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IHHEPIAHYH

H avdivon derypdtov ypnoomoidvioag oéoun eopticpéveov copotdiov (Ion Beam
Analysis —-IBA) omoteAelt ™ Aydtepo (oyeddv  kabBOAov) KataoTpoikny HEBodo mov
YPNOLOTOIEITOL YLl TNV UEAETN TNG EMPUVEINKNG GVVOEONG Yo TNV EVPECT TOV TPOPIA NG
EMPOVELNKNG KATOVOUNG EVOC GTolyelov o€ Eva delypa Ko Bpiokel onpepo LEYAAES KO S10PKADG
SlevpLVOLEVEG EQUPLOYEG GE BENaTA VYNANG TEXVOAOYING, BLOpMYOVIKOV EPAPUOYDOV, OAAL Kot
YE®AOYIOG, TOMTIGTIKNG KANPOVOLLAS Kot TEPPAAAOVTOG.

Ol TUPNVIKES TEYVIKES TTOV YPNOLOTOOVVTOL 6TO Tedio avtd, Pacilovior otV aviyvevon
TOV COUATOIOV N TNG oOKTVOPOAIOG TOV TPOKVTTEL LETA TNV AAANAETIOPAOT] TO®V COUATIOIMV
™G OE0UNG LE TO GTOMO. KOl TOLG TUPNVEG TOV VIO UEAETN) OTOYOV. LVYKEKPUEVA, Yol TNV
TOGOTIKI] OVAALGT EANPPAOV CTOLXEI®V, OV OMOTEAEL TO UEYOADTEPO TPOPANUA Yoo OAEG TIG
TEXVIKEG, YpMOoTOolEiTol Kupiwg 1 pacpoatockonio elactikng omicbookédaons (EBS — Elastic
Backscattering Spectrometry) kot n péfodog mupnvikodv avidpacemv (NRA — Nuclear Reaction
Analysis), avaloyo pe v aviidopacn mov peietdrat. [ tnv vAOTOINGT TOV TEXVIKOV QVTOV
glvol amoapaitnmn n xpNon ™S OPOPIKNG EVEPYOD OLOTOUNG TNG VIO UEAETN avTiOpOoNG.
Agdopévov OpMC OTL, YO TIG TUMIKEG EVEPYEIEG TMOV COUOTIOIMV TOL TPOEPYOVTAL OO
EMTAYVVTES, OEV VIAPYEL AVAAVTIKOG TPOTOG VO VTTOAOYIGTOVV BE®PNTIKG O1 AVTIGTOLYES EVEPYEC
OlTOUEG €0IKE OTNV TEPINTTOGOT OV 0 6TOYOG amoTeAeiTol and eAappd otoryeia, 1 avdAivon
Bacileton ota avtioToly o TEWPAUATIKO OEO0UEVA TTOV LILAPYOLVV ot PipAloypapio. Xe TOAAEG
TEPUTAOGEIS OUMG To. dedoUEVa avTA TOPOLGLALOVY CNUAVTIKEG OPOPES UETOED TOVG /Kot
elvar oAV apord o evepyelaxd Prjpata. Eivar capég 0Tt ot mo a&lomioteg TIHES dLopopIK®V
EVEPYADV OATOUADV TOL UTOPOVV VO XPNOIHomoinfodv yio e@approyés vyning axpifetog eivor
OVTEG OV TPOKVITOLV O OePNTIKOVS LITOAOYIGHOVG KOl HOVTEAD, Paciouéva méve og
vdpyovta akpiPn TEPAUATIKE dedOUEVO GE HEYAAD €DPOG EVEPYELDV KOl YOVIDV OVIYVELGNG
(pavopevoroykn mpocéyylon, evaluation). Tétowo dedopéva OpmC eivar Sabéoipua  yo
TEPLOPICUEVES AVTIOPAGELS KL POPOVV YEVIKA £voL LIKPO €DPOG EVEPYELDV.

H ovuPoin ¢ mapovoag datpiPng oto medio awtd amaptileton amd tpia puépr. To mpmTo
aQOpPE TOV TEPAUATIKO TPOCGOIOPICUO OLOPOPIKMOV EVEPYDV OLOTOUDV Yo TIG TOPUKAT®
TUPNVIKEG OVTIOPACELS, OV OMOTEAOVV YOPOKTNPLOTIKES TEPUTTMOELS OTOV TAPOLGLALOVTOL
eMelyelg N/kar onuUovtikés dpopéc ota avtiotoyo osdouéva otn Pipioypagio yoo v
viomoinon twv avtioctoy v EBS kot NRA teyvikdv:

e 'Li(p.po)'Li, 'Li(p,p1)'Li, "Li(p,0)'He xar "F(p,po)"F."F(p,00)'°0, "F(p,012)'°0 o¢
evepyelokd evpog 1.5-7 MeV ko o€ apketéc yovieg omobookédaong.

o "'Mg(d,dy), 24Mg(d,po,p1,p2)25Mg oe gvepyewkd gvpog 1300-2050 keV kot o opketég
yovieg oKédaoTG.
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Y10 devtepo pépog mapovoialetar M pebodoroyion mwov avamtOyOnke oTO TAGICL TNG
TopoOVoaG epyaciog Yoo Tov EAEYX0 NG OEOMIOTIOG TOV OPOPIKAOV EVEPYADV OLUTOUMYV
(benchmarking), kafmg kot 1 vVAOmOINGN TG OTOV EAEYYO TOV TPOGOIOPICUEVOV TIUDV TOV
TOPOTAV® OVTIOPACE®V, OALL KOl TOV EVEPYMV OOTOUMV Yo GAAES ONUOVTIKEG EMAEYUEVES
TUPNVIKEG avTOpaoelg (avapépoviot Tapakate). H dtadikacio avt elvar moAd onpovtikny yio
oV TPOG0eTO AOYO OTL TOPEYEL TANPOPOPIES Yo TNV KOTAAANAN pOOUION TOV TOPAUETPOV TOV
YPNOLOTOOVVTOL GTO Be®PNTIKA TPATLTO, Y10 TNV AVATOPAY®YN] TOV SPOPIKADOV EVEPYDOV
SITOUMV, EVO TOPAAANAL EMTPETEL TV ENEKTOCT TOV BEOPNTIKOV OVAAVGEMV GE PEYUADTEPO
evepyelakd eupog. Emiong emttpémel v amdooom peaAoTiKdV afefatotnToVv (GOAALAT®OV) OTIG
VTOAOYILOUEVEG EVEPYEC OLUTOMEG.

To tpito pépog ¢ TP agopd T EUIVOUEVOAOYIKY TPOocEyylon (oto mAaiclo g
Bewpiag R-matrix) yio Tov VTOAOYIGUO SLOPOPIKDV EVEPYDV SUTOUMV, KAODS KoL TNV EPAPLOYN
NG S101KAGI0G VTOAOYIGHOD GTNV TEPITTMON TNG EAUCTIKNG OKESNONG TPOTOVIWV 0Id TVUPNVES
PF ue ) yprion tov kdduka AZURE.

[T avoivtikd, m mapovoa epyocio elvor dounuévn oe 3 avtioToles €vOTNTEG, 7OV

cuumAnpdvovtol amd To BempnTikd VITOPAOPO TOL TIG TAUGLOVEL.

1. OcopnTKé vofabdpo

Y10 Beperddn otorgeio g lon Beam Analysis mepthapfdvetor 1o avtictoryo Oempntikd
VOPabpo Yo TOVG PUNYOVIGHOVS OVTIOPUCNS TOV POPTIGUEVOV COUOTIOIMV HE TO GTOUO KOl
TOVG TVUPNVES TOL OTOYOoL Kol T Bewpio okédaong, GAAE Kol TO avTIiGTOUXO. OTOUXELN
eaopotookoniog. H viomoinon twv teyvikddv EBS (Elastic Backscattering Spectroscopy —
®daopatookonio glootikng okédaong) kot NRA (Nuclear Reaction Analysis — AvdAvon
TUPNVIKOV  avTwopdoemv) Paciletar  otov  avigvevdpevo  aplBud  copotwiov  (oto
KaTOypapOUeEVO @doua) mov, petad Tov dAlov (0nwg 0o eavel Tapoakdtm), eEaptdror Kupiwg
Ao TIG OVTIOTOLYES EVEPYES OLOTOUEG.

