross sections for both “Li(d,do)’Li and ’Li(d,po)®Li reactions have been
determined.

Systematic uncertainties were considered, as before, in the final cross section values due to the
deviation between the SRIM compilation and the existing experimental stopping power data.
These deviations were found at the SRIM website (https://www.srim.org) and for the lithium case
a value of 9.6 % was obtained, for the gold case a 3.6% deviation was obtained, while for the
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fluorine case no information was available. Therefore values for the neighbouring nuclei can be
used, which are ~2.8% for oxygen and neon.

The uncertainties in the deuteron beam energy included the accuracy of the energy calibration,
which as mentioned above for the °Li case, was ~3 keV, whereas the energy straggling in the
determined target was 4.2 keV for all beam energy values.

4.4.3 Results and Discussion

The final cross section values of “Li(d,do)’Li elastic scattering for higher energies and the final
cross section values of the sum of the “Li(d,do)’Li and "Li(d,po)°Li reactions for lower energies are
shown in graphical form in Figs. 4.16 a-e and in tabulated form in Table 4.2. In Table 4.2 the two
regions of the results, corresponding to different reactions, are marked with a dashed horizontal
line for every angle. The x-uncertainties are not visible in the graphs due to the adopted scale. The
vertical dashed line in Fig. 4.16 b-e divides to two regimes of results. As discussed above, for 125°
(Fig. 4.16 a) no data exist in literature for the contribution of *2C(d,p1)'3C reaction and thus no
results were obtained for the low energy region. For higher energies, in Fig. 4.16a the determined
cross section values are compared with the ones existing in literature by Ford [15] resulting to a
good agreement within errors, up to 5%. In figures 4.16b-e a distinct resonance is displayed in the
energy region of 1000 keV and it could be attributed to the superposition of the resulting yields of
both ’Li(d,do)’Li and "Li(d,po)®Li reactions due to the level of the compound nucleus °Be at
Ex'=17495 keV with I'= 47 keV corresponding to a deuteron beam energy of 1027 keV (in the lab
system of reference). In Fig. 4.16d the previously measured data by Lombaard et al. [16],
corresponding only to the “Li(d,do)’Li elastic scattering in the whole energy range are also included
in the graph. In the latter work the overlap between the peaks of the reactions ’Li(d,do)’Li,
"Li(d,po)®Li and *2C(d,p1)*3C also existed (due to the lack of a mass separation system). The
contribution of the 2C(d,p1)**C reaction was calculated from the number of elastically scattered
deuterons by the carbon contamination, as in the present work, whereas in the ’Li(d,po)®Li case, as
the proton peak moved through the desired elastic peak, its contribution was approximated by
taking the average of the proton yields determined on either side of the overlapping region. In the
whole energy region under-study, the agreement is satisfactory, within uncertainties.

It was also noticed that in the high energy region the differential cross section at each measured
angle is relatively stable for small energy steps, namely a few keV, especially for the deuteron
energies from 1500 to 1700 keV. This characteristic could be useful for analytical purposes, in the
cases where the accelerator beam energy is not so well defined and/or the ripple may not be
negligible.

It should be pointed out here that the obtained cross section values were extremely enhanced
compared to the corresponding Rutherford ones, especially at higher energies and large angles
where the determined values were ~23 times greater relative to the Rutherford ones, as displayed
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in Fig. 4.17. Moreover, concerning the angular dependence of the elastic scattering differential
cross sections of ‘Li, it is not particularly strong, as shown in Fig. 4.17 and within 10° no significant
variations between the obtained cross sections were observed.
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Figures 4.16 a) Differential cross sections of the elastic "Li(d,do)’Li scattering at 125° from the present
work along with the dataset by Ford, b,c) Differential cross section at 140° and 150° respectively of the
elastic "Li(d,do) Li scattering for deuteron beam energies higher than Eqan = ~1300 keV (red vertical
line) and for both ’Li(d,do)’Li and "Li(d,po)°Li reactions at lower energies, d) Differential cross section at
160° of the elastic ‘Li(d,do)’Li scattering for deuteron beam energies higher than Eqa = 1270 keV (red
vertical line) and for both Li(d,do)’Li and Li(d,po)°Li reactions at lower energies along with the data by
Lombaard et al. corresponding only to ‘Li(d,do)’Li in the whole energy range e) Differential cross section
at 170° of the elastic ‘Li(d,do)"Li scattering for deuteron beam energies higher than Eqa = 1220 keV (red
vertical line) and for both Li(d,do)’Li and Li(d,po)°Li reactions at lower energies.

Table 4.2 Tabulated differential cross sections (mb/sr) of the "Li(d,do)’Li elastic scattering for higher beam
energies (>~1300 keV) and the combined "Li(d,do)’Li and "Li(d,po)°Li for lower energies, in variable energy
steps (5-50 keV) for the backscattering angles of 125°, 140°, 150° 160°, 170°. The dashed line in the columns
of the table divides the two regimes of the results for each measured angle. The corresponding combined
cross-section statistical uncertainties are also included.

Ediab  dEdjan (o+do) (mb/sr)

(keV)  (keV) 1250 140° 150° 160° 170°
941 5 - - 31.7 15 29.4 1.8 22.4 1.6 - -
953 5 - - 29.7 14 32.2 19 26.2 1.8 - -
963 5 - - 29.0 14 36.5 2.1 23.6 1.6 - -
974 5 - - 29.5 14 36.3 2.0 23.9 1.6 - -
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72 3 65 6 63 6 64 6
71 3 62 5 59 5 58 4
72 4 56 4 62 4 60 4
67 3 59 4 53 3 68 4
64 3 60 3 55 3 60 3
67 3 62 3 61 3 64 4
65 3 53.4 2.9 57 3 58 3
67 3 59 3 58 3 63 4
65 3 59 3 55 3 56 3
67 3 61 3 55 3 57 3
64 3 58 3 53.9 2.9 53.8 2.9
67 3 56 3 54.3 2.9 58 3
63 3 53.5 2.9 54.3 2.7 51.5 2.8
63 3 55.1 2.8 53.3 2.7 54.1 2.9
61 3 51.6 2.6 54.9 2.8 56 3
59 3 50.9 2.6 55.8 2.8 52.0 2.8
55.5 2.7 50.8 2.6 52.9 2.7 50.0 2.7
57 3 48.9 25 54.3 2.8 51.1 2.8
53.3 2.9 49.8 25 51.1 2.6 52.8 29
55 3 49.0 25 48.8 25 53.0 29
56 3 47.9 25 50.7 2.6 51.4 2.8
55 3 50.3 2.6 50.8 2.6 50.1 2.8
53.6 2.9 48.4 25 50.9 2.6 50.8 2.8
48.7 2.7 50.2 2.6 48.8 25 51.5 2.8
54.6 2.8 46.6 2.3 50.1 24 52.0 2.6
50.3 25 47.8 2.3 48.3 2.3 52.0 2.6
49.0 25 46.4 2.3 49.2 24 51.4 2.6
50.8 2.6 47.6 2.3 48.9 24 52.1 2.6
49.3 25 48.5 24 47.4 2.3 50.2 25
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Figure 4.17 Ratio to Rutherford of the elastic ‘Li(d,do)’Li scattering for the deuteron energy range 940-
2000 keV for all the measured backscattering angles.

4.5 Cross section measurements for the °Be(d,do)°Be elastic scattering

The differential cross section values of deuteron elastic scattering on °Be in the energy range of
1600 - 2200 keV, with a 20 keV energy step, and for the scattering angles of 120°, 140°, 150°,
160°, 170° was studied. The level scheme of the d+°Be system is shown in Fig. 4.18, along with
the possible reaction channels. In the studied energy range the levels of the formed compound
nucleus B have energies of Ex"=17310 keV and Ex =17500 keV with I'~1 MeV and I'=116 keV,
respectively. Moreover, the level with energy Ex"=18000 keV and I'=870 keV might affect the
studied cross section due to its large amplitude.

The implemented target was a self-supporting thin SisN4 foil with a beryllium layer on top. A
typical experimental spectrum at the deuteron energy of 1960 keV for the scattering angle of 170°
is shown in Fig. 4.19. The obtained spectra were quite rich and the parasitic contributions of carbon
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and oxygen, originating from the magnetron sputtering procedure, were obvious in the
experimental spectra. It should also be noted here that deuteron measurements were also acquired
at lower energies (~1000-1600 keV), however the problem of overlapping peaks between the
elastic one of °Be and the 12C(d,p1)*C was again present. In this case, the subtraction of the carbon
counts, as achieved in the Li(d,do)’Li case, could not be appropriately performed since the
contribution of the *2C(d,p1)*3C reaction was higher than the one from the °Be(d,do)°Be elastic
scattering, leading to unreliable results. Therefore, the final cross section values correspond only
to deuteron energies between 1600 — 2200 keV, depending on the scattering angle, where the
°Be(d,do)°Be elastic peak was not overshadowed.

The differential cross section values were calculated using the Eq. 4.4, as discussed in section 4.1.

(d_a) °Be 3 (d_G)Si,Ruth Yop, QRS N_;_?l (4.2)

dQJEg a2/1000,0 Ynatg; Qop, NE° '
Si,Ruth ) . .

The term (E) was calculated using the Rutherford formula along with a correction factor
1000,0

due to the screening effect since, as mentioned before, it does not deviate from the Rutherford
formula for the nominal deuteron beam energy of 1000 keV [6]. The deuteron beam energy which
was used to calculate this term corresponded to the energy at the half of the SisNs target, including
the energy loss in the overlaying Be layer.

The charge terms Q52 and Q s, were determined using the current integrator that was employed

during the measurements. The systematic error of the current integrator is expected to be cancelled
out in the ratio, since the relative technique was implemented.
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Figure 4.18 Level scheme of the d+°Be system in the CM reference frame.
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Figure 4.19 Typical experimental spectrum of the silicon nitride membrane with beryllium on top

acquired at Eq,1,=1960 keV and for 170°along with the corresponding peak identification.

152



4.5.1 Target characterization

In order to calculate the term I’VVTEL two independent techniques were used; the p-EBS and the
transmission ERDA one. For the EBS technique proton spectra were acquired at the energies 1200
keV and 1500 keV and at the scattering angles of 150° 160° and 170°. The target thickness
determination and the proton spectra simulation was accomplished using the evaluated data for the
12C(p,po)*2C [82], *N(p,po)**N [26], *O(p,po)*°O [84] and the "'Si(p,po)"*Si [27] elastic scattering
as calculated through the online calculator SigmaCalc 2.0, implemented in SIMNRA v. 6.94. For
the simulation of the °Be(p,po)°Be peak, in the absence of evaluated or benchmarked data,
measured data were used and more specifically the data by Liu et al. [17] at 170° , which were in
agreement, within 4%, with the data by Krat et al. [18] at 165°. An experimental spectrum, along
with the simulated one, are shown in Fig. 4.20 for the proton energy of 1500 keV at 170°. In this
case, the simulation procedure included keeping constant the thickness of silicon and slightly
changing the QxQ product in order to achieve differences below 1% in the integral of the
°Be(p,po)°Be peak between the simulated and the experimental spectrum for every beam
energy/scattering angle combination. This procedure led to a mean value of the term N5t : Nf¢

equal to 0.200 £ 0.010, implying a relative statistical error of 5%.