EeKvovtog OUm¢ amd TV apyn TS oAANAETiOpacnS, amd T oTiypr] SnAadn mov 1 déoun
TPOOTINTEL GTO GTOYO, TEGGEPO CNUOVTIKA QUIVOLEVO AapBdvouy ydpa Kol TpEmel va Anedovv
voy”n. Apyikd, To copatiow TG OEoUNG YEvouv evEPYELL OCO OOMEPVOVV TO GTOYO,
OAMAETIOPOVTOS HE TO GTOHA TOVL (Kuplwg pHE TO MAEKTPOVIOKO VEQOG), MEXPL Vo
aAnAemidpdcoouvy pe kdmolov mupnva. H andieia evépystog g déoung péoa atov atdyo (1oy0¢
avdoyeong - stopping power S ko stopping cross section €) odnyet otV avtiAnyn tov Pabovc-
ThYovg TOV OTOYOL Kol YeViKG mpooeyyiletan Bewpnrtikd and T yvootr oyéon Bethe-Bloch,
EVM 01 OTOTIOTIKES OLKVUAVGELS TOL PALVOUEVOD QLTOV 0OTYOUV GTOV EVEPYELNKO O10.GKESACHO
(energy straggling) tng S£GUNG TOL GE GUVILAGHO UE GALES TEPAUOTIKEG TAPAUETPOVG, OTMG M
OLOKPLTIKT IKOVOTNTO TOL AVIXVELTH), BETEL TEPLOPICUOVG GTNV EMTEVEUN OLOKPITIKY| TKAVOTNTO

avéivong palov kot fabovc. H arinienidpaomn, téAog, VoG coUATIOON TG 0EGUNG HE Evav
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TLPNVO TOV GTOYOV KO 1) AVIXVEVLCT| TOV AVTIGTOLYOL EEEPYOUEVOV/EKTTEUTOUEVOD COUATIOOL (1)
axtvoBoMMag) eaptatatl amd v mhovotnTa vo cLUPEL 1] CLYKEKPIUEVN avTiOpaon (S1POPIKY|

, , do , , . , ,
evepyog dlaToun E) EMTPENMOVTOG HOG VAL avOADOVE TOcOTIKA €va otoyo. H evépysio Tov

eEepyopevov copatdiov eEaptdron BEPara amd TV Kvnuatiky g avtiopaong (rapdyovrog K)
YL TV EANOTIKN OKEAOOT, AAAG Kot TN dtopopd palov (Q-value) oty mepinTmon TUPNVIKNG
avTidpaoNs, EVO 1 TEMKN EVEPYELN TV COUATIOIMV TOL PTAVOLV GTOV AVIXVELTH 5APTATAL KOt
amd ™V emmpdcohetn andiewo evépyelag dtaoyiloviag to o1oxo amd to onueio (Bdbog) g
avTIOPUONG «TIoCM» TPOG TOV AVIYVELTY.

Ta aviyvevouevo copatiot Kataypdeoviol pe ™ Pondela Tov KATAIAANA®OV NAEKTPOVIKOV
HoVAd®V o€ €va @Aca, ovarloya e TNV evEPYELD TOVS (avTioTtotyio og kavaAl, energy interval —
channel). Onwg @aivetar oto Zynua 1.1, ot teyvikég EBS kot NRA Basilovtar axpifog otnv
avdAvon Kot T cvceyEtion Tov Byovg tov eacpatog H (height) Y (yield) og kGbe evépysia pe
TO OVTIOTOLYO GTPOUN TOV GTOYOL TOV £)el TAYOC T Ko aplBud atopmv avdé emedvelo Nt og
BaBog x, amd 6mov ekmépmovtal To avtiotoryo copatidw. To vVyog avtd (counts/channel) oty
TEPIMTOON EVOG LOVOGTOLYELOKOD GTPAOUOATOG KOVTE GTNV EMLPAVELD TOV GTOYOV, TOV OVTIGTOUYEL
o€ avyvevopeva copotiow evépyelog Ey, divetanr amd v anhomompévn oxéon 1.1 [4]. dmov Q
glval 0 aplOUog TOV cOUATIOIMV TNG 0EGUNG TOL TPOCTIMTOVY 6TO GTOYO (PopTio), Q eivon M
oteped yovia aviyvevong, E n evépyswn tov copatdiov tng 6éoung okpipodg mpwv
okédaon/avtidpacn oto Pabog pe cuvolikn andrela evépyelog [e(E)], OE 1o gvepyeiaxd €0pog
evog Kavoov kot 01 1 yovia tpécntoong g déoune. H ohokAnpopévn meptypaen tov Hiyoug
TOV QAcpoTO¢ otV evépyela E; divetanr amd ) oyéon 1.2 [65], cvuneptlopfdvoviog Kot tnv
EVEPYEWOKT KaTOvOUN NG 0éoung omd tov emroyvvin g(E",Ep) yopw amd ) péon evépyewa Eo,

NV ATOAEWD EVEPYELNG 6TO 6TOYO A Kal Tov evepyelako dwuokedoono W(E,EE™").

ENERGY

Yympoa 1.1: Onicbookédaon oto Babog x £vOG LOVOGTOLYEIKOD GTOYOV KL TO AVTIGTO(O

KaToypapopevo pdcpa [4].
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H aAAnAenidopoaon tov QopTIGUEVEOV GOUATIOIOV TS dECUNG LE TOVG TUPNVES TOV GTOYOV
eEelMooetan oTadlaKd, avdioya TV KAOe TepinTmor, Kot umopel vo amoteAeital omd S1ipopovg
UNYOVIGHOVG aVTIOPOONS TOV GLVOEOVTOL YPOVIKA, OTMG ameikoviletal oto Xynfua 1.2 mwov
akolovbel. Metd v TpdT aAlnienidopaon, dnwg eaivetar oto Zynuo 1.2, to PAuo  umopet
va Saeiyel apéonc (péoa oe ~1072 s) péoo g Gueong (direct) avtidpoone, 1 va
aAANAETOPACEL e £V, VOUKAEOVIO TOL VPN VO EEKIVOVTOG ol GAANAoLYio OAANAETIOpAoEDY
(cascade) vovkieoviov-vovkAgoviov, and OToL (KATAGTOCT TPO-1coppoTiag) pmopel va cuuPet
exmopunn copatdiov (pre-compound emission). Kotd 1 Ooudpkelo tov cascade m evépyeila
polpaletor o OA0 Ko TEPIGCOTEPO VOVKAEOVIOL UEYPL TO CYNUATIOUO TOL cVVOETOL VPNV
(compound nucleus), 0 omoiog amodlEYEIPETAL TEMKA HECH TOV EMTPEMOUEVOV (EVEPYELNKAEL)
kavaAldv. H ovvelspopd tov kdBe pnyaviopov avtidpaong e&aptdrol amd to €00 Kot TV
EVEPYELN TOV POPTIGUEVOV COUATIHIMV TNG 0EGUNG KOl TOV EKAGTOTE TUPNVOL.

O ovvovaopdg g aueons elactikng okédaong (shape elastic 1} potential scattering) pe v
compound EAAOTIKY k€SOO Olvel TV THavOTNTO, ONAAOT TNV EVEPYD SLOTOUN, TNG EAUCTIKNG

OKEOUONG, EVA TA VITOAOITO OVEANGTIKA KOVAAO dIVOLV TIG OVTIGTOLYES OVEANCTIKEG EVEPYEG

OLTOUEG.

Shape > FElastic scattering
elastic Compound elastic

Equilibri C d

quilibrium . ompout
L cascade nucleus
Projectile
“re-compound \%‘;aporaﬁon
cImssion > Inelastic scattering
\‘ \‘ Nuclear reactions

Xympa 1.2: Mnyavicpoi ovtidpaons tov copatidiov g SEGUNG e TOVG TUPNVEG TOL 6ToYoL [1].

Movo omv mepintwon okédaong Rutherford (Gueon avtidpaon — okédacr Svvapikov)
umopel vo. LVTOAOYIOTEL OVOALTIKG 1 OlPOPIKN €VEPYOS OlTOUN YPTCLOTOUDVIOS TOV
avtiototyo tomo tov Rutherford. Ta ™ perétn oOuwg elappodv otoyeimv, mov &ivar 1o

QVTIKEIUEVO TNG TOPOVCHG €PYACIOG, KOl Yo TIG TUMIKEG EVEPYEIEG TMOV COUATIOI®V OV



TPOEPYOVTOL OO EMTAYVVTES, 1] SLOPOPIKT EVEPYOS OLOTOUTN EANGTIKNG OKESUONG OV akOoAOVOET
v oyxéon tov Rutherford, A0y® TG GLVEIGPOPAS TOL UNYOVIGHOD GUVOETOV TLPNVOL KOl TPETEL
VO TPOGOIOPIOTEL, OTMG KO Ol OVEANOTIKEG EVEPYEC OLUTOUES, Yo KAOE cuvovacud déoung-
Topnva, KOOGS Kot Yo kaOe evépyela déoung kol yoviag aviyvevong yio. tTnv vAomoinomn g
avtiotoyng teyvikng EBS M/kar NRA. Ot dwapopikéc evepyég STOUEG OVTEC UTOPOVV Vol
TPOGOI0PIGTOVV TEPAUATIKG, OAAG Kol pe Bempnrtikovg vmoloyiopovg mov Pacilovion og
TPATEPT TEPOUOTIKT LEAETT (QoLvOpUEVOLOYIL).

Ot voromor mapdyovteg otig oyéoelg 1.1 ko 1.2, dnhadn o moapdyoviag QQ, n andAe
EVEPYELOG OTO OTOYO Kol TO €0Pog OE, Umopovv va TPOGIIOPIGTOVV 1 VO VTOAOYIGTOLV LE
oYeTIKA apKeTd KaAn akpifeto. H viomoinon kot n aélomotia dpa tov teyvikov EBS kot NRA
eCaptdron TEMKE Kvupiwg amd ™ dwbeciudTNTO KOl TRV okpifelo TG SPOPIKNG EVEPYOL

OLOTOUNG TNG LEAETOVUEVNC OVTIOPOIOTG.

2. MeTpnoELS OO QPOPLKAV EVEPYDV OLUTOPUDV

O1 d10pop1KEG EVEPYES OLUTOUECS (Z—g) OV VIOAOYIGTNKOV OTO TAAIGIO TNG TOPOVGOS SLOTPPNG

apopodv o cvotipate p+ Li, p+'°F kot d+™Mg kon TV epappoyn tov avtictoyyov IBA
TEYVIKAV Ylo. TV TOGOTIKONoINoN Kot TV katd Padog kotavous tov 'Li, F ko "*Mg ot éva
vAko. Ta otoyeio avTd, To 0Ol YPNGYLOTOLOVVTIOL EVPEMS GE TEYVOALOYIKES KOt PLopnyovikég
EPOPUOYEG, OALG KOL Y10 EPEVVITIKOVS GKOTOVS, TAPOVGIALOLY, OTMG T TEPICCOTEPO, EAAPPA
otoyyeio, peydAn dvokoAio aviyvevong Kot mocotikomoinong e€attiog g ocvvimapéng Tovg pe
dAha Bapvtepa otoyeio oe moAvmAokeg untpes. H ypnon tov avtictoryywv EBS kot NRA
TEYVIKOV (Kot €101kd 1 cvvdvaouévn/tavtdypovn epapuoyn EBS kot NRA avdivoncg) eivar n
O KATOAANAN o€ aVTEG TIG TePmTOoElS. [1o ta moapamdveo cvuotiuate OpmG, T dtubéciua
TEWPOUOTIKE dedopéva oty vdpyovca PBipioypapio mapovstdlovv peydreg eAlelyelg n/xal
amokAicelg. No onueimdel €8d 611 Yoo TV Tepintoon e elootikng okédaone T E(p,p)
vrapyovv Bewpnrikd-evaluated dedopéva ond to SigmaCalce [25] mov etdvovv puéypt ta 1730
keV (evépyera déounc).
H ovuPoin g mapovoac epyaciog 6to medio antd £YKEITOL CLYKEKPIUEVO GTOV TEIPAUATIKO
TPOGIOPIGHO SLAUPOPIKADV EVEPYDV SATOUADV Yid TIG EENG AVTIOPACELS:
e 'Li(p.po)'Li, 'Li(pp)'Li, 'Li(p.oo)'He xon “F(p.po) °F, "F(p,00)' 0, “F(p,212)'°0 o670
evepyelokd evpog 1500-7000 keV kat yovieg omobookéoaong 140°, 150°, 160° ko 170°.
o "Mg(d,dp)"™Mg, **Mg(d,po,p1,p2)"Mg o10 evepyetoxd ebpoc 1300-2050 keV kat yovieg
aviyvevong 55°, 70°, 90°, 125°, 140°, 150°, 160° ko 170°.

Ot petpnoelg mpaypoatomombnkav oto gpyostplo Tov  Ivotitovtov TTupnvikng ko
Yopoatidkng Pvotkng tov EKEDE “Anuoxpitog” ypnoyonoidviog tov emtoyvviy 5.5 MV
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Tandem kot TV TEWPAUATIKN YPOUUN TOV KOTOANYEL 6TO BAAQUO OKEDOONG LE TO YOVIOUETPO
(Orapétpov 70cm). Ze GA0 TO TEWPAUOTA 1 OEGUN TPOTOVIOV OO TOV EMTAYVVTY| TPOCTINTEL GTO
016Y0, 0 omoiog ivan TomoBetnUéVog 6To KEVTPO TOL Baddpov, pe dapetpo (beam size) ~2mm,
EVOD T £EEPYOUEV CMUATIOW AO TO GTOYO OaviveLOVTOL omd oviyveLTég mupttiov (Silicon
Surface Barrier) mov tomofgtovviol yOpw amd 10 6TOX0 OTIG EMBLUNTEG YWVIES aviyveLONG,
TOV® GTO YOVIOUETPIKO TPATEll, 0€ AmOGTAOT) TETOL MOTE TO YOVIOKO AVOlypd Tovg va eival
nepimov £1°. Zuykekpluéva, Yo TIG LETPNOELS SLLPOPIKDOV EVEPYDV OLOTOLMY Y10, TOL GLGTHLOTOL
p+'Li, p+19F ko d+"*Mg, ypnoiomomOnkay 4-6 oviyvevtéc Silicon Surface Barrier, pe
gvepyelokn Owokprtikny wkoavotnta 15-20 keV xor médyog 300-1000pum. Ot otd)0L TTOL
YPNOLOTOMONKOY KOTACKEVACTNKAY OTO €PYAoTNPO HE TN HEB0OO ¢ eEdyyvoong kot
amoteAoOvTay amd éva Aentd otpopa LiF mdve oe éva goAlo avBpaka yio to meipapo p+LiF
Kot ovtiotoyya amd éva Aentd otpopa Mg+MgCl, ndve o eOALo dvBpaka yior T pEAETN TOV
payvneiov. IMave otovg otdyovg avtovg e€ayvmbnke emmAéov €vo AenTtd oTpOMO AU ylo TNV
npatn perétn (LiF) x avtiotoryo éva Aemtd otpopa Ta yio tn peAétn tov poyvnoiov pe
O0eVTéPla, Yo AGYOLG KOVOVIKOTOINOoNG, OTMG (QAIVETOL OTIS TOPOKAT® GOYEGES Yo TOV
VTOAOYIGUO TOV EVEPYDV SLOTOUMDV.

Xpnoonoumvtag AEnTd 61dy0 (ONAadn 0TOXO OV 00NYeEl G TOAD HKPN OTOAELD EVEPYELNS
(katow amo ~4 keV) tov copatdiov e dEounc) o aptBuodg Tov aviyvELOUEVOV cOUATIOOV Y,
€VTOC NG oTEPEdS Yoviag aviyvevong Q, amd o avtidpaon X ot yovia 0, yio evépyela dEGUNg

E, divetan amd ™ oyéon 2.1, og avaroyia pe v e&icmwon 1.1.
do
Y =(—).(QQ)N 2.1
. (dQ)x(Q N,

To avticToyo PACHO TOV KOTAYPAPETAL OTOTEAEITOL QIO AETTEG KOPLPES TTOV ALVTIGTOLYOVV GTO.
e€epydueva  (aviyvevduevo) owopoTiol omd OAeC TG OVIWOPACELS WHEGH GTO  GTOYO.
OloxkAnpovovtag (1 kévovtag mpocapuoyn (fit) av ypeldletar) v KOpLEN MOV AVTIGTOUKEL
otV oavtiopaon vrd peré (Y) kot yopaxtnpiloviag 1o otody0 (EMPAVEIOKT TUKVOTNTO —
méyoc otoxov Ny), 1 dopopikn evepyog dtatopur TpocsdlopileTar amd v oyéon 2.2, Supdviog
v 2.1 pe v avtictoyn oxéon ya v okédaon 6to Papv ototyeio tov otdyov (Au 1 Ta) mov
vroAoyiletan amd v oyéon tov Rutherford.