The transmission ERDA technique was performed using an oxygen beam at 11.75 MeV and the
detector was set at 30°. For the simulation of the obtained spectrum Rutherford cross section values
were implemented in the SIMNRA code for all the peaks, except for the oxygen one. The values
for the '°0O(*°0,'°0) peak simulation were calculated using the Mott formula via the
http://nuclearphysics.ntua.gr/downloads.php website and were subsequently implemented in the
SIMNRA code. The used value of the gain (keV/ch) was determined by the carbon spectra, via the
carbon and the hydrogen peaks, acquired for this exact purpose at the oxygen energy of 11.75 MeV
and at 30°. The results of the simulation procedure are visible in Fig. 4.21 and the obtained target
thickness ratio N° : NP was 0.221. Since the resolution is different for every element, it should
be mentioned here that in the presented simulation the integral of the integrated and the simulated
counts in the obtained peaks was the same (within 1%), in order to lead to a correct value of the
target thickness ratio. The determined target thickness ratio leads to <10% differences between the
transmission ERDA and the p-EBS technique. However, in the determination of the final cross
section values, namely, in the subsequent calculations, the number obtained from the p-EBS
technique was used due to the lower reliability of the transmission ERDA technique, since
according to Bass [86] the interaction barrier for the beryllium case is at Ecm=5.367 MeV
(Eib=14.9 MeV), value obtained by the http://nrv.jinr.ru/nrv/webnrv/gcalc/ website, which is
rather close to the used oxygen beam energy value, although no data exist in literature revealing
deviations from the Rutherford formula. At the same time, the choice of an even lower oxygen
beam energy would lead to peak overlapping.
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Figure 4.20 Proton experimental and simulated spectra acquired for the target thickness ratio calculation
at Ep1ap=1500 keV and 170° along with the corresponding peak identification.
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Figure 4.21 Experimental and simulated transmission ERDA spectra acquired at the oxygen energy 11.75
MeV at 30° along with the corresponding peak identification.

45.2 Uncertainties

The statistical uncertainty of the integration procedure for the determination of the terms Y o, and
Ynatg; Was below ~1%. The target thickness ratio calculation inserted a relative statistical

uncertainty of 5%, originating from the p-EBS calculation. Therefore, the statistical uncertainty of
the final cross section values, calculated using the error propagation formula, did not exceed ~5%
in all cases.

Systematic uncertainties originate from the deviation of the target thickness ratio values calculated
through the p-EBS and the transmission ERDA technique (<10%) and the systematic uncertainty
in the charge calculation (~6% in all cases). Moreover, deviations between the theoretical and the
experimental stopping power data for protons scattered from silicon and from beryllium are also
present. More specifically, these deviations are ~4% for silicon and ~3.4% for beryllium,
according to the SRIM website (http://www.srim.org/).

The uncertainties in the beam energy calculation include the ripple of the accelerator (~3 keV) and
the energy straggling, acquired from the SIMNRA program, inside the determined target (~2.2
keV in all the beam energies).
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45.3 Results and Discussion

The final values of the differential cross section for the deuteron elastic scattering on beryllium
Be(d,do)°Be in the energy range Eq,1a:=1600-2200 keV, depending on the scattering angle, with a
20 keV energy step, for the scattering angles of 120°, 140°, 150°, 160° and 170° are presented in
graphical form in Figs. 4.22a—e, along with the preexisting measurements available in literature
and in tabulated form in Table 4.3. The systematic uncertainties are excluded from the calculation
of the total statistical uncertainty budget and thus from the presented figures.

The structure of the obtained data could be attributed to the overlapping levels of the compound
nucleus B, with energies Ex'=17310 keV (I'=1 MeV), Ex'=17500 keV (I'=116 keV) and
Ex'=18000 keV (I'=870 keV), as previously discussed. Large deviations were observed in Figs.
4.22a-d between the present dataset and the dataset by Lombaard et al. [19] over the whole energy
range and for all scattering angles, although no clear reason exists. A possible explanation though
could be associated with the energy range in which Lombaard et al. corrected the contribution of
the 2C(d,p1)**C counts in the °Be(d,do)°Be peak. Comparing the present dataset with the one by
Machali et al. [20], for the scattering angle 160° good agreement was observed whereas for 120°
and 140° discrepancies were recorded and this dataset seems to be systematically lower. Actually,
a clear trend was revealed, since, as the scattering angle was increasing (moving to more steep
backscattering angles) the discrepancies decreased. These discrepancies in the most forward
backscattering angles (120° and 140°) could be caused due to the dead time of the multichannel
analyzer which, as reported in [20], was the main source of uncertainty for the forward angles and
it could justify the observed trend. It should also be noted that in Fig. 4.22b the data by Machali et
al. were measured at 131° but are compared with the present ones at 140°, since it is the closest
experimental angle measured. For the only common scattering angle of 160° good agreement
within the quoted errors was observed with the dataset by Renken [21], although the latter cross
section dataset corresponds to 6=158.9°.

Moreover, discrepancies were observed between the measured cross section values and the
corresponding Rutherford ones, with the measured ones being up to 2 times higher, as shown in
Fig. 4.23. In fact, a strong angular variation was observed between the two most forward measured
angles (120° and 140°) and the most backward ones. This phenomenon could be attributed to the
angular dependence of the overlapping energy levels in the prompt energy range of the compound
nucleus.
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Figures 4.22 a-e Differential cross-section values (mb/sr) of the °Be(d,do)°Be elastic scattering, measured
at Eq1a0~1600-2200 k eV and for the scattering angles of 120°, 140°, 150°, 160° and 170°, in energy steps
of ~20 keV, along with data from literature.

Table 4.3 Tabulated differential cross sections (mb/sr) of the °Be(d,do)°Be elastic scattering in the deuteron
energy range of ~1600-2200 keV with 20 keV energy step for the backscattering angles of 120°, 140°, 150°,
160°, 170°. The corresponding combined cross-section statistical uncertainties at 1o accuracy are also
included.

Ediao  0Edian (oxdo) (mbl/sr)

(keV)  (keV) 120° 140° 150° 160° 170°

1577.1 2.4 - - - - - - - - 8.9 0.3
1597.1 24 - - - - - - - - 9.1 0.3
1617.1 2.4 - - - - - - - - 94 0.3
1637.1 24 - - - - 10.2 0.1 - - 9.5 0.3
1657.2 24 - - - - 10.8 0.1 10.0 0.2 9.3 0.3
1677.2 24 - - - - 10.3 0.2 10.1 0.3 8.4 0.3
1697.2 24 - - - - 104 0.2 9.7 0.3 9.1 0.3
1717.2 24 - - - - 10.6 0.2 94 0.2 9.1 0.3
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Figure 4.23 Ratio to Rutherford of the obtained differential cross section values of the elastic
%Be(d,do)’Be scattering for the deuteron energy range 1600-2200 keV for all the measured backscattering
angles.

4.6 Cross section measurements for the "N(d,do)"*N elastic scattering

The deuteron elastic scattering on "N was measured in the energy range 1000 — 2200 keV in steps
of ~10 keV and for the backscattering angles of 120°, 130°, 140°, 150°, 160° and 170°. The level
scheme of the under-study system, d+*N, concerning the most abundant isotope of nitrogen, N
(99.634% in "N), is displayed in Fig. 4.23, along with the possible reaction channels. The prompt
energy region includes multiple levels of the compound nucleus ¢0 that are included in Fig. 4.24,
along with the ones that could, due to their energy or their width, affect the cross-section structure.

The implemented target was a thin self-supporting silicon nitride membrane with Au evaporated
on top. A typical spectrum is shown in Fig. 4.25a at the deuteron energy of 1500 keV acquired at
150° along with the corresponding peak identification. The carbon, chlorine and oxygen
unavoidable parasitic contributions, due to the evaporation of Au on top of the silicon nitride
membrane, were clearly separated from the nitrogen peak. The presence of carbon was also
enhanced during the measurements due to the carbon buildup effect. Concerning the levels of
nitrogen, mainly the N(d,px) and *N(d,ax) reactions, although at higher energies e.g. Fig. 4.25b
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they appeared in the experimental spectra, there was no peak overlap, or enhanced background

under the "N and Au elastic peaks for the whole energy range under study.

The obtained cross section values were calculated via Eq. 4.3 for the nitrogen case:

t
(%), =
dn 0.E -

22661.1 keV.
Q. =20736.1 keV
.

21611.1 keV
14N + d

YnatN

0.E’'
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Figure 4.24 Level scheme of the d+"N system in the CM reference frame.
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Figure 4.25 a) Experimental spectrum of the silicon nitride membrane with a gold layer on top acquired
at the deuteron energy 1500 keV at 150°, along with the corresponding peak identification. b)
Experimental spectrum of the same target taken at the deuteron energy 2200 keV at 130°, along with the
corresponding peak identification.
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4.6.1 Target characterization

The determination of the Naus/N"y ratio was accomplished using protons as projectiles at the beam
energies of 980, 1200 and 1300 keV. The implementation of the p-EBS technique was deemed
appropriate, since proton elastic scattering on nitrogen has been evaluated and benchmarked [26].
In this case, for the simulation of the acquired proton spectra using SIMNRA v. 6.94, the procedure
originated with the determination of the QxQ product using the proton elastic scattering on "Si
peak, as well as the evaluated data [27], using SigmaCalc 2.0 as implemented in SIMNRA. The
simulation of the proton elastic scattering on carbon [82] and oxygen [84] was accomplished by
using the evaluated data from SigmaCalc 2.0, whereas for the chlorine peak Rutherford data were
used, since no measurements exist in literature that display differences from the Rutherford values.
Subsequently, for every proton beam/ scattering angle combination, the total Au and N thicknesses
(in atoms/cm?) were determined, by slightly varying the target composition in each case. The
obtained average value of the Ny, : Nnat,, ratio was 0.0423 + 0.0011, implying a relative statistical

error of 2.6%. An example is shown in Fig. 4.26 for the proton energy of 1300 keV at 170°, along
with the corresponding peak identification.

4000 r i . . :
» Experiment AU
(E_ . =1300 keV, 170°)
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2 Si
S 2000 - ]
(@]
3 N h
1000 - ]
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700 800 900 1000 1100 1200

Energy (keV)

Figure 4.26 Experimental and simulated proton spectra acquired at 1300 keV at 170° in order to
characterize the target, along with the corresponding peak identification.
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4.6.2 Uncertainties

The statistical uncertainties originated from the integration procedure, which for the gold peak was
always below 1%, while for the nitrogen one did not exceed 3.5%. The relative statistical
uncertainty from the target thickness ratio calculation was 2.6%. Thus, through the error
propagation formula the combined statistical uncertainty did not exceed 5.3% in all cases.

The systematic uncertainties of the obtained cross section values originated from the accuracy of
the implemented stopping power compilations. Especially in the case of protons impinging on
silicon, the deviations between compiled and experimental stopping-power data can be as high as
4%, whereas for protons impinging on nitrogen the deviations were ~2.9%, as reported in the
SRIM website.

The uncertainties in the beam energy calculation included the ripple of the accelerator (3 keV) and
the energy straggling, acquired from the SIMNRA program, inside the determined target (2.3-2.4
keV for all incident energies).

4.6.3 Results and Discussion

The final cross section values of the "*N(d,do)"™N elastic scattering in the energy range of 1000-
2200 keV for the scattering angles of 120°, 130°, 140°, 150°, 160° and 170° are presented in Figs.
4.27 a-f and in tabulated form in Table 4.4, along with the corresponding uncertainties. In Figs.
4.27 a-f all the preexisting datasets from literature are also included for the closest scattering angle
(if not identical), for comparison purposes.

In Fig. 4.27a, the obtained results were in good agreement for most of the energy values, mainly
the high ones, with the datasets from Seiler et al. [23] and Gomes Porto et al. [24] both measured
at 118° whereas for the low beam energies, the previously measured datasets displayed lower
values. The same situation was observed in Fig. 4.27f; excellent agreement within the quoted errors
was observed between the present dataset and the measured one from Gomes Porto at al. at 167°
for higher energies (above 1500 keV), whereas for lower ones the deviations increased. For the
scattering angle of 140°, Fig. 4.27 b, the situation was reversed, implying a good agreement within
the quoted errors with Seiler et al. for the low energies, whereas for the high deuteron energies the
latter dataset seems to be lower than the present data. For the scattering angle of 160°, the dataset
by Seiler et al., measured at 164°, seems to be systematically lower over the whole energy range
under study. Moreover, at the scattering angle of 140°, the agreement with Csedreki et al. [25]
seems to be good within errors, as displayed in Fig. 4.27c. It should be mentioned here that the
quoted errors for the Csedreki et al. dataset were directly acquired from the publication. All these
discrepancies seem angularly uncorrelated. It should be mentioned here that in cases where
gaseous targets and absolute measurement techniques are employed, like in both [23] and [24], the
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resulting uncertainties tend to be larger. On the other hand, the present measurement with a solid
target and the employment of the relative measurement technique has led to a coherent cross
section dataset ensemble, eliminating the effect of the QxQ product and limiting the systematic
uncertainties of the target thickness calculation.