(—) _doy X N
Ay, N 22

Metd ™ Poabpovounon tov emitoyvvtn o€ Opovg EVEPYELNG, 1 EVEPYELD TNG OEGUNG Yo KAOE
pétpnon mpocdopiletal 6to UEGO TOL GTOYOL, AGUPAVOVTOC VLITOYN TNV OTMOAELN EVEPYELNG

uéxpt to avtiotoryo onpeio, OIS vroioyileton omd to SRIM [5].
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2.1. Meiétn p+'Li kon p+°F

ATO TNV KIWNUOTIKN TOV VIO PEAETN aVTIOPACE®DV, OAEG 01 KOPLOEG IOV EMPENE VO AvaAVOOVLV
OTO PACUATO NTOV OTOUOVOUEVES, OTWS POIVETOL GTO TLTIKO PAGua Tov Xynpatog 2.1, og 6A0
TO €VEPYEKO VP0G PEAETNG, EKTOG OO EAAYIOTEG TEPUITAOCELS EMKAAVYNG KOPLOAOV (T.). Ol
KopLeéc amd Tic avudpdoelc 'Li(p,o) He ko F(p,a0)'°O cvumintovv/enucolvntoviar yia
evépyeleg mpotoviov ~2550-2750 keV otig 150°), xabiotdviag addvorn v avtictoym
avéioor, ardd kon v mepintmon tov CE(p,o;)'°0 ka E(p,02)'°0 avuidpaocwv. Ot kopugéc
OV TPOEPYOVTAY OO TIG dVO AVTES AVTIOPAGELS deV EEXYDPLAV TKAVOTOMTIKA 5T GACTHATO (01
avTioTOES Evepyelakég oTddpec Tov 0 eivan ota 6049 kot 6130 keV) pe amotédeopa v

avaAVoT TOV OVO AVTOV KOPLPAOV MG U0, CVTIGTOLYDOVTAG TNV OTNV AVTIOPoN 19F(p,oc1,2)160.

40000‘= ——E, =370 keV I 2001 "Li(p,0t,) 10
20000 4 at 1407 300 ! F(pla[))
200:
100
. 150004 7L i(p,p,) — 8% 5% %0 8% 900
£ F(p.py)
© 10000 l Au

{'Li(p.p,)

| '

J“F(p,m,z)

) v ) v ) v ) v )
200 250 300 350 400
Channel

5000 -

Zypa 2.1: Tomko mepopatikod eacpo yo E, = 3700 keV otig 140° palt pe mv avtictoym

ovayVOPLGT KOPLPQV.

To mhyog Tov ¥pvoov oto otdYo LiF mov ypnowwomomOnke, TpocdlopioTnke HE TNV TEXVIKN
XRF (X-ray Fluorescence) kot Ppédnke ico pe (4.4 + 0.3) pg/em’, evd o vIohoylopog Tov
néyovg tov F Paciotnke ota vrdpyovto evaluated dedopéva (SigmaCalc) yio TV EAACTIKY
okédaon E(p,p) v evépysto déopme 1600 keV otic 160°. O éleyyog Tov 6TOXOL HETE TNV
e€hyyvoon €0ei&e 0TL 1 otoryelopetpio tov mapéuewve 1:1 oe LiF evtog 3%, onwg avapevotay,
6mote 10 Tayoc tov 'Li Bswphfnke ico pe ovtd tov F. O Adyoc tev moydv mov

YPNOLOTOMONKE TEMKA G€ OAOVG TOLG VITOAOYIGHOVG NTOV 13106 Kot {00G pE:

Nt Au
— =0.028+0.001

t,Li,F
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Ta amoTEAEOHATO ETOPEVOC Y100 O TG ovTidphoslc tov mpotoviov pe 'Li kot °F mov
peremOnkav eivar cvoyetiopévo petald tovg (v kdbe yovia Ko evépyewa), agod UOVO O
aplBuog tv aviyvevopevov yeyovotov (Yy) aiidler otov KaBe vmoloyioud (oyéon 2.2). H
ovoyétion ot mailel TOAD oNUaVTIKO POLO GTOV EAEYYXO0 TNG OpBOTNTOC TWV AMOTEAEGUATMV,
OTMG TEPLYPAPETOL AVOAVTIKOTEPO GTNV EXOUEVT] EVOTNTA.

To 6VVOAMKO GTATIGTIKO GPAALN TOV SLUPOPIKDOV EVEPYDV SLOTOUMY TOV TPOGOIOPIGTIKAY
Y10L TNV ELIOTIKT] GKESOOT TV TPpOTOViKVY ard Tovg Tuprve 'Li kot °F kopdvinke nepimov omd
1 é0¢ 4%, evd N afefordTnTa Yo TIC TIHEG TOV TPOGIOPIGTIKAY Y10, TIG VITOAOITES AVTIOPAGELS
Kopavonke oto ~4-7%. To cLGTNUATIKO COUALN TOV TAYOVS TOV 6TdYoV PBpédnke ico pe 4%,
evh éva emmAéov 3% GUOTNUATIKO GOAALO amodidETaL 6Ta ATOTELEGLOTA TTOV aPOPOVY TO 'Li,
AOY® TNG GTOLXEOUETPIOG TOL GTOYOVL.

Ot dopopikéc evepyég STOUEG TTOL TPOGOIOPICTNKAV GTNV TOPOLGO EPYAGIO Yo TIG
avtdpéoeic 'Li(p,po) Li, "Li(p,p1)’Li kon "Li(p,a0) ‘He mapovotdlovrat ota ZyAuata 2.2, 2.3 kat
2.4 avtiotoyo. Xe KGOe mEPITTOON, TO TMEPAUATIKE ATOTEAECUATO TOPOVCIALOVTOL LE TO
avtiotolya oedopéva g Piprloypapioc, 0mov avtd vrdpyovv. H cdykpion pe to dtobécipa
dedopéva ™ Pproypagioc Yoo Ohec TIC avTidpdoelg Tov 'Li Seiyvel yevikd apketd KoAh
CLUP®OVIO, EVAD 1GYVPN YOVIOKN ££APTNOT TOPOVGIACTNKE LOVO GTNV TEPITTOOT TNG ELUCTIKNG
oKké0aomnG ywu gvépyeleg déoung ond ~3MeV éwg ~5 MeV, mov aviiotolyodv Ge TEPLOYN WE
EMKOAVTTOUEVOL EVEPYELKG, ETIMES0 TOL GVVOETOL TVpPTva. “Be. A&ilet va onpeimbel €86 mwg o
eUTAOVTICHOG NG PPAoypaeiog amd TG SPOoPIKES evepyEg SloTOUEG TOV TTPOGdlopicTNKOY
oIV Topodoo PEAETY, Kot EW81KE Yoo TV avtidpacn 'Li(p,o), 6mov pdvo éva oet dedopévav
nrav dtbécipo, evioybel oe oA onuavtikd Babuo v vioroinon g EBS ka1t NRA teyvikng

yio TNV avéhoon 'Li o€ éva Seiypa, kohg Kot TNV ToTdypoviy/cuvauacuévi) EpapLoYT TOUC.