The effect of the energy levels of the compound nucleus %O in the prompt energy region, implying
the effect of the resonant reaction mechanism, was examined through Fig. 4.28, which includes
the ratio to Rutherford measured cross section values for all the measured scattering angles. It can
be observed that the measured cross section values remain lower than the corresponding
Rutherford ones over the whole energy range under study, although there is a strong increasing
trend for higher energies and for steeper backscattering angles. This behavior could be attributed
to the multiple broad overlapping levels of the compound nucleus *°0 in the prompt energy region,
along with the ones with higher or lower energies which might affect the cross section due to their
large widths, displayed in Fig. 4.24. The effect of all these overlapping resonances could in
principle lead to the absence of strong, sharp maxima and minima in the observed yield and to the
existence of a rather smooth energy variation, along with a strong angular one, evident in Fig. 4.28,
for higher energies and steep backscattering angles.

It should also be pointed out here that the benchmarking of the obtained d-EBS cross section values
was not performed due to the multiple levels originating from the **N(d,px)*°N and *N(d,ax)**C
reaction channels and contributing under the elastic nitrogen edge, thus impeding the
benchmarking procedure.
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Figures 4.27 a-f Differential cross-section values (mb/sr) of the **N(d,do)*N elastic scattering, measured
at Eq,1a,~1000-2200 keV and for the scattering angles of 120°, 130°, 140°, 150°, 160° and 170°, in energy
steps of ~20 keV, along with the available data from literature.

Table 4.4 Tabulated differential cross sections (mb/sr) of the *N(d,do)*“N elastic scattering in the energy
range of ~1000-2000 keV in energy steps of ~10 keV for the backscattering angles of 120°, 130°, 140°, 150°,
160°, 170°. The corresponding combined cross-section statistical uncertainties at 1o accuracy are also
included.

Eaiab  dEg (ctdo) (mb/sr)

(keV)  (keV) 120° 130° 140° 150° 160° 17Q°
992 6 112 4 90 3 - - 66.8 23 | 586 22 |55 23
1002 6 107 3 84 3 - - 617 21 |586 23 |553 23
1012 6 104 3 82 3 - - 616 20 |56.7 22 |537 23
1022 6 99 3 79 3 - - 575 19 | 562 20 |508 22
1032 6 98 3 80 3 - - 579 19 | 547 20 |516 23
1042 6 98 3 77 3 - - 549 19 | 502 19 |453 21
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Figure 4.28 Ratio to Rutherford of the obtained differential cross section measurements of the
YN (d,do)**N in the deuteron energy range 1000-2200 keV for all the measured scattering angles.

4.7 Cross section measurements for the 2Na(d,do)**Na elastic scattering

The differential cross section of deuteron elastic scattering on 2Na was studied in the energy range
of Eq,1ab = 1060-2400 keV with energy steps of ~20-30 keV and for the scattering angles of 140°,
150°, 160° and 170°. The level scheme of the d+23Na system is displayed in Fig. 4.29, along with
the possible reaction channels. However, in the studied energy region no known levels of the
compound nucleus ?°Mg exist and thus a nominal energy step of 20-30 keV was adopted in the
present cross section measurements.

The implemented target was a Na>O layer on top of a carbon foil with an Au layer on top. A typical
experimental spectrum is shown in Fig. 4.30 for the deuteron energy of 2200 keV and for 170°.
The minor contribution of nitrogen and chlorine were visible in the experimental spectra due to
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the coating used for the manufacturing of carbon foils, although without interfering with the peaks

under study.

The differential cross section values were determined using the Eq. 4.3 for the sodium case as:

(da)Na_ (da.)Au
dn 6.E dan H,E’

19098.7 keV_
Q,=16798.7 ke\%

17626.7 keM]
"Na+d

13332 keV

Y
X Na
Yau

Nt,Au

Nt,Na

YO +2a
4352 keV

(4.9)

“Ne+n+a

151.57 keV

24Na +
4734.8 keV
INe + a
6912.7 keV

2Ma +n
9468.1 keV

ZSMg

Figure 4.29 Level scheme of the **Na+d system in the CM reference frame.
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Figure 4.30 Typical experimental spectrum acquired from the irradiation of the target consisting of a
Na.O layer on top of carbon foil along with a Au layer on top at the deuteron energy 2200 keV at 170°
along with the corresponding peak identification.

4.7.1 Target characterization

The target thickness ratio of ®’Au:?Na was determined using proton spectra acquired at
Ep,1av=1200, 1360, 1430 keV and for the scattering angles of 170°, 160° and 150°, in order to avoid
the uncertainties introduced by the effect of straggling. In the case of sodium, the selection of
proton energies far from the existing sharp, Breit-Wigner type resonances was rather difficult,
because of the existing multiple resonances in the structure of the 2*Na(p,po)?*Na elastic scattering
differential cross-sections. The simulation of the obtained spectra was accomplished by using the
evaluated cross section datasets on proton elastic scattering on *2C [82], ¥*N [26], 0O [84] and
23Na [85] (for the sodium case the datasets were also benchmarked [22]) calculated using
SigmacCalc 2.0 as implemented in the SIMNRA program. Rutherford cross section values were

used for the deuteron elastic scattering on °’Au. The acquired mean value of the N“‘”/ N, y, Was
,2Na

found to be 0.038+ 0.001, implying a 2.6% relative statistical uncertainty. It should also be pointed
out here that the spectrum at 1200 keV and 150° was not included in the calculation of the mean
target thickness ratio value since there was a partial overlap between the elastic peaks of sodium
and oxygen. Nevertheless, the results of such a procedure are shown in Fig. 4.31 for the proton
energy of 1360 keV and for the 160° scattering angle.
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Figure 4.31 Experimental and simulated proton spectra acquired for the target thickness ratio
calculation at 1360 keV at 160° along with the corresponding peak identification.

4.7.2 Uncertainties

The integration or fitting process (when necessary) of the **’Au and **Na peaks, following the
background subtraction, led to a relative statistical uncertainty of the order of 1-2%, while the
target thickness ratio calculation yielded a 2.6% relative statistical uncertainty. Therefore, the
implementation of the error propagation formula indicated a total statistical uncertainty in the
cross-section values below ~4% in all cases.

The systematic uncertainties in the cross-section values originated only from the deviations of the
compiled and the experimental stopping power data and for the gold case were ~3.6%, whereas
for the sodium case are unknown. However, testing neighbouring nuclei, namely neon and
aluminum, discrepancies up to 2.8% were observed. Therefore, the adopted systematic uncertainty
for this procedure should be at least equal to 3.6%.

The uncertainties in the deuteron energy included the energy ripple acquired from the accelerator
calibration procedure (~1 keV) and the energy straggling in the calculated target (5.1 keV).
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4.7.3 Results and Discussion

The ratio to Rutherford of the obtained differential cross-section values for the deuteron elastic
scattering on 22Na in the energy range of 1060-2400 keV with energy steps of ~20-30 keV for the
four measured backscattering angles of 140°, 150°, 160° and 170° are presented in both graphical
form in Fig. 4.32 a—d and in tabulated form in Table 4.5. In Figs. 4.32 a-d the uncertainties
concerning the deuteron beam energy are not visible in the x-axis due to the adopted scale.

Strong deviations from the corresponding Rutherford values are displayed in Figs 4.32a-d
especially at high energies, in some cases up to 35%. The measured cross sections display values
lower than the Rutherford ones over the whole studied energy range, as it was also observed in the
"AN(d,do)"™N elastic scattering. In fact, in the lower energy region (up to 1450 keV) the measured
values are 10% lower than the Rutherford ones, except for 140° where they are 15% lower, while
for higher energies these deviations increased. Moreover, a structure could be observed in the
measured cross section values with a significant minimum in the deuteron energy of ~1800 keV.
Due to the lack of spectroscopic information in the prompt energy region of the compound nucleus
2>Mg, the presence of such a structure could not be unambiguously associated with the resonant
mechanism. However, the presence of the minimum in all the measured scattering angles,
indicating a strong angular correlation, as well as the existence of a structure in the same energy
in the 2Na(d,po)?*Na channel [87] excluded the presence of Ericson fluctuations and indicated the
possible influence of the compound nucleus mechanism. Moreover, it should be pointed out that
the origin of this structure could be attributed to the possible competition with the (d,p) and
especially the (d,n) reaction channels. From Fig. 4.33, where all the measured angles are presented
in one graph, the displayed distribution was rather smooth.

178



@ ) ‘ | . orlk, 140°

A RS

LT &
?:: 0 % ﬁ } { }H % "

%@ﬁﬂﬁ il
@1 ] } | | ‘ ent work, 150°
. } }}}

T s
IR g

0000000000000000

000000000000




o]

e Present work, 160°

Lo- HH -

Wﬂﬂﬂ}
:

Ratio to Rutherford

0.7 I I I I I I I
1000 1200 1400 1600 1800 2000 2200 2400

Energy (keV)

B

e Present work, 170°

1

07 L} L} L} L} L} L} L}
1000 1200 1400 1600 1800 2000 2200 2400

Energy (keV)

Ratio to Rutherford

Figures 4.32 a-d Ratio of the obtained differential cross section values to the ones calculated using the
Rutherford formula for the *Na(d,do)*Na elastic scattering in the energy range Eqja=1060-2400 keV in
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steps of ~20-30 keV for the scattering angles of 140°, 150°, 160°, 170°. The total estimated statistical
uncertainties are included in the graphs.

Table 4.5 Tabulated differential cross sections (mb/sr) of the ?Na(d,do)>Na elastic scattering in the
deuteron energy range of 1060-2400 keV with energy steps of ~20-30 keV for the backscattering angles of
140° 150° 160° 170°. The corresponding combined cross-section statistical uncertainties are also
included.

Ed.lab OEd 1ab do/dQ (mbl/sr)

(keV)  (keV) 140° 150° 160° 170°
1065 5 - - - - 144 5 136 5
1095 5 - - - - 135 5 127 5
1126 5 - - 134 4 127 4 121 4
1156 5 - - 129 4 119 4 114 4
1186 5 - - 122 4 105 3 105 4
1216 5 118 4 112 4 101 4 97.1 2.9
1247 5 111 3 105 4 96 4 90.2 2.7
1277 5 105 3 99 3 93 3 84.5 2.5
1307 5 101.8 2.9 93.8 2.9 88.9 2.8 81.2 2.3
1337 5 96.4 2.7 86.2 2.6 83.8 2.2 79.4 2.2
1367 5 89.1 24 85.5 2.6 78.7 2.1 74.9 2.1
1398 5 84.6 2.3 80.9 2.5 75.4 2.0 73.8 2.1
1428 5 83.0 2.7 78.4 24 72.0 1.9 70.3 1.9
1458 5 80.6 2.3 74.5 2.3 69.8 1.9 67.1 1.9
1488 5 74.2 2.1 69.5 1.9 66.0 1.8 62.8 1.8
1508 5 70.8 2.0 65.9 1.8 63.9 1.7 62.7 1.8
1528 5 68.9 2.0 65.7 1.8 60.1 1.8 59.3 1.7
1549 5 69.6 2.0 63.1 1.7 59.0 1.6 58.1 1.7
1569 5 67.9 19 61.1 1.7 56.1 15 55.0 1.6
1589 5 62.6 1.8 60.0 1.6 55.6 15 51.9 1.5
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2191 5 31.0 0.8 30.3 0.8 28.5 0.8 28.4 0.8
2212 5 30.7 0.9 29.3 0.9 29.7 0.9 26.8 0.9
2232 5 31.8 0.9 30.0 0.9 29.3 0.9 29.3 0.9
2252 5 31.9 0.9 31.3 0.9 29.4 0.9 28.2 1.0
2272 5 31.1 0.9 30.8 0.9 29.4 0.9 28.1 1.0
2292 5 31.1 0.9 29.8 0.9 28.6 0.8 28.5 0.9
2322 5 30.3 0.8 28.8 0.8 28.3 0.8 28.6 0.9
2352 5 29.7 0.8 29.3 0.8 27.2 0.8 25.9 0.8
2392 5 28.1 0.8 27.8 0.8 25.9 0.8 27.6 0.9
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Figure 4.33 Ratio to Rutherford of the obtained differential cross section measurements of the
>*Na(d,do)**Na in the deuteron energy range 1060-2400 keV for all the measured scattering angles.

4.7.4 Benchmarking of the obtained 2Na(d,do)?*Na differential cross section values
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The validation of the obtained differential cross section values for the deuteron elastic scattering
on 2®Na was performed by bombarding a NaCl pellet with deuterons at Eq1a=1110, 1320, 1500,
1640, 1820, 2060 and 2300 keV for all the measured scattering angles namely 140°, 150°, 160°
and 170°. For the simulation of the thick target spectra in the case of chlorine (both natural isotopes
%Cl and *'CI) Rutherford cross sections along with the screening effect factor were implemented
in the SIMNRA program. For the simulation of the parasitic edges of oxygen and carbon, evaluated
datasets from SigmacCalc 2.0 were used for the carbon and oxygen elastic scattering, 2C(d,do)*?C
[14] and *%0(d,do)*®0 [14] as well as for the *50(d,p1)*"O and %0(d,a0)**N [14] reaction channels
visible in the experimental spectra. Due to the highly hydroscopic nature of the NaCl powder,
carbon and especially oxygen were unavoidably present in the formed pellet. It should be noted
here that the deuteron elastic scattering on chlorine was deemed to follow the Rutherford formula,
since no measurements indicating otherwise existed in literature for the present energy range.
However, proton elastic scattering on chlorine was reported [88] to present differences up to 20%
from the corresponding Rutherford values for energies higher than ~2100 keV, thus, as the beam
energy increased, the chlorine edge became more unreliable for normalization. Nevertheless, the
NaCl constitutes a reasonable choice for the benchmarking experiment, since if a target containing
a higher-Z element - for instance NaBr or Nal - or compounds containing oxygen in their chemical
formula (e.g. Na2O or NaOH) were implemented, the heavy-Z element would have created a
significant background under the Na edge, thus leading to a higher statistical uncertainty in the Na
yield and the same applies to any possible strong contribution from the oxygen reaction channels.

The benchmarking procedure was initiated with the accurate description of the implemented target
through the 1110 keV and 170° experimental spectrum, since sodium follows the Rutherford
formula in this case within 2-3%. Subsequently, all the experimental spectra were simulated, while
the chlorine edge was used for the determination of the QxQ product for every beam
energy/scattering angle combination. A few examples can be found in Figs. 4.34a-e for several
beam energy/scattering angle combinations, along with the corresponding edge identification. As
it is shown in the graphs, the presence of oxygen via the reaction *0(d,p1)}’O, induced a
significant background, especially for higher beam energies, while it displayed resonances over
the whole studied energy range, as evident in SigmaCalc 2.0. More specifically, in the
experimental spectra with energies 1640 keV and 2060 keV, the contribution of this reaction
increased significantly under the sodium edge (Figs. 4.34c and e) and thus these energies were
excluded from the benchmarking procedure. Moreover, it is evident in the figures that the
background was increasing as the beam energy increased and for energies above 2000 keV the
induced background could not be accurately reproduced by the *%0(d,p1)!’O reaction, indicating
the possible additional contribution of 22Na(d,px)?*Na reaction channels. Thus, the experimental
spectra for energies above 2000 keV were also excluded from the benchmarking process. The
integrated window, in which the comparison between the simulated sodium counts and the
experimental sodium ones (the simulated counts from oxygen and chlorine were subtracted) was
performed, is denoted in the figures and included ~180 keV (~60 channels) below the sodium edge.
The low energy limit of the integrated window was selected in order to avoid the contribution of
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the deuteron elastic scattering on oxygen. Therefore, the results of the benchmarking process
within the integrated window are presented in Table 4.6. The worst difference included in Table 7
is the 13.6% one for the deuteron energy of 1320 keV and 170°. However, these numbers indicate
a fair agreement between the simulated and the experimental results, since it should be taken into
account that these differences include the uncertainty of the'®O(d,p1)!’O reaction which - at least
partly - is unavoidably included in the integrated window. Moreover, the obtained numbers in
Table 7 did not reveal a coherent behavior for all scattering angles, therefore any type of

renormalization of the determined cross section values based solely on the benchmarking
experiment was not deemed advisable.
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Figure 4.34 a-e Typical experimental and simulated thick target spectra (NaCl) at different beam energy/

scattering angle combinations along with the corresponding edge identification. As denoted in the figures

by blue dashed lines, the integrated window used in the benchmarking procedure included, depending on
the beam energy, ~180 keV (~60 channels) below the sodium edge.

Table 4.6 Differences (in %) between the simulated and the experimental counts within the integrated
window for every beam energy/scattering angle combination. The negative values correspond to a lower

187



value of the integral for the simulated spectrum than the integral of the experimental spectrum whereas the
positive ones correspond to a higher integral for the simulated spectrum than the integral of the
experimental spectrum.

Energy (keV) 140° 150° 160° 170°
1110 - - +6.7 =
1320 -13.1 -12.9 +1.2 -13.6
1500 -11.4 -9.9 -7.6 -3.0
1820 -12.6 -12.0 +6.5 -10.4

4.8 Cross section measurements for the "Si (d,do)"®Si elastic scattering

The deuteron elastic scattering on "'Si was studied in the energy range Eq,ia= 1000-2200 keV in
energy steps of 10 keV and for the scattering angles of 120°, 130°, 140°, 150°, 160° and 170°. The
level scheme, shown in Fig. 4.35 for the most abundant isotope 2Si (92.23% in "*Si), reveals the
lack of known energy levels of the compound nucleus *°P in the prompt energy region. Due to the
lack of such information the adopted energy step during the measurements was set to 10 keV.

The implemented target was a silicon nitride membrane with evaporated gold on top. A typical
spectrum for the deuteron energy of 1420 keV and for 160° is presented in Fig. 4.36 along with
the corresponding peak identification. The parasitic contribution of carbon, oxygen and chlorine
has also been displayed in the experimental spectra, although without any interference with the
peaks under study over the whole energy range.

The obtained cross section values of the "'Si(d,do)"Si elastic scattering were calculated via Eq.
4.3 for the silicon case:

natsi

Au Ynat;
d d S N
(_J) = (_cr) X = X —tAu (410)
an 6,E dn G,E, Yau Nt,natsi
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Figure 4.35 Level scheme of the ?®Si+d system in the CM reference frame.
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Figure 4.36 Typical experimental spectrum acquired from the implemented target which consisted of a
silicon nitride membrane with a layer of gold on top at the deuteron energy 1420 keV taken at 160° along
with the corresponding peak identification.
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4.8.1 Target characterization

The thickness ratio Ntau:Ntsi was calculated using the proton spectra at the energies of 1200 and
1300 keV at six backscattering angles (120°, 130°, 140°, 150°, 160° 170°). The analysis of the
proton spectra was accomplished using the Rutherford formula for 1% Au and the non-Rutherford
evaluated data for proton elastic scattering on 2C [82], "N [26], O [84], and "'Si [27], as
obtained via the online calculator SigmaCalc 2.0. The average Ntau:N¢si ratio value obtained from
the simulation procedure via the SIMNRA program was 0.0431 £ 0.0005 with a relative statistical
error of 1.1%. The simulation of the experimental spectrum at the proton energy of 1300 keV and
for the 150° scattering angle is shown in Fig. 4.37, along with the corresponding peak
identification.

6000 4 e Experimental Au ]
(E, ,,=1300 keV, 150°) ™~
—— Simulated (SIMNRA V.6.94) {
5000 = -

Si !

4000 - 4

3000 = N ﬁ 1 -

Counts

900 1000 1100 1200 1300
Energy (keV)

Figure 4.37 Experimental and simulated proton spectra taken from the target characterization procedure
at 1300 keV and at the scattering angle of 150° along with the corresponding peak identification.

4.8.2 Uncertainties
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The statistical uncertainty obtained by the integration/fitting process of the Si and Au peaks, after
the background subtraction, was below 1%, while the statistical uncertainty originating from the
target thickness ratio calculation was 1.1%. The addition of these values using the error
propagation formula resulted in the total statistical uncertainty of the obtained cross section values
being below 2.3% in all cases.

However, this statistical error does not include any systematic uncertainties e.g. deviations
between compiled and experimental stopping power data for protons impinging on silicon which
are evident in SRIM (http://www.srim.org/) and can be as high as ~4% while for protons
impinging on gold the deviations are up to 3.6%.

The uncertainties in the energy was the accelerator ripple (~3 keV) and the energy straggling in
the obtained target (~2.4 keV). These two values were quadratically added and resulted in a total
error in the x-values of ~4 keV in all cases.

4.8.3 Results and Discussion

The determined differential cross section values of the deuteron elastic scattering in "Si in the
energy range of 1000-2200 keV in steps of 10 keV and for the scattering angles of 120°, 130°,
140°, 150° 160° and 170° are presented in ratio to Rutherford form in Figs. 4.38 a-f and the
absolute values are tabulated in Table 4.7. Moreover, in Figs. 4.38 a-f the preexisting data from
literature have also been included for comparison purposes. The uncertainties in the beam energy
are not visible in the figures due to the selected scale.

For the common scattering angles (120°, 130°, 150°) with Machali et al. [20] good agreement was
observed in the low energies (up to 1400 keV), whereas for higher energies deviations were
evident, with the previously measured data being systematically higher. Although the reason for
the acquired differences is unknown, target related effects could be involved. The obtained cross
section values for all the scattering angles revealed small deviations for the corresponding
Rutherford values in the low energy part (up to ~1600 keV), while for higher energies the
deviations tend to increase and the obtained structure involves lower values than the Rutherford
ones. Due to the lack of information on the energy levels of the formed compound nucleus, the
effect of the resonant mechanism cannot be assessed. Moreover, the possible effect of Ericson
fluctuations should be examined due to the energies that the formed compound nucleus is excited.
Hence, by examining the angular variation (Fig. 4.39 and Fig. 4.40), for energies above ~1800
keV, a clear correlation between the measured angles is observed where 170° displays the highest
cross section values, 120° displays the lowest cross section values and in between the cross section
values of the intermediate scattering angles are included. By examining different reaction channels
in the same energy region, resonant-like behavior is also observed in the 28Si(d,po)?Si reaction
channel with a general trend of an increase in the cross section as the deuteron energy increases,
although a doubtful angular variation was observed [89]. For the 2Si(d,p1)?Si reaction channel
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the situation seems similar. However, for both of the aforementioned reaction channels, there are
no adequate datasets with a small energy step to proceed to certain conclusions. Concerning the
28Si(d,00) Al reaction channel, according to [20], similar fluctuations are also displayed in the
cross section structure, although such data cannot be found in IBANDL or EXFOR. Therefore,
indications exist that the obtained cross section structure is not caused by Erickson fluctuations,
although their existence cannot be excluded, due to the lack of known levels of the compound
nucleus and due to the lack of coherent datasets on the reaction channels.
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Figures 4.38 a-f Ratio to Rutherford of the obtained differential cross section values for the deuteron
elastic scattering on "™Si in the energy range of 1000-2200 keV in steps of 10 keV for the scattering
angles of 120°, 130°, 140°, 150°, 160°, 170°along with the preexisting data from literature.