L L L L L L B A |
120 |- .. 4 140" H
v
.V O 0
I o 150" |
, Yoo @80%¥ o 160
- - .V ov , B
100 é 2Sgoo oo M . 170
3 v {1 J
—~ v vO Dmm AAm Eﬂmo
7 sl % Yot YN SNV .
= A Opgliom A 299
g 8 o ogb A~ rm
~ B g o AAAA AA .
G ‘o
= 60| s N ~
~ [e] o,
[*] o @
< L .
o Do
40 - & A .
| AN o ETT'E%GAA&@@@@&& i
Yogg B %mﬁm&
20pF @ -
L 1 . 1 o 1 . 1 - 1 . 1 - 1 . 1 . 1 . 1 . |

1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000

Ep 1ab (keV)

Xiv



T T T T T T T T T T T T ] T ] L) ] | L) | L) 1 L 1 L |
- Present work 150° = Present work 160°
- o
00 b Caciolli et al. 150' 120 Marlberg et al. 165°
. o
. Fasoli et al. 145 0om o o Gleyvod et al. 164°
o
L [ Gleyvod et al. 145 wn AR®RO A Kilian et al. 160°
3 9-
—~ 80 |- " -1 — l.' «" .o
[ St Q L]
2z S - % s‘
= s - 80f = e s E
g 60 " L] é P .'.
° " ® i L} A A
= B L = - L
L] -O
40 P - % 1 40 - - [ ¥e) -1
- fo) OO o L] q OO
. % o 4 " O mmgQ o
._... . ¥, % L % . g i-ne-.ﬁ
sob w0000 ) Wl R RPN HEPUNN PO NAPUNN SRPUN SAPE REPUN B BAPE I
1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000
E keV
Ep,lab (keV) p,lab (keV)

Tympa 2.2: Algopikég evepyéc Stotopég yio v avtidpacn 'Li(p,po)'Li otig 140°, 150°, 160° ko 170°

podi pe ta dtobéotpa dedopéva amd T Pifloypaeia.
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Tympa 2.3: Awgopikég evepyéc dtotopés yio v avtidpacn 'Li(p,p:)’Li otig 140°, 150°, 160° ko 170°
padi pe ta dtabBéoipa dedopéva, amod ™ Piiioypapia.

XV



T T T T T 7 T v T T T T 1 LI BN BN BN BN NS LA SLANN SNLAN SNLEN LA
© =
i . 5 140° | 1 7 = Present work 150°
AR Y o 1 | ¢
% v 150 p [ Sarma et al. 150
F ¢ ' $Z¢¢ o 160° | 1 t °  Dieumegard et al. 150°
5F 5 & 170° | s o ' & Golicheff et al. 150°
o R,
[ Y —_ | *
24T ’ 1 2.,[ 44 '
£ B RV = B ﬁ -
g g = . 4
3 s - =
g NG G 3k . .
= L .- =
2 s Koo PLEPEE] S .
2| ovo ° WW?“DDDDDD%- <, _.‘%ﬂ '- . i
L & VS,D ¢ VVOOOOOZEZSEEXO L W [} .'-. .-'-.--“.
A% 04 0 At an, Kaak [ " N ]
1 EA% g OOAA 1 1P .I-- - -1
i %ﬁg gvooAA i Il---.-.-l
S0y L 4
Yy
0 - 0 -
[P NPE NEPURN BN REEN NEPUNN BTN SRR BTSN AP SRR | [P WU RPN SUNN SRR NP NP NAENN SEEN SR B |
1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000
Ep 1ap keV) Ep 1ab (keV)

Yympa 2.4: Awpopikéc evepyég S1TOEG Yo TV avTidpoon "Li(p,a0)*He otic 140°, 150°, 160° kat
170° padi pe ta drobéotipa dedopéva amo T Piploypaeia.

Evdewktikd amoteléopoto amd T 1apopikeS VEPYES SLUTOUES TTOV TPOGOLOPIGTNKAV GTNV
nopodoo  epyacion ywo T ovudphoec  F(p.po)’F, F(p,00)'°0 xar  "F(p,a;2)'°O
napovctalovior ota Zynuata 2.5, pali pe ta avtiotoyya dedopéva g Piploypaeiag, dmov
avTd VIEapyovv. 'Eviovn GuVIOVIGTIKY CUUTEPLPOPE Tapatnpeitol o€ OAEG TIG AVTIOPAGELS KOt
W01iTEPA TNV EAACTIKN OKESAON, OOV 1 SPOPIKT EVEPYHS SATOUN TOPOLGLALEL TOADTAOKT
doun pe AAANAETIKOADYELS GUVTOVIGUMV TOV OVTIGTOL(®MV EVEPYELOK®V GTOOUOV TOL GUVOETOL
mopiva *’Ne. Onog @aiveton omd ) dopf ovth, T0 evepyelad P TOV HETPHOEDY HOC
QTOOEIKVVETOAL GYETIKG OVETOPKES (LEYAAO) YlOL L0 AETTOUEPT] KO OVOALTIKY TTEPLYPAPT TNG
elooTikng okédaons. No onueiwbdel €dd 0Tt 0 apykdg oYedOoHOS TOL GUYKEKPLULEVOL
TEWPALOTOC aPOpovoE TN MEAETn Tov ovotApatog p+ Li. H yprion tov LiF otdy0v 6pac
EMETPEYE TEMKG Kot TV TapbAANAN pedétn tov p+'°F og apketd icovomomtikd Padud (g mpog
TO €vepYEWKO €0Poc MEAETNG Kot TO gvepyelakd Prua). H ovykpion pe ta dwbéoa
TEPALATIKAE dedopéva TG PipAoypapiag, addd Kon pe Tic Bewpntikéc-evaluated Tpéc pécw tov
SigmaCalc [25] (¢mg 1730 keV), divel yevikd evepyelokés TePLOYES LE OPKETH KOAT CLLP®VIN
(oTig peyodlvTepes KUPImG EVEPYELES TPOTOVIMV), AALL Kot TEPLOYEG TTOV TO OEGOUEVA SLAPEPOVV

ONUAVTIKA, KaO1GTOVTOG TOV EAEYYO0 TNG AS10MIOTIOG TOVS TOAD CIUAVTIKO.
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Tympatoe 2.5: Agopikéc svepyég dtatopss yio tig avadpaoetg F(p,po)°F, F(p,00)'°0 xat
PF(p,01,)'°0, pali pe o Stubéoa dedopéva omo tn Ppioypapio.

Noa onueimdei €dm 6t TNV emopevn evotnta (3), TOPOVCIALETOL 1] TEWPOUOTIKN ETAABgvon
TOV TPOGOOPICUEVAOV SLOPOPIKDV EVEPYDV SATOUDV TNG TOPOVCAS EPYACING Y10 TO, GLGTHLLOTOL
p+'Li ko p+'°F.
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2.2 Merétn d+"'Mg

Ol peTpNoELg YIO0L TOV TPOCIIOPICUO TMV SOPOPIKDOV EVEPYDOV OLOTOUMY YO TIC OVTIOPAGELS
"Me(d,dg)™ Mg kar **Mg(d,po,p1.p2)~ Mg éywvav oe 00 @doels. [Ipdta £ywve 1 pekém oto
evepyelokd eopog 1.3-2.1 MeV pe Prpa 25-50 keV kot yovieg aviyvevong 140°, 150°, 160° kou
170°, ypnopomotdvtog £vo AEnTd oT10)0 poyvnoiov (petypo @uowot poyvnoiov kot MgClp)
eCayvopévo v oe £va eOALO avOpaka. TTdve amd 10 otpdpa poyvnoiov, e€ayvadnke &va
Aento otpopa Ta, yuo Adyovg kavovikomoinong tov mapdyovta QQ. To amoteAéopata ™G
UEAETNG OVTNG PAVEPOGOV 0L EVTOVO GUVTOVICTIKT OOUT| Y10 EVEPYEIEG OEVTEPIOV YOP® ATO TA
1800 keV ko €101 to meipapa emavainednke yio evépyeiteg 1.66 — 2 MeV pe moAd pikpdtepo
Prua (2-5 keV) kot meprocotepes ywvieg aviyvevong (cuvoikd otig 55°, 70°, 90°, 125°, 140°,
150°, 160° and 170°), ®ote va meptypaeet pe Aemtopépetla 1 meptoyn avth. No onpeimdel edm
611 o dedopéva ot BiPAOYpopia Yo owTEG TIC EVEPYELES déyEpONC TOL GVVOETOL TVpPTVeL “°Al
glval moAy mepropiopéva, aAAd Kol avTieatikd, Kabng mapovoidalovy v meployn ne Ericson
OLOKVUAVOELG, LE TIG EVEPYELOKESG OTAOLES VO UMV TTOPOVGLALOVY OUMG GLGTNUATIKY avENoT TG
TUKVOTNTAG TOVG, €VM W0 Olokplty] otdOun (e CULVTOVIOTIKN] GLUTEPLPOPE) £xEL €miong
avaeepBei-tapatnpnbei o peyalvtepn evépysla di€yepong.