Table 4.7 Tabulated differential cross sections (mb/sr) of the "Si(d,do)"Si elastic scattering in the energy
range of 1000-2200 keV in steps of 10 keV and for the backscattering angles of 120°, 130°, 140°, 150°, 160°,
170°. The corresponding combined cross-section statistical uncertainties are also included.

Ediab  0Edan de/dQ (mbl/sr)

(keV)  (keV) 120° 130° 140° 150° 160° 170°
992 4 440 7 380 7 314 5 294 5 268 5 254 5
1002 4 436 7 358 7 310 5 285 5 271 5 257 5
1012 4 434 7 354 7 294 5 283 5 257 5 247 5
1022 4 412 6 355 7 280 5 269 4 259 5 236 5
1032 4 396 6 348 7 279 5 268 5 243 4 243 5
1042 4 410 6 342 7 276 5 264 4 241 4 231 5
1052 4 390 6 332 7 268 5 263 4 235 4 226 5
1062 4 396 6 322 7 268 5 253 4 237 4 222 5
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Figure 4.39 Ratio to Rutherford of the differential cross section values of the deuteron elastic scattering
on "Sij for the high energies (1500 — 2200 keV) for all the measured angles.
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Figure 4.40 Differential cross section values (mb/sr) of the "*Si(d,do)"Si elasic scattering in the energy
range 1060-2200 keV for all the measured angles.

4.8.4 Benchmarking of the obtained "Si(d,do)"®Si differential cross section values

For the validation of the determined cross section values for the deuteron elastic scattering on "Si,
deuteron spectra were acquired by irradiating a thick Si [111] polished crystalline wafer with a Au
layer on top at four energies (1300, 1600, 1900, 2200 keV) and for four scattering angles (130°,
140°, 150° and 160°). The first step of the benchmarking procedure included the accurate
description of the target using the Eq,a0=1300 keV spectrum at 130° with the implementation of
Rutherford cross section values for both Au and ™!Si since in this case the deuteron elastic
scattering on silicon follows the Rutherford formula (within ~4%). Thus, by performing a fit in the
QxQ product in the Si edge, the thickness of gold was determined. Subsequently, the experimental
spectra at 1300 keV (for the rest of the angles), 1600 keV and 1900 keV were simulated with the
QxQ product being fitted to the integral of the Au peak (differences between simulated and
experimental counts in the Au peak were always below 1%) at every deuteron energy/scattering
angle combination. The results of such a procedure are visible in Figs. 4.41 a-c along with the
corresponding peak/edge identification. As it is shown in the graphs no background subtraction
due to the d-NRA levels was needed. However, the situation for higher energies deteriorated, as
visible in Fig. 4.42, for the deuteron energy of 2200 keV and 160°, since new levels were excited
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under the silicon elastic scattering edge and thus no benchmarking results were acquired for
deuteron energies higher than 1900 keV. Even so, as can be seen in Figs. 4.41 a-c, for deuteron
energies up to 1900 keV, the reproduction of the experimental spectra using the obtained cross
section values was very good, within ~4-5% over an integrated window of ~200 keV (~90
channels) below the surface of silicon. The results of the benchmarking procedure are shown in
Table 4.8. As reported in the table, the maximum difference between the simulated and the
experimental counts within the integrated window was found for the deuteron energy of 1600 keV
at 140°. However, these numbers do not indicate the necessity of renormalizing the obtained cross
section values since no coherent behavior was revealed. Moreover, it should be pointed out that
even though the narrowest channel ([111]), regarding the geometry of the crystal, was carefully
selected in order to lead to a rapid de-channeling of the beam with a minor misalignment, small
channeling perturbations were still visible near the silicon surface. In order to avoid any significant
channeling contribution, the integrated window was selected well below the narrow, distorted area.
However, the appearance of channeling perturbations does not constitute the choice of the certain
target inadequate, because the implementation of a silicon compound containing a lower than
silicon Z element (e.g. SiO2, SiB3) would have created a background under the silicon edge due to
the d-NRA induced channels, whereas if a compound containing a heavier Z element than silicon
(e.g. Si2Brg, SiCls) was implemented, then a background would exist below the silicon edge due
to the deuteron elastic scattering on the heavier Z element. Alternatively, an unpolished silicon
wafer could have also been employed for the benchmarking measurements.
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Figure 4.42 Experimental benchmarking spectrum at 2200 keV and 160°. Due to excited d-NRA levels
under the Au peak and the Si edge no results could be obtained for energies higher than 1900 keV.

Table 4.8 Differences (in %) between the simulated and the experimental counts within the integrated
window for every beam energy/scattering angle combination. The negative numbers correspond to lower
value of the integral for the simulated spectrum than the integral of the experimental spectrum whereas the
positive ones correspond to higher integral for the simulated spectrum than the integral of the experimental
spectrum.

Energy (keV) 130° 140° 150° 160°
1300 1.2 -1.5 2.3 4.1
1600 -1.3 -5.4 1.8 0.2
1900 -0.6 -2.5 11 1.9
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Chapter 5
The study of the "O(d,d)"®'O elastic scattering

In the present chapter the deuteron elastic scattering on oxygen is discussed. Firstly, the differential
cross section measurements are described, subsequently the benchmarking results along with
several complications that occurred are presented, and in the final section, the theoretical
investigation through the implementation of the code developed by Dr. A. F. Gurbich,
implementing the R-matrix theory along with optical model calculations, is analyzed.

The deuteron elastic scattering on oxygen was accompanied by a theoretical investigation since
oxygen is the most important element in applications compared to the studied ones.

5.1 Cross section measurements for the "O(d,do)"O elastic scattering

The "O(d,do)™O was studied in the energy range of 1500 — 2500 keV with steps of 10-20 keV
and for the scattering angles of 130°, 140°, 150°, 160° and 170°. The level scheme of the formed
compound nucleus *8F* for the most abundant isotope of natural oxygen, that is %0, is illustrated
in Fig 5.1. These levels were retrieved from [90] and [91] and de-excite via the emission, of not
only deuterons, but a variety of particles in the exit channel, such as protons (e.g. at the ground
and at the first exited state of the residual nucleus), neutrons and alpha particles. Since such levels,
with unknown widths and tentative J* assignments exist in the studied energy region, the energy
steps in the measurements were variable and depended on the existence of levels in the compound
nucleus near the impinging energy in order to accurately describe possible resonances in the
structure of the obtained cross section values.

The implemented target was a NaoHPO4 layer on top of a carbon foil, along with a gold layer on
top. This specific powder was selected due to the high amount of oxygen within it. A typical
spectrum is shown in Fig. 5.2 for the deuteron energy of 2500 keV and for 150°. The parasitic
contribution of nitrogen, caused by the mixture of soap used in the manufacturing of self-
supporting carbon foils, was evident in the experimental spectra via the elastic scattering, as well
as the reaction channels, shown in Fig. 5.2. However, the multiple peaks caused by nitrogen did
not impede the peak integration/fitting procedure. Moreover, a small peak was visible in the left
side of the main Au peak and was attributed to the existence of Au in the back side of the target,
since the energy difference was only ~40 keV, equal to the total target thickness. The possibility
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of such a peak being a reaction channel of a different isotope/element was excluded, since it
presented the same kinematic behavior with the main peak of gold as the beam energy was
changing; and since the elastic scattering of another isotope/element present in the target was not
anticipated at this energy, the peak was solely attributed to gold being situated in the back side of
the target. This was probably caused by a micro fracturing of the underlying thin carbon foil prior
to the gold evaporation. Thus, the integration and fitting (when necessary) of both peaks was
performed in order to acquire the total counts attributed to the deuteron elastic scattering on gold.

In the present work, due to the fact that the theoretical evaluation for *60(d,do)*¢O reached up to
1980 keV, it was used for the calculation of the final differential cross section values via the
following equation:

do "o do\Au  Ynaty

(a—n)e,E = (a—n)e,y" v P (1)
The factor Fy was a scaling factor determined from the SigmaCalc evaluation (2012) at each angle
for beam energies between 1500 keV and 1980 keV, replacing the target thickness ratio calculation
in the determination of the final cross section values. More specifically, the analytical procedure
was initiated with the determination of the excitation function for each scattering angle, that is the
first two terms in Eq. 5.1. Subsequently, each of the 27 experimental yield ratios that were
measured in the energy range 1500-1980 keV, were used for the calculation of a scaling factor, in
order for the agreement between the evaluated differential cross section value and the excitation
function value to be equal at each beam energy. The mean value of these 27 scaling factors was
calculated at each scattering angle. These mean values are in principle expected to be identical for
all scattering angles, since they mainly correspond to the target thickness ratio. These values are
tabulated in Table 5.1 along with the corresponding uncertainties, as determined by the statistical
analysis. As displayed in Table 5.1, they are all in excellent agreement within +1c, except for the
scaling factor attributed to the scattering angle of 130°, which agrees within +2c with the one for
140°. This specific scaling factor value is excluded from the comparison, since the mathematical
procedure for determining the differential cross section values at 130° was slightly different, for
reasons explained below. Even though the agreement for the rest of the values is within 1o, slight
differences are observed in the mean values (a slowly decreasing trend towards steeper
backscattering angles is evident) and hence, it was deemed more appropriate to implement a
different scaling factor for each angle (namely the values reported in Table 5.1), rather than to
adopt a mean value of the scaling factor for all scattering angles. These slight differences may also
be attributed to the inherent behavior of the evaluated differential cross section datasets. It should
also be noted here that they also include the uncertainties in the integration procedure for each
scattering angle (namely the background selection and the limits of the peak during the integration
procedure).

At the scattering angle of 130° and for lower energies, the peak of the °’Au(d,do)'*’Au elastic
scattering had a rather extended tail towards the left side. Thus, in order to avoid integrating such
a peak, as this integration is highly user-dependent and it would have inserted a higher uncertainty
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in the final values, the integration of the elastic gold peak at 160° was used instead. Therefore, a
term needed to be inserted in Eq. 5.1 for the scattering angle of 130° in order to account for the
different solid angle subtended by the two detectors set at 130° and 160°. This process was allowed
only because the deuteron elastic scattering on gold follows the Rutherford formula and thus no
anomalies are expected in the theta angular dependence. Thus, the differential cross section values
for the scattering angle of 130° were calculated using the following equation:

nat
(0] Au Y
do do ,130° 0 [}
( ) - ( ) % _0%yg X Fp x 160 (5.2)
an/1300e \AR/160%E"  Yau1600 21300

Where the ratio of the solid angles was calculated using the following formula:

(d_a)Au
21600 _ \d2/130%E Y pu160°
0 - d Au X (53)
1300 (_‘7) Y gu,1300
d2/160%,E

In order to calculate the solid angle ratio, eight energy values were used, namely the higher ones
in order for the peak separation to be enhanced. The obtained value was Qléoo/glgoo: 1.248 +

0.023, yielding a relative uncertainty of 1.8%, originating from the integration of the corresponding
Au peaks. This uncertainty was also included in the total uncertainty budget for the scattering angle
of 130°. Such a different mathematical approach for the determination of the differential cross
section values at 130° might have affected the determination of the scaling factor value at this
angle and thus the comparison of this specific value with the ones for the rest of the scattering
angles is not necessarily correct, even though the solid angle ratio determination procedure was
performed prior to the scaling factor determination. One possible reason for the discrepancy at
130° could also be, as mentioned above, the inherent nature of the existing evaluation, meaning
the different weights used for each scattering angle and the scattering angles of the experimental
datasets that were taken into account during the evaluation procedure.
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Figure 5.1 Level scheme of the **0O+d system in the CM reference frame.
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Figure 5.2 Typical experimental spectrum of the used target consisting of a Na;HPO. layer on top of a
carbon foil along with a gold layer on top acquired at 2500 keV and for 160°.
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Table 5.1 Values of the scaling factor for each scattering angle. The uncertainties for each measured angle,
as resulted from the statistical analysis, are also reported.

Scattering angle Scaling factor uncgi;::ye (%)
130° 0.275 £ 0.009 33
140° 0.248 £ 0.014 5.7
150° 0.237 £ 0.009 3.8
160° 0.231 +0.008 35
170° 0.227 £ 0.011 4.9

5.1.1 Target characterization

The target thickness ratio calculation was thus not necessary for the determination of the final cross
section values, as shown in Eq. 5.1. However, for the calculation of the energy to which the cross-
section values were attributed, the determination of the energy loss inside the target was
mandatory, as discussed in the previous chapter. Thus, for the target characterization, proton
spectra were acquired at the energies of 1050 and 1470 keV and for the scattering angles of 160°
and 170°. For the simulation of the obtained spectra Rutherford cross section values were used for
the proton elastic scattering on Au and CI, whereas for proton elastic scattering on "*C [82], "™'N
[26], "0 [84], %*Na [85] and 3P [85] the evaluated datasets of SigmaCalc 2.0 were implemented
via the SIMNRA code. Following this procedure, the target was analyzed and the energy loss and
energy straggling values were subsequently calculated at every deuteron beam energy.
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Figure 5.3 Experimental and simulated proton spectra acquired for the target characterization process at
the energy of 1470 keV and for 170° along with the peak identification.

5.1.2 Uncertainties

The statistical uncertainty originating from the integration/fitting procedure was below 4%, a value
slightly higher than usual, attributed to the proximity of the oxygen and nitrogen peaks in the
experimental spectra and due to the double Au peak. The uncertainty of each scaling factor is
reported in Table 5.1 and these values were inserted in the final cross section values calculation.
Especially for the scattering angle of 130° the ratio of the solid angle subtended by the 130° and
160° detectors inserted an extra uncertainty of 1.8%. Thus, the combined statistical uncertainty for
130° did not exceed ~6.5%, for 140° ~7%, for 150° and 160° ~5%, and for 170° ~6.5%.

For the systematic uncertainties, their origin was attributed once again to the differences between
compiled and experimental stopping power data and their corresponding values were ~2.8% for
oxygen and ~3.6% for gold, as obtained from the SRIM website.

The uncertainties concerning the beam energy calculation included the accelerator ripple (~2 keV)
and the energy straggling inside the determined target (4.6 keV for all energies).

5.1.3 Results and Discussion
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The final cross section values of the deuteron elastic scattering on oxygen for the energy range of
1500-2500 keV and for the scattering angles of 130°, 140°, 150° 160° and 170° are presented in
graphical form in Figs. 5.4a-e and in tabulated form in Table 5.2. In Figs. 5. 4a-e the statistical
uncertainties in the differential cross section values are included, as well as the corresponding ones
for the energy values, but the latter are not visible due to the adopted scale. The preexisting data
from literature were added in every figure for comparison purposes.

As shown in the figures, the obtained cross section is dominated by a wide minimum and a wide
maximum in the corresponding structure. The shape of the presented cross sections could be
attributed to the superposition of the energy levels of the compound nucleus °F*, with energies
8.91 MeV, 8.96 MeV, 9.09 MeV and 9.20 MeV, visible in the level scheme (Fig. 5.1). Concerning
the comparison with the preexisting data, a similar shape, but shifted up and right was observed in
the data by Machali et al. [28]. It should be noted here that these datasets were not available in
IBANDL or EXFOR and thus the values were digitized directly from the publication. Since the
corresponding figures were rather small in the manuscript, the digitization might have included
errors. In any case, the shape seems similar. Concerning the data by Seiler et al. [32] there seems
to be an agreement within errors with the present values, which is expected, since the evaluation
included the Seiler at al. dataset. However, a clear energy shift is observed between the evaluated
data by SigmaCalc (and accordingly the obtained data from the present work) and the data by
Dietzsch et al. [29], despite the overall excellent agreement, although the origin of this shift has
not become clear from the corresponding publication.

In Figure 5.5, where the ratio to Rutherford of the obtained cross section values for all measured
angles is displayed, it is observed that for the two maxima, namely at ~1800 keV and at ~2400
keV, the most backward angles displayed higher cross section values whereas for the minimum,
at ~2200 keV, the behavior was the opposite with the most forward angles displaying higher cross
sections.
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Figures 5.4 a-e Differential cross section values (mb/sr) of the "*O(d,do)"™O in the energy range of Eqap=
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1500-2500 keV for the scattering angles of 130°, 140°, 150°, 160° and 170° along with data from the
literature.

Table 5.2 Differential cross section values of the deuteron elastic scattering on "O for the energy range of
1500-2500 keV and for the scattering angles of 130°, 140°, 150°, 160° and 170°. The statistical uncertainties
are included for the differential cross section values while for the beam energies the accelerator ripple and

the energy straggling in the target have been taken into account.
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Ediab  8Edab de/dQ (mbl/sr)

(keV)  (keV) 130° 140° 150° 160° 170°
1509 5 43.9 2.3 43.5 2.8 39.1 1.8 37.9 1.7 37.8 21
1529 5 43.9 2.3 40.9 2.7 39.1 19 37.0 16 37.3 2.2
1549 5 43.7 24 39.1 2.6 38.4 1.8 36.8 16 39.7 2.2
1569 5 40.9 2.0 37.5 2.5 37.1 1.7 38.9 1.6 37.7 2.2
1589 5 37.9 2.0 35.1 2.5 36.6 1.8 34.6 15 32.9 2.0
1610 5 36.0 1.8 34.1 2.3 34.4 1.6 33.3 14 31.6 1.8
1630 5 32.7 2.2 33.6 2.3 30.7 14 31.9 11 30.0 1.8
1650 5 30.2 1.7 31.0 2.2 30.3 14 30.9 1.3 30.2 1.8
1670 5 37.9 2.0 38.8 24 36.0 1.6 36.3 1.7 37.3 2.2
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Figure 5.5 Ratio to Rutherford of the obtained differential cross sections of the "*O(d,do)"O for the

energy range of 1500-2500 keV and for all the measured scattering angles.
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5.2 Benchmarking procedure of the "®Q(d,do)"*O elastic scattering

For the validation of the obtained cross section values for the deuteron elastic scattering on oxygen,
spectra of a ZnO thick target were used that were acquired at the IPPE tandem accelerator and
were provided by Dr. A. F. Gurbich. The deuteron energies were 2000 keV and 2250 keV for the
scattering angles of 130° and 150° and 2000, 2250 and 2500 keV for the scattering angle of 170°.
The experimental spectra were simulated by fitting the QxQ product in the Zn edge by using
Rutherford cross section values at every scattering angle/energy value combination. The integrated
window below the oxygen surface, for which the comparison between the experimental and the
simulated counts of "O(d,do)"O peak was performed, was chosen to be ~100 keV (~65 channels).
The results of the validation procedure are shown in Figs. 5.6a-c, along with the integrated window
indicated with dashed green lines. The contribution of the *%0(d,p1)*°0 reaction is quite important
under the zinc edge, as well as in the integrated window at higher energies, as displayed in the
experimental spectra. This contribution was simulated using the evaluated data from SigmaCalc
[14] when available (up to 1650 keV), whereas for higher energies data from literature were used.
More specifically, the dataset by Debras et al. [30] was used for the scattering angle of 130°, for
150° the dataset by Cavallaro et al. [31] at 150° was implemented, whereas for 170° the dataset
from Seiler et al. [32] at 164.25° was chosen. It should also be mentioned here that the fit of the
QxQ product was carefully performed in the channels where the *%0(d,p1)*°O contribution was
minimal. However, as noted in Fig. 5.6b, a significant contribution of the *%0(d,p1)*>O reaction is
observed within the integrated window. In fact, the number of the counts originating from the
"tO(d,do)™O elastic scattering was only ~30% higher than the one originating from the
0(d,p1)*°0 reaction within the integrated window, thus the results are significantly affected by
the used datasets from literature. Hence, the deuteron energy of 2250 keV was rejected, since it
cannot lead to accurate results for the benchmarking of "*O(d,do)"®O cross section values at any
scattering angle. The results of the benchmarking procedure for the energies of 2000 and 2500 keV
are shown in Table 5.2. The effect of the dual scattering was also examined due to the existence
of zinc in the target. In Table 5.3 the values using the dual scattering in SIMNRA v.7.02 are also
included and in Figs. 5.6b and c the simulation with the dual scattering option is also presented.
The differences due to the dual scattering are more pronounced in the deuteron elastic scattering
on zinc, as expected. The maximum difference between the experimental and the simulated counts
was observed for the deuteron energy of 2000 keV and for the scattering angle of 170° (12%). This
value, as well as all the values in Table 5.3, reveal a rather fair agreement, since these differences
include the uncertainty of the used datasets for the *0(d,p1)'’O reaction contribution (~5% for the
Seiler et al. dataset, ~6% for the Cavallaro et al. dataset) which is unavoidably included in the
integrated window. At this point, it is rather important to mention that even though the energies
and angles for which the validation was performed did not correspond to the whole energy range
and to all the measured scattering angles, the benchmarking results represent the whole cross
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section measurement, since the cross section values were calculated in a coherent way for all
scattering angles and energy values in the present work.

The complications discussed above regarding the benchmarking procedure are quite severe, hence
any kind of renormalization of the obtained cross section values could not emerge from this
specific benchmarking procedure. However, the whole scope of the present work, which was the
general confirmation of the obtained cross section values, was achieved in the cases where the

80(d,p1)*°0 contribution was minimal, proving the overall accuracy of all the obtained differential
cross section values.
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221



Table 5.3 Differences (in %) between the simulated and the experimental counts within the integrated
window for every beam energy/scattering angle combination. The numbers correspond to a higher integral
of the simulated spectrum with respect to the integral of the experimental one.

Energy (keV) 130° 150° 170°
2000 3.1 4.4 7.9

2000 (dual scattering) 5.8 8.1 12.0
2500 - - 6.1

2500 (dual scattering) - - 9.2

5.3 Theoretical Investigation of the 0O(d,do)'®O elastic scattering

In the studied case the single channel multi-level R-matrix analysis was applied in order to
theoretically reproduce the measured cross section values of deuteron elastic scattering on oxygen
in the energy range of 1.5-2.5 MeV.

Calculations were performed in the framework of the compound nucleus mechanism, since it is
the dominant reaction mechanism at these low deuteron energies and for a light nucleus such as
oxygen.

5.3.1 The Code

The code used was developed by Dr. A.F. Gurbich and it can perform multilevel, multiple channel
R-matrix analysis. The equations included in the code are the ones from Lane and Thomas [33]
that are used in the classic R-matrix theory and are mentioned in Section 1.5. The code could be
employed for the calculation of both elastic scattering and reaction cross sections.

The most widely used model for R-matrix calculations is the hard sphere one, which assumes the
interaction between a projectile and a nucleus represented by a solid sphere with radius R, where
the potential is U(r)=co for r<R and U(r)=0 for r>R, leading to calculable differential cross section
values. According to this model the changes in the differential cross-section values, which
correspond to eigenstates of the compound nucleus, should be inserted individually in the code.
The hard sphere R-matrix is implemented in other widely used codes for calculating scattering
cross sections as well, such as AZURE [34], [37] and SAMMY [35]. On the other hand, as
suggested by Johnson [36], the off resonant scattering can be attributed to the effect of the optical
model potential. In fact, this approach might lead to significant information regarding the potential
itself. Thus, some of the especially broad changes may also be reproduced as resonances of the
potential, similar to the effect of a standing wave inside the nucleus. Such broad single particle
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resonances can be calculated in the code by employing optical model phases and currently, only
the R-matrix code developed by A. F. Gurbich can implement this alternative approach.