O yopokpiopodg Tov 6toYov Paciotnke oty emmALov oKTVOPBOANCY TOL HE Oéoum
apotoviov ota 1700, 2200 ko 2500 keV otig 150° ot 170°, 6mov vmdpyovv evaluated

nat

dedopéva yo TNV dapopikn evepyd dtatopn g - Mg(p,p) (SigmaCalc) mov éxovv eheyyBel (ne
~5% afePardota). To otpodua Ta mpocsdiopiotnke pe v teyvikn XRF kot tehkd o Adyog tov
OOV OV YpNoormomOnKe oty aviictoyn oyéon 2.2 yu TG OPOPIKES EVEPYES OLUTOWES

Bpébnke ioog pe:

Nr Ta
———=0.038+0.002

l‘,m” Mg

H ocvvoAik otatiotiky] afefotdtnra 1oV d10popiK®dv EVEPYDOV SOUTOUDV TOV TPOGOIOPIGTNKAY
Yo TV EAOOTIKN OKEQAGT] VITOAOYIGTNKE GTO ~5%, TPOEPYOUEVT KLPIWG OO TOV YUPOUKTNPICHO
TOV OTOYOV, VO M AfePotdTNTA Yoo TIG TWWES TOL TPOGOopicTNKAV Yoo TIG Vorownes (d,p)
avTopacelg kKopdvonke oto ~10%, Aoy® ¢ UKPOTEPNG CTATIGTIKNG TOV OVTIGTOLY®V KOPLPDOV
ota  @dopato. Evoewtikd omoteléopoto Yoo TG OPOPIKEC  EVEPYEC OLOTOUEG  TOL
TPOcAOPIoTNKAY GTNV TOpovod gpyacio mapovstdlovior ota Zynuota 2.6 pali pe ta pova
dwbéoa avtiotoyya dedopéva g PipAoypagiog (twv Omar et al. [51]). Ixavomomrikn
ocvueovio Tapotnpeiton o kGOe TéTola GVYKPIoT, EVAO T TO SEGOUEVA TNG TAPOVTUG EPYOUGIOG
GUVOAIKG YiveTOl @avepn M 10YLPN YOVIOKN (KOl GUCYETIGUEVN oTo d1dpopa KavaAo £GO0V)
e€ApTon TV EvEPYOV OITOUADV TTOV VTOINA®VEL TNV VLopsn SloKpITOV GTUOU®V TOL

ovvleToL TLPTVAL.
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Yynpoto. 2.6: Awgopicég evepyég Stotopés yo Tig avidpaoelg " Mg(d,dy) Mg ko
*Mg(d,po,p1,p2) Mg, pali pe to Srodéotpo dedopéva amd ™ Fprtoypogpia.

3. 'EAgyyog a&romotioc — benchmarking

O éheyyoc a&lomotiag (benchmarking) Tov evepydv S10TOPOV EAACTIKNG OKEOAONG OLPOPEL TN
UEAETN TNG CLYKEKPIUEVIC OKEOOONG YPTCLUOTOIDVTOS TV OLOIOLOPPO GTOYO TOV VIO UEAETN
ototyeiov. H dSwdwkacio mov axoiovdeitoan Pacilerar otnv cHykplon TOL TEPOUATIKOV
edaopatog pe v avtiotoyyn mpoocopoimwon. H pebodoroyia ovtn oamattel v axpifm
TPOGOUOIWON TO®V TEWPAUATIKOV cLVOINKOV, Tpocsdiopilovtoc Kot voAoyilovtag OAOVG TOVG
TAPAYOVTEG TOL EMMPEALOVV TO OAVTIOTOYXO QAGHO, OCTE Ol TOAVEG OPOPEG GTNV TEMKN
OLYKPLION TOV QOGUATOV, 0O TNV TPOGOUOIMOY] Kol TO TMEPAU, VO UTopobv va omodofodv
OTNV SLPOPIKT EVEPYO OLATOUT TTOV YPNOLUOTOONKE 61NV Tpocopoimon. To edacua ard woyd
o0TOYO OVTIOTOYEL OTIC OAANAETOPAGELS TNG OEGUNG UE TO VAIKO TOV 6TOYOL 6€ OAO TO TdYOG
TOV, A0 TO EMUPAVELNKA GTPOUATO (LEYIOTN EVEPYELD AVIXVELONG) £MG ALTA TOV AVTIGTOLYOVV
oT0 GOUATIOW TOV aviyvevovtal pe undopvn evépyeta. H popen tov amokaAdmTeEl ETOUEVOS
TNV avTIGTOLYN SLOPOPTKT] EVEPYO OLOTOUY, LETA OO GUVEMEN LE TNV OTOAELN EVEPYELNG KOl TOV
EVEPYELNKO O100KEAGUO GTO GTOYO KOt TNV SLOKPITIKY KAVOTNTO, OTMOS POIVETOL KO GTY) OXE0T)

1.2. H mpotewopevn pebodoroyia yioo to benchmarking apopd emiong kot GAAeg TopapéTPOLG
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ov oyetilovtal Pe TO YPNOLUOTOOVUEVO 6TOYO Kot emnpedlovy v dadtkacio a&toldynong
TV EVEPYDV SLUTOUDV.

[T ovykekpipéva o TpoTeEWoOUEVE Pripata Tov avartiydnkay oto TAaiclo TG TapoHGOS
StTp1Png apopovv ta e&ng:
1) mv axpin Pabuovounon g evépyelng omd TOV EMTOYVVIN, 1) ONOioL UTOPEl va
TPOGBIOPLOTEL YPIOLOTOIOVTOC TOVG AETTOVG GLVTOVIGHOVS TG avTidpaonc > Al(p,y) oto 992
keV (I'=110eV), mc “C(p,y) ota 1745 keV (I'=340eV) kon e >S(p,py) ota 3379 keV
(T'=1keV), xoAvmtovtag €161 HEYAAO €DPOG EVEPYEUDV, YPNOUYLOTOIDMVTAG TOLG OVTIGTOLYOVG
otoyovg (netpnoelg PIGE — y axtivoBoAiag).
2) v €0peon NG OLOKPITIKNG TKOVOTNTOS TOV OVIXVELTAOV ovoAvOoVTaS To edopoto (edges
onuatog) and Aeio 6TOYO o€ YOUNAEG EVEPYELEC.
3) ) xpnon tov mo aSdTIoTOV JBECIUOV HOVTEA®MY Y10, TOV DTOAOYIGUO TOV Stopping power
kol straggling péoa oto otdyo (Ziegler-Biersack-Littmark [6] xou Chu & Yang [20,11]
avtiotolya). AlEpeELVAOVTOG TNV OKPIPEI TOV HOVIEADV OVTOV, OUTIGTOONKE OTL OTIC YOUUNAES
EVEPYELEC, VIAPYOVY CNUAVTIKEG OMOKAIGELS HETAED TOV TOPAYOUEVOV (TPOCOUOIMUEVOV) KoL
TOV TEWPAPATIKOV QaoHATOV (avaroyo o 610)0). H dadwacia benchmarking mpénel Aourdv
vo TePLopileTon 61O EMPOVEINKO onua gvpovg ~250 keV (mapdbvpo avdivong). Xvvenmg to
frinata yio Tic HeTpNoELg e moy 6toYo Oa mpémel vo elvarl piKpA Kot avaAoyd TG SOUNG TG
avTioTOUYNG EVEPYOD OLATOUNG.
4) 11 mMOANOTAES OKEDACELG HECH GTO OTOYO0. XTNV 1010 AVAYKT Y10 TEPLOPIGUO TNG AVAALGONG
KOVTO GTNV EMLPAVELD TOV GTOYOL KO Y10 KPE evepyelakd Ppata 6to Teipapo pog oonyel kot
N aviyvevon copatdimv Tov £xovv VTOGTEL TOAAATALG GKEDAGELS (AVOPEPOUEVOL KVPIOE OTIC
OumAéG Kuplwg oKkedAOELS TNG OEOUNG O PEYAAES YoVieg) néca 610 6T10Y0. To eawvouevo avtd
evromiletal oTic YoUnAEg evépyeteg kat eival evtovaTtepo Yo ta o Popld ototyeia (amd To omoia
umopel va amotereital 0 VO PHEAETN GTOYOC).
5) T @Vvon tov otdYov. To Pavopevo Tov dtawMopov (channeling) ylio TOVG KPLOTOAAKOVG
oT1OYoVG Ba TPEMEL VO amoPEVYETAL KOTA TNV TEPANTIKY dtodikacic, Tomofetdvtag 10 6TdY0
vrd TV KOTGAANAN kAion (1 Wwoavikd vrd ovveyn meptotpoer)). H tpoyvnta tov
YPNOLOTOIOVUEVOV TOCTIAM®Y Bo TPETEL AVAAOYO VO OVTILETOTIOTEL Kot avtd Umopel va yivel
dropbavovtag a posteriori ta edopata faciiopevor oto poviéro towv S.L. Molodtsov et al. [84],
TO OMOI0 TOPOUETPOTOLEL TNV EMPAVEINKTY TPAYVTNTO Kol «O10pHDOVEL-CUUTANPAOVEL» TO
aVTIOTOLYO TPOCOUOLMUEVO QAGHO, OCTE VO €ivol GUeon 1 GVYKPION TOL UE TO AVTIGTOLYO
TEPOUOTIKO. ZTa TANICL0 TG TOPOoVGOS epyaciag avamtiydnke alyopidpog Pacilopevog oto
HOVTEAO avTO, 0 omoiog ypnowonomdnke oe Oheg Tig mepumtwoel benchmarking pe otody0
TOoTIALL.
6) TOV TPOGOIOPIGHO TOL POPTIOV 6T0 6T0Y0. O MO aKPPNC TPOTOG Yo TOV TPOGOHIOPIGHUO TOV
nmapayovta QQ eivar  Kavovikomoinon g Kabe pétpnong ot okédaor Rutherford oto PBapv