In the studied case, the differential cross section is mainly characterized by wide resonances due
to the implementation of deuterons as projectiles and due to the overlapping levels of the
compound nucleus. At the same time, using the optical model for the phase shift calculation, wide
resonances could in principle naturally occur via the selected parameters of the optical model
potential. Besides, the difference between the optical model and the hard sphere model does not
lie in the agreement between the theoretical and the experimental datasets, since both options could
lead to equally good fitting results, but in the physical interpretation of the obtained results. More
specifically, the parameters used in the optical model (soft phases analysis) may lead to
conclusions regarding the deuteron potential in the proximity of light elements. Hence, for the
aforementioned reasons and the fact that in the studied case the hard sphere scattering phase shift
appeared not to give an adequate description of the off-resonance background, the optical model
approach was chosen for the phase shift calculation. The potential is implemented in the code via
Eqg. 1.23 and the parameters of the optical model potential are fitted to the experimental cross
section values using x> minimization routines.

The scattering amplitude is calculated in the code using three phase shifts, instead of the two terms
included in Eg. 1.32, namely the resonant phase shift, the potential scattering phase shift,
calculated via the optical model and the phase shift due to the Coulomb potential. These three
terms are added coherently in the code. This unified R-matrix, which corresponds to the resonances
of the compound nucleus plus the optical model, in order to account for the potential scattering
contribution, was proven to be the most suitable approach for calculating cross section values in
the case of low energy charged particle scattering in the past [26].

Since, as mentioned above, the used code is the only one that can calculate the potential scattering
via the optical model, a comparison between the used code and another code implementing the
optical model is not possible. Thus, the next best thing to do is to compare the code used with the
AZURE one, via the hard sphere approach. The AZURE code is the most widely used R-matrix
code for differential cross sections and it calculates the potential scattering using the hard sphere
approximation by adding a distant resonance for each of the relevant J* values at a higher energy
value than the studied energy range (background poles). Hence, for comparison purposes, the code
used was set to calculate the phase shifts through the hard sphere approximation. For each
comparison only one resonance was added with three different J* values (4, 3, 27, 2°), with four
different total level widths which were equal to the elastic channel width in each case (5, 20, 100,
200 keV, respectively), at three different energies (2.0, 2.2, and 1.8 MeV, respectively) for the
scattering angle of 170° and for the studied energy range (1.5-2.5 MeV). Also, the channel radii
were set equal in both codes. The results of the comparison are shown in Figs. 5.7a-d. For Figs.
5.7a and b, the agreement is excellent with minimal differences. For Figs. 5.7c and d, in the
resonant region the minima and the maxima are in good agreement whereas in the non-resonant
region differences are observed. Hence, as the level width becomes larger, the differences seem to
increase far from the maximum and minimum values of the differential cross section and this may

223



lead to different fitting parameters. Such discrepancies exist due to the different conversions
between the observed width gamma (I') and the reduced one. The used code uses eq. 1V.1.17b (p.
273) of [33] and AZURE makes the conversion according to Eq. 41 of [34].
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Figure 5.7a-d Comparison between the used code using the hard sphere model and the AZURE code,
implementing different J* values, different resonant energy values and different elastic scattering width
amplitudes in each case.

5.3.2 The 1%0+d channel
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For the studied channel 1°0+d, the target spin I:= 0" is coupled to the projectile spin I, = 1" forming
the entrance channel with spin s=1 and positive parity. This channel spin was combined with the
relative orbital angular momentum # in order to form the spin of the compound nuclear state J.

The parity of each compound state is calculated via the (—1)* +' rule, where ¢’ is the parity of the
channel. In Table 5.3 the possible entrance channels are listed for J values up to 6 and £<6.

In the studied case, only £ mixing is possible. The £ mixing ratio is defined as:

1/2

& = *[Rp42/N] (5.4)

The corresponding mixing angles i, are defined for convenience as tan (y;) = &; and their range
varies between -90° to +90° [92].

The formed compound nucleus is °F" and the parameters needed as input in the code for each
excited state are the spin, the parity, the resonance energy, the elastic width, the total width, the
boundary conditions and the potential parameters. All these parameters can also be fitted in the
code. For the studied beam energy range, 1500-2500 keV in the laboratory system, which
corresponds to the energy range of 8858-9748 keV in the CM system (that is, relative to the
compound nucleus itself, taking into account the Q-value for deuteron capture plus the deuteron
beam energy in the CM reference frame), the parameters of the known levels were taken from the
Ajzenberg-Selove compilation [90]. In the studied energy range three levels emitting deuterons
are included, two of them with unknown J* values and one with a tentative assignment. More
details concerning the parameters of the implemented compound nucleus levels are included in
Section 5.3.3.

Table 5.3 Elastic scattering channels for target spin I;= 0" and Z<6.

J £ S
0 1 1
0
1* 1
2
1 1 1
2" 2 1
1
2 1
3
2
3* 1
4
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3 3 1
4* 4 1
3
4 1
5
4
5* 1
6
5 5 1
6" 6 1
6 5 1

5.3.3 Parameters and calculations

In this section the parameters of the optical model, as well as the parameters of each level used in
the theoretical investigation are discussed, while their values are listed.

5.3.3.1 Optical model calculations

The theoretical reproduction procedure was initiated with the optical model calculations without
adding any resonances. The potential parameters are usually adjusted to energy regions that do not
display resonances. In the studied energy range, no such region exists, thus the parameters were
approximated in lower energy regions where the cross section is smoother and through the course
of the cross-section reproduction procedure their values were modified until the optimal agreement
was accomplished. Their final values are listed in Table 5.4 and the differential cross sections
containing only the potential scattering through the optical model calculations for the scattering
angles of 130° 150° and 170° are presented in Fig. 5.8. As shown in Fig. 5.8, none of the
resonances is reproduced from the optical model. However, the interference of the partial waves
leads to lower values of the theoretical differential cross sections compared with the ones emerging
from the hard sphere model. This is a desired characteristic, since the lower theoretical values are
closer to the experimental ones. A separate real potential depth was used for each one of the ¢
guantum numbers since, in some cases (e.g. [93]), a resonance might be reproduced only by fitting
a specific wave potential well. However, in the studied case, this did not occur. Moreover, it was
proven that the values of the V4 and Vs parameters, which correspond to the potential of the g
and h partial waves, do not affect the cross section in the studied energy range, as expected for
high ¢ values at such low beam energies.
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Although a few global optical model potentials exist for deuterons, namely [94], [95], they are
mainly focused on heavier elements (21 < A < 238) and for higher energies (12-120 MeV), hence
the comparison with any of these is unsuitable. However, two studies exist that, even though the
ranges are still quite wide, they include a set of parameters for a global deuteron potential for lower
energies and for lighter target nuclei, namely for energies between 1-200 MeV and nuclei ranging
from 12C to 2%8U; these include the work by An H. and Cai H. [96] and the work by Han Y. et al
[97]. In both of these contributions the optical potential has the same Woods—Saxon form as in Eq.
1.23. The parameters for the global deuteron optical model potential, in the two latter works, were
determined by a code which minimizes the %, which represents the deviation of the calculated
results from the experimental values. In [96] certain parameters were determined as: Vro=91.85
MeV, W= 10.83 MeV, Vs0=3.557 MeV and Rc=1.303 fm, while in [97] certain parameters were
ro=1.174 fm, a.=0.809 fm, Vro=82.18 MeV, W=20.968 MeV, Vs0=3.703 MeV and Rc=1.698 fm
(values obtained from RIPL-3 [98] and the notation is the same as the one used in Table 5.4). The
agreement between the determined nuclear radius (ro) and the diffuseness (ac) in the present work
compared with the latter study is decent. It should be pointed out here that the obtained values
corresponding to the real part of the potential depth, which are responsible for the description of
the elastic scattering, are close to the ones existing in the literature and mentioned above. The
differences in the imaginary part of the depth of the potential should be expected, since the accurate
determination of the W parameter originates from the reaction channels, since it mainly affects
them, and not through the elastic channel. It should also be mentioned here that the revealed
differences in all the parameters between the literature values and the ones determined in the
present work, are expected, since both of the pre-existing works include higher deuteron energies
and thus the sets of parameters might have been calculated giving more weight on higher
impinging energies and heavier nuclei.
Table 5.4 Optimal optical model potential parameters implemented in the used code. The optical
potential has the form of (Section 1.2, Eq. 1.23):

Ulr) = —Vg{l +exp[(r—R)/a]l} '+ —i W{1 + exp[(r —R)/a]} !
d
+ 4ia,Wp o {1+ exp[(r—=R)/a ]} ) +s

2

h 1d
(=) o L1+ expl - RO+ )

where ro corresponds to the parameter used in the nuclear radius equation (r = ry. A®), a. to the
diffuseness, Vro, Vri, Vr2, Vrs t0 the depth of the potential of the s, p, d, f partial waves, respectively, W to
the depth of the imaginary potential, Vso to the depth of the spin-orbit potential and R. to the Coulomb
radius.

lo ac Vro VRr1 Vr2 Vs w Vso Rc
(fm) (fm) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (fm)
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Figure 5.8 Experimental and theoretical (taking into account only the potential scattering via optical
model calculations) differential cross section values for three scattering angles in the laboratory
reference frame.

5.3.3.2 Resonances

After the potential scattering has been taken into account in the differential cross sections, the
resonances need to be reproduced as well. In the studied case, the full spectroscopic information
of the excited states is missing. The only available information in the literature regarding the levels
of the compound nucleus *°F is summarized in Table 5.5. Among the levels which are included in
Table 5.5, four of them (1.616, 2.221, 2.280, 2.340 MeV) have not been reported to de-excite via
deuteron emission, according to [90], but since they were visible in the experimental cross section
structures, they were taken into account in the calculations, as mentioned below.

The procedure was initiated with the addition of the levels which create wider resonances that
dominate the cross-section structure, i.e. the levels at 1.765, 2.221 and 2.340 MeV. The rest of the
parameters which characterize each level (J%, total width, partial width of the elastic channel and
mixing angle y) along with the exact energy of each level as visible in the experimental excitation
functions, were acquired by trial-and-error procedures. The obtained differential cross section
which includes only these three resonances is presented in Fig. 5.9 for the scattering angles of
130°, 150° and 170°. Subsequently, additional levels which yield a finer structure of the differential
cross section values were added, along with the rest of the parameters of each level, again with
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trial-and-error procedures. The values of the parameters of such additional levels were based on
the available information in the literature, but they were adjusted to the experimental points. This
procedure resulted in a few modifications of the used parameter values compared with the ones in
the literature, mainly in the low energy region, along with the addition of a level having an energy
of 2.053 MeV which has not been observed in the past in the d+1°0 system, but clearly affects the
experimental cross section structure. All the parameters regarding the implemented levels within
the investigated energy region (1.5-2.5 MeV) are summarized in Table 5.6. As shown from the
comparison between Table 5.5 and Table 5.6, the main differences are observed in the low energy
region. More specifically, below the level at ~1.7 MeV, three levels exist in the literature (1.563,
1.616, 1.681 MeV), whereas in the present study only two (1.650, 1.665 MeV) were used.
Furthermore, two levels were added in the calculations which are outside the studied energy
region, at energies 1.353 MeV (J"=3", I'=900 keV, I'¢/I'=0.15, ¥=0) and 2.55 MeV (J*=2", I'=50
keV, I'e/I'=0.25, ¥=0). In the literature such levels exist in energies 1.325 and 2.55 MeV but with
all the other parameters unknown. However, their addition was deemed necessary, since the level
at 2.55 MeV contributes in the last maximum of the differential cross section structure, whereas
the level at 1.353 MeV creates a smooth background, while it contributes to the creation of the
minimum at ~1900 keV, following the calculation of the matching radius at this energy. The large
width of the latter level should not come as a surprise, since the existence of levels with large
widths in the cases of deuteron impinging on light elements is not unique, namely in the e.g. *°B+d
system, the formed compound nucleus is 12C and it displays levels having widths of '=1700 keV
and I'=3000 keV.

It should be pointed out here that in order to determine the final values of Tables 5.4 and 5.6 and
complete the theoretical investigation, a re-iterative procedure was carried out, which included the
repeated altering of the values of the parameters (including the parameters of the optical model),
in order to obtain the best possible combination; meaning the smallest difference between theory
and experiment. However, it is important to stress here that the parameters used for the calculation
of the differential cross sections were not unambiguously determined and thus they do not
constitute a unique source of nuclear spectroscopic information, although they are mandatory for
the reproduction of the obtained differential cross sections and thus for the calculation of the cross
sections in scattering angles and energies (in between the measured values) where no experimental
datasets exist, which was the main goal of the present theoretical investigation. Even though, from
the spectroscopic point of view, the final values of the parameters cannot be considered as fixed,
a crucial remark can be made; in the levels that have tentative J* assignments in the literature and
the present work uses one of these values, then this is a strong indication regarding the true value
of the J* of such level. In the present study, this situation occurred for the levels at 2.221 and 2.28
MeV (literature values) where both levels exhibit tentative J* assignments 2,3" and in the present
investigation the used value was 2.

A key point of the present work is the matching with the pre-existing evaluation. This was
performed using the last available point of the previous evaluation, that is, at 1.98 MeV, hereinafter
referred to as the matching point. Thus, the values obtained with the present reproduction for the
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matching point and the corresponding previous ones are shown in Table 5.7, along with the
differences, for several scattering angles. The larger difference is observed -as expected- for the
scattering angle of 130°.

Table 5.5 Maxima in the yield of **O+d retrieved mainly from the Ajzenberg - Selove compilation [90],
which was more thorough, and the NNDC library [91]. Ex values correspond to the energy in the CM system
(that is, relative to the compound nucleus itself, taking into account the Q-value for deuteron capture plus
the beam energy in the CM reference frame).

Edq (MeV) Jr I' (keV) Ex (MeV)
1.563 - 121 + 15 8.914
1.616 - 19+15 8.961
1.681 (5) - 9.020
1.765 - 141+ 10 9.093
1.886 3,4 108 £ 12 9.207
2.221 2,3" - 9.500
2.280 2,3 - 9.550
2.340 - - 9.600
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Figure 5.5 Experimental and theoretical (including only three resonances at the energies of 1.765, 2.221,
2.340 MeV) differential cross section values for the scattering angles of 130°, 150° and 170°.
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Table 5.6 Optimal level parameters as implemented in the R-matrix code that was used.

Eq (MeV) Jr ' (keV) e/’ W
1.650 2 50 0.070 0
1.665 1* 119 0.063 79
1.740 1* 94 0.162 0
1.854 1* 7.4 0.146 85
2.053 1 115 0.134 0
2.242 2 82 0.095 0
2.294 2 71.8 0.119 0
2.381 1% 130 0.36 0

Table 5.7 Differential cross section values (mb/sr) using the pre-existing evaluation and the presented
theoretical reproduction at the matching point (1.98 MeV), along with the differences (in %) for several
scattering angles.

Differential Cross Differential Cross
Scattering angle section values using section values using the . 0
(degrees) the pre-existing presented theoretical Differences (%)

evaluation (mb/sr) reproduction (mb/sr)

130 21.49 26.43 23.0

140 20.02 21.85 9.1

150 18.58 18.28 1.6

160 17.33 15.68 9.5

170 16.49 14.11 14.4

5.3.4 Results

The obtained results are presented in Figs. 5.9a-e along with the experimental values, for the five
measured angles and for the energy range of 1.98-2.5 MeV. In Fig. 5.9b, for the scattering angle
of 140°, the obtained results are presented for the energy range of 1.5-2.5 MeV along with the pre-
existing evaluation (1.5-1.98 MeV) and the experimental values in order to make sure that the
differences between the evaluation and the present theoretical study are not significant. The energy
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range 1.5-1.98 is not included for the other scattering angles (130°, 150°, 160° and 170°) since the
results will be used from the energy of 1.98 MeV and in Fig. 5.9b are only included for indicative
reasons. However, it should be noted here that for the other scattering angles the agreement
between the theoretical curves was not as satisfying as it is for this specific scattering angle. In
Fig. 5.9a, the theoretical curve seems to adequately reproduce the experimental datasets within
uncertainties. The most significant differences are observed at ~1990 keV and at ~2150 keV. The
situation in Fig. 5.9b is even better showing a quite satisfactory agreement over the whole energy
region although the difference at ~1990 keV is also displayed. In Fig. 5.9c-e the agreement with
the experimental dataset is excellent within uncertainties, however a small difference is observed
at ~2420 keV. Overall, the obtained theoretical investigation has led to a quite good agreement
with the experimental datasets following the same trend.

Regarding the uniqueness of the obtained solution which includes the values of the optical model
and the resonance parameters, the experimental differential cross section values were 390 (78 at
each scattering angle), which resulted in an equal number of equations. The unknown parameters
of the system that needed to be determined were 66 in total (18 from the optical model and 48 from
the 8 resonances). Such a system mathematically leads to a unique solution. However, the
possibility of performing the same calculations with different resonant settings and different values
in the optical model parameters, or even with the implementation of the hard-sphere model, thus
leading to a different set of unknown parameters, and hence obtain an equally good agreement
between theory and experiment, cannot be in principle excluded.

Concerning the reliability of the obtained theoretical reproduction, the interpolation between the
used angles indeed leads to accurate results, since the second term of Eq. 1.22 becomes more
important [99] and resonances dominate the differential cross section. Concerning the
extrapolation to more forward scattering angles, it should be noted here that, although in principle
it is possible, at very small angles (6<<90°) the Coulomb scattering amplitude is naturally expected
to dominate the cross section. Moreover, the accuracy of the present investigation lies in the values
of the Legendre polynomial coefficients. Hence, for scattering angles where the Legendre
polynomials approach zero values (as e.g. at 6=90° where cos6=0) severe deviations between the
theoretical predictions and the experimental results may occur.

Furthermore, accurate spectroscopic information regarding all the implemented parameter values
could be used in the future in order to ensure the validity of the obtained results. Moreover,
additional channels could also be added in the theoretical calculations, e.g. *0(d,po)*>O and/or
%0(d,00)*N and/or %0(d,p1)*®0, in order to accurately determine the imaginary part of the
potential (W parameter) and, possibly some of the parameters of the used levels. However, the
lack of accurate experimental datasets in multiple scattering angles in the studied energy range
impede for the moment the completion of such a procedure.
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Figure 5.9a-e Results of the theoretical reproduction along with the experimental differential cross
section values from 1.98 MeV regarding the °0(d,do)*°O elastic scattering in the scattering angles of
130°, 140°, 150° 160°, 170°. In (b) the pre-existing evaluation is also included.
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Conclusions and future perspectives

In the context of the present thesis, deuteron differential cross section datasets of several light
elements (Z<15) were measured and in certain cases the obtained results were also benchmarked.
Moreover, a theoretical investigation was performed for the case of deuteron elastic scattering on
oxygen aiming at the extension of the evaluation to higher energies.

More specifically, the determined deuteron differential cross sections are:

e OLi(d,do)°Li in the deuteron energy range 940 - 2000 keV, for the scattering angles of 125°,
140°, 150°, 160° and 170°

e Li(d,do)’Li in the deuteron energy range ~1280- 2000 keV, for the scattering angles of
125°, 140°, 150°, 160°, 170° and the sum ’Li(d,do)"Li+’Li(d,po)®Li in the deuteron energy
range ~1000 - 1280 keV, for the scattering angles of 125°, 140°, 150°, 160°, 170°

e 9Be(d,do)°Be in the deuteron energy range 1600 — 2200, for the scattering angles of 120°,
140°, 150°, 160°, 170°

e 1N(d,do)*N in the deuteron energy range 1000 — 2200, for the scattering angles of 120°,
130°, 140°, 150°, 160°, 170°

e "Q(d,do)™O in the deuteron energy range 1500 — 2500 keV, for the scattering angles of
130°, 140°, 150°, 160°, 170°

e 2Na(d,do)?®Na in the deuteron energy range 1060 — 2400 keV, for the scattering angles of
140°, 150°, 160°, 170°

e "Sj(d,do)"™Si. in the deuteron energy range1000 — 2200 keV, for the scattering angles of
120°, 130°, 140°, 150°, 160°, 170°

The differential cross section values of the aforementioned cases have already been uploaded in
IBANDL, in order to facilitate future analytical simultaneous d-EBS/d-NRA depth profiling
studies of light elements, especially since, for most cases, such coherent datasets for several
backscattering angles and for typical IBA energies were measured for the first time.

Furthermore, the results of the three last cases, namely "O(d,do)™0O, 2Na(d,do)?*Na,
"aSj(d,do)"Si, were validated by irradiating thick targets of known stoichiometry. In most cases,
despite the complications, mainly regarding the existence of d-NRA reaction channels, the results
of the benchmarking procedures revealed that the obtained cross section values could reproduce
the thick target spectra in a quite satisfactory manner. Therefore, as indicated by the benchmarking
results, the differential cross section datasets were accurately measured and are suitable for
performing both evaluation and analytical studies.
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Moreover, the deuteron elastic scattering on oxygen was theoretically investigated in the
framework of the R-matrix theory, achieving the extension of the pre-existing evaluation up to 2.5
MeV. The investigation resulted in a quite satisfactory reproduction of the determined cross
section values over a broad angular range (130°-170°). Hence, the present theoretical investigation
enables the calculation of the differential cross section at any scattering angle, where no
experimental measurements exist, contributing to the implementation of the IBA techniques and
facilitating the study of oxygen profiles at relatively higher depths. Moreover, the determined
parameters of the optical model seem to be in good agreement with the corresponding values in
the literature, while new information was added regarding the accurate value of the J* of two levels,
where only tentative assignments existed.

Despite the contribution of the present thesis to the deuteron elastic scattering measurements which
resulted in the enrichment of IBANDL, there is still a lot to be done in order to further improve
the implementation of the corresponding IBA techniques. It would be very useful to extend the
deuteron elastic scattering measurements for the remaining light elements (e.g. 1°B, !B, 2’Al) in
order to complete this systematic study, thus enhancing the implementation of the simultaneous
combination of the d-EBS and d-NRA techniques which could lead to more accurate depth
profiling results. Such an experimental study has already been scheduled in the forthcoming
months. Moreover, benchmarking experiments need to be performed for the remaining cases, so
that the differential cross section values be validated, ideally in a different laboratory than the one
where the cross sections values have been determined. During such measurements, the emerging
complications, described in the present thesis, could be avoided with the implementation of a more
sophisticated experimental setup, capable of distinguishing between deuterons, protons and alpha
particles.

Although the proton and now the deuteron elastic scattering differential cross sections on the
majority of the light elements have been studied, the situation dramatically changes regarding the
implementation of a ®*He beam, where only a few and scarce datasets exist in the literature. The
study of the 3He-induced elastic scattering on light elements is desirable for depth profiling studies,
due to the improved mass separation and depth resolution obtained with a *He beam compared to
a deuteron or a proton one. This is important, not only for the study of fusion materials, but also
for the ongoing research in nuclear astrophysics, namely the one related to the rp-process [100].

From the theoretical point of view, evaluation studies could be performed for the deuteron elastic
scattering on light elements which manifest the highest technological interest and for which
spectroscopic information of the compound nucleus exists, namely e.g. **N, and thus conclusions
can be extracted regarding the deuteron potential at low beam energies. Finally, the coherent and
accurate measurement of the deuteron induced reactions in **0 would be highly desirable, since
the determined in the present thesis resonance parameters could be tested on different reaction
channels. Additionally, the evaluation, in the case of d-NRA, displays challenges regarding the
combination of two reaction mechanisms, namely the compound nucleus and the direct one. To
conclude, despite the outstanding progress accomplished so far, as evidenced in the IBANDL and

238



SigmaCalc websites, there are still many open questions and interesting problems in the field of
nuclear data which need further investigation.
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