otoryeio T0Lv oTOHYOVL. AV 0 TOYVG YPNOWOTOOVUEVOS OTOYXOC (¢ MUK €vaon) Oev
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neplhopPdver éva t€tolo otoryeio, tote M eEdyvmon evdg Aemtoh GTPAOUATOS XPLOOV Yl
TOPAOELYLLOL KPIVETOL OTOLPOETITN Y10 TV KOVOVIKOTOIN oM.

7) Ko TNV ooy Tov pile-up, KpATOVTAG TO PEVUO GTO GTOYO YOUNAO (oTO ~SnA).

8) Téhog, mbavég onuavtikés mpocpifelc/contaminants GAAG Kol YEYOVOTO (CUVEIGQOPAE)

vroBdOpov and dAheg avtidpdoels O Tpémel va depevvmdvTal o€ KAOe mepinTwon.

O kOpleg myég afefordoTnTag aKoAOVOOVTOG To PUATO OVTA TPOEPYOVTAL OO TN GTATIOTIKY
TOV TEPOUATIKOV QACGUATOV KOl TOV TPOGOIOPICUO TOL (OpTiov 610 oTdY0. Avtol ot
mopdyovieg oyetiCovior Kupimwg HE TO YPNOYOTOWOVUEVO OTOYO KOl OTO TEPICCOTEPA
benchmarking omotelécpata g mapovoas dwTpPne n ofefoardmnra g dSadikaciog oev
Eemépaoe t0 ~4%.

3.1 Benchmarking otic perétec p+ Li, p+"F kau d+™"Mg

Me ™V mopandve Sodikacio EAEYYOL TOV EVEPYDV JOTOUDV, EMOANOELTNKAV Ol TIUEG TTOV
TPOGIOPIOTNKAY TEPARATIKE 6TO TAOIGIOL TG TAPOVGAS EPYUSTag Yo To. GuoTApaTa p+ Li,
p+F xar d+™Mg. H yprion tov otéyov LiF kat 0 TpOmoc TpooSloplopod Tmv evepydv
Slatopav (oxetikég petpnoelg pe m okédaorn Rutherford amd tovg mupnveg Au tov otdHyoUL,
oyéon 2.2), 0dnyei o6& GLOYETIOUEVE OmOTELESHATA Y10 OAES TIG avTidpdoets (p+ Li, p+ F) kat
yovieg aviyvevong mov pelemOnkav, a@od poévo o opliudg TV avVIXVELOUEVOV YEYOVOT®OV
aArdletl. ‘Etot, ehéyyovtag v opBitTTa £VOC GET OEOOUEV®VY, EAEYYOVTOL OAO TOVTOYPOVO. ZTO
Tynpae 3.1 @aivetar apotepd o Eheyyoc g E(p,0o) avTISpaoTC YPNOILOTOIBVTOS EVaY TTad
otoyo BaF, pe evépysin mpotoviov ota 2300 keV, omov 1o @optio (mapdyovrag QL)

nat

mpocdopiotnke avamapdyoviag to oo  Ba(p,p) mov akoAovdei tn oyéorn Rutherford, evd
816 paiverar o benchmarking xat g avtidpaong "Li(p,o) e akTVOPOANGT Toyd 6TOYOV
LiF. Ot mpocopoimoelg £yvay ypnoiponoidvrag tov kmdtka SIMNRA [70] kot T1¢ Telpapatikés
TIES S1OPOPIKAOV EVEPYDV SLUTOUMY TNG TOPOVGUS HEAETNG, EVE Ol TEPAUOTIKEG LETPNOELS LE
toug moyelc otdyovg oelnybnoav oto epyactmpo Tov Ivotitovtov Tlvpnvikng wat
Yopoatidwkng dvowng oto EKEDOE «Anuoxprtog». Ta moapaydpeva ¢daopote omd Tig
TPOCOUOIMOELS OVOTOPEYOVV TOAD KOAG TO TEPOUATIKA QAGLOTE, OTOOEIKVOOVTOS £TGL THV
0pBOTNTA TOV OVTIGTOLY OV SLUPOPIKDV EVEPYDV OLOTOUMV, AP KOl OA®V TOV dEGOUEVOV V1O TIG

avudpboelc p+ Li ko p+'°F mov peketidnkav.
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Yympo 3.1: Mepapatikd eaopata otig 150°, axtvofordvrag moyd kat Agio BaF, (apiotepd) kot LiF
(0e&1) otoyo pe mpatovia evépyetag 2300 kor 3200 keV avrtiotorya, pali pe to Topayoueva @ACUATO
ypnopomoimdvtag Tov Koduka SIMNRA.

Avdroya emodnBevTnKov Kot ot (EMIONG CLUGYETIGUEVEG) SLOPOPIKEG EVEPYEC OLITOUES TOV
TPOGSIOPIGTNKAY TEPOPATIKG GTNV TTapodsa epyosio Yo Tig ovidpdoec "“Mg(d,dy) ko
**Mg(d,po,p1.p2), 6nOC Qaiverar oto TyfApa 3.2, xpnoonotdviag tootitia MgO pe éva Aemtd
OTPOUO YPLGOL otV emEAve (Yoo tov mpocdopiopd Q) ota 1700 ko 2000 keV,
EMKEVTPOVOVTAG TNV avéAvon otig (d,p) avtidpdoets.
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Yympo 3.2: IMepapatikd eaopoto otig 140° kot 150°, axtvofordvrag v maotidio MgO pe dsvtépia
evépyerog 1700 xo 2000 keV, pali pe ta mopaydpeve gACUOTO YPNOLUOTOIOVTAS ToV KOdtka SIMNRA.

3.2 Benchmarking ota dcdopéva yia (p,p) o€ >Na, *'P, ™S ka1 ""Si

EmumAéov benchmarking petpnogilg mpaypotonombnkay oto mAaiclo g Topovcas £pYaciog,
COUPOVO pEe TNV Tapomave peBodoroyia, yioo Tov EAEYY0 TOV SOPOPIKADOV EVEPYDYV SLOTOUMV
OV aPOPOVY TIC avTdpdoelc (p,p) oe ~Na, *'P, ™S kot "™Si. ITto cvyKekpéva, ot avTioTolyes

evaluated Swapopikéc evepyég owatoués (SigmaCale [25]), a&oroynOnkav pe benchmarking
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QACLOTO TTAV® o€ KATAAANAOLG oTOYOVS, Agiovg, Kpvotadikovs (mAakidio Si kor GaP) 7
nootideg (NaBr kow MoS;) pe éva Aentd otpodpo Au 6TnV ETPAVELD, O YOVIEC OVIXVEVONE OTIC
121°, 149° xou 173° yia evépyeleg déoung mpwtoviov 1.2 - 3.5 MeV pe prua 250 keV. Ot
petpnoelg mpaypatoromdnkav oto Iavemomuo tov Surrey (Ion Beam Centre, University of
Surrey, United Kingdom) otov emtayvvty 2 MV Tandetron, eve o k®dikag WiNDF [82]
YPNOLOTOONKE Y1 TIG AVTIOTOLYEC TPOGOUOIDGELS, OTOL 1) KOPLEY] TOV AU GE GUVOVAGUO UE
T0 oNuo awd To Papv otoryeio Tov KABe 6TOYOV (OTIS YOUNAEG EVEPYELEG N OKEDOOT] TPMTOVIMV
akolovbei T okédaorn Rutherford) ypnoyonomOnkav yio tov Ipocdlopicd Tov PopPTion NG
KkéOe pérpnong.

"Si(p,p) ke "“S(p,p)

Ot Bsopntikég Tipég (evaluated) amd 1o SigmaCalc g SlPOPIKNG EVEPYOL SLOTOUNG Yo TV
okédaon "Si(p,p) eTévovy TV evépyeta tov 3 MeV (evépyeta déounc), evd Yo thv "'S(p,p) Ta
3.5 MeV. Mg 10 @aopOTO TG TOPOVGOS LEAETNG emoAnfedtnkay ot Téc Yo v "Si(p,p)
uéxpt ta 2.3 MeV kat yoo v "S(p,p) péxpt to 3.2 MeV, avomopayovtog To TELPOLOTIKE
paopata eviog 1-8%, 6mmg evdeiktikd anstcoviletar 6o Tynuo 3.3 yo v " Si(p,p) ota 1782
keV (opiotepd) kon Se€id yio v "S(p,p) ota 2284 keV (n avdivorn mepropileton mévta 610
emeavelako onuo Tov ~250 keV kot agod €yl apoapebel 1o onua and 1o Papvtepo otoryeio
0V 610)oVv (M0S;) - ewovilopevo TAaic10). Xe PEYOADTEPES EVEPYELES KOl CLUYKEKPLUEVO OTOL
~3.5 MeV mov mopovotdletor onuovTiky avénorn g evepyol OTOUNS, TapoTnponKoy
ONUOVTIKES OPOPES AVAIESH OTO. TEPUUATIKO KOl GTO TPOCOUOIOMUEVE, QACUOTH, OTMC
eaivetal oto Zynuoa 3.4 apiotepd. Ta @dopato g mapovoas epyaciog cuvéfoiav otnv
avtioToyn d0pH®ON TOV TAPAUETPOV TOV BEMPNTIKOV VTOAOYICUMV (TOV TPOAYLOTOTOINGE O
Ap. A.F. Gurbich) divovtog dwopbopéveg tipnég ot véa €xdoon SigmaCalc 2.0 mov
avaTopyovv TéAELN TO avTicTolya @acpota (Zymua 3.4 oe€id).

8000 ! L 7000 T T T T T
*  experiment nat ¢ experiment
7000 — simulation [ 6000 - S simulation §J
Ep=1782 keV N . \ | Ep=2284keV
6000 -
5000 -3 0=149"] 1
o
5000 0=173"1 1
. 4000 o ""Mo 4
= Si
= 4000 / au ] = J/
= u 2
s = 3000 3
3000 / -
2000 E 2000 - Au ]
1000 B 10003 / ]
0t v v v v T v v v v T v v v ¥ (L o s s o S S S S B S e s e e
100 200 300 400 250 300 350 400 450 500
Channel Channel

Yympotae 3.3: Tlewpopotikd eacpato aktvopordviog to otdyo Si (apiotepd) Kot t0 6tdx0 MoS,

(0e&ua), poli pe ta mopoyoueva @dcpoto ypnoyomoiwviog tov kmditke WiNDF kot tig evaluated
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Slopopikég evepyég dlatopég amd to SigmaCalc. 1o mhaicto de&1d anewoviletan to “‘mapdBupo’ g

aviAvong 6TV em@aveia Tov ofuotog ™'S(p,p) petd v apaipesn tov "*Mo(p,p) ofuoToc.

Yield
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Yympa 3.4: Tepapoatikd pacpato otig 149° ko 173° axtivofordvrag v nactila MoS; pe tpotovia
ota 3538 keV, poli pe o avtioTiy o TPOCOUOI®UEVH PAGLLOTA XPNOLOTOIMVTaG TIG evaluated dtopopikéc
gvepyég dratopég amo to SigmaCalc.

H mapovco perétn benchmarking yio v "™ S(p,p) sivar S00éoiun online otV emoTpHOVIKY
KowodtnTa otV 1otoceAidn Tov SigmaCalc [25]. Exel vmdpyovv 6Aa o TEPAUATIKE QAGLOTOL
amd tov moyv 6tox0 MoS, pali pe to YopaKINPIoTIKE TOVS Kol O YPNOTNG UTOpEl dueca va
KAVEL TIC AVTIGTOLYEG TPOGOUOLDCELS EMAEYOVTOS TIG OLUPOPIKES EVEPYES dloTOUEG IOV BEAEL va
eléyEel. Me autdv tov TpoTo divetan dpeca mAnpoeopia yio TV a&lomoTio TV 0E00UEVOV TPV
™ XP1oTN TOVG.

*Na(p,p) ko1 *'P(p,p)

2115 mepimtooelg avtég ot evaluated Tipég yior ™ dtopopikn evepyd dtatopr| and to SigmaCalc
aPOPoVV GYETIKA LIKPO EVEPYELOKO EVPOC, OMATE PEAETHONKOV MG TPOS TNV OEIOMIGTIO TOVG Kot
to ovtiotoyo mepapatikd dedopéva. Mo cvykekpyéva, ot evaluated tipég g okédaong
“Na(p,p) etévouv v evépyewan v 1.5 MeV (evépyeto déounc), evéd yu v >'P(p,p) ta 2
MeV. H avorapoaymyn Tov TEPAPATIKOV QacudTov and v mootila NaBr and tic avtiotouyeg
TPOGOLOIDGELS, YPNOLOTOLOVTAG TIC Tiée Tov SigmaCale ya v “Na(p,p), Hrov apketd
KaAn, 6nwg eaivetor oto Zynua 3.5 apiotepd. E&attiog dpmg g ounAng otatiotikng (Letd
™mv agaipeon Tov peydiov vrofdabpov amd v Br(p,p) avtidpaon), ta amoteAécpata ival
UOVO TOL0TIKA-EVOEIKTIKA. X UEYOAVTEPEG EVEPYEIEC OECUNG, OTOV TO PAGLOTO UTOPOVV VO
avoALOOVV KAVOVIKE, VITAPYOLY HOVO To TEpapoTKG dedopéva amd ) peAdétn tov A. Caciolli
et al. [89] oto evpog 2.21-5.2 MeV, 1o omoia 0dnyodv o€ MOAD KOAN OVOTOPUY®YN TGV
AVTICTOY®V TEWPOUUATIKOV QaoUATOV ard v tactiMa NaBr (og ta 3.5 MeV), énwg aiveTon

oto Zynua 3.5 0e&id, v mapdoetypa. Ta dedopéva avtd pmopovv apa va xpnoipnomombodv pe
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AGPAAELL OTOVG BE®PNTIKOVG VTOAOYIGHOVG Yo TV €MEKTAON TOv evaluation 6e peyaAVTEPES
EVEPYELEC.

T T T T T 8000
6000] * experiment | 1
— simulation 7000
Ep=1531 keV

] 6000

e experimental | ]
/ —— simulated E
Ep=2785 keV

5000

4000 4

4000

Yield
Yield
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3000
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1000 4 1000

L} L} L} L} L} L}
100 150 200 250 300 350 300 350 400 450 500 550 600 650 700
Channel Channel

Yympoa 3.5: Iepapatikd eaopata otig 149° aktvofordvtog v naotido NaBr pe tpotovia ota 1531
Kot 2785 keV, poli pe To avTioTiyo TPOCOUOIMUEVE PACUATE XPTOLUOTOIMVTAG TIG evaluated dtapopikég
evepyég dlatopég amo to SigmaCale (apiotepd) Ko To dedopéva tov A. Caciolli et al. (5e&1dr).

H pedétn g *'P(p,p) pe tov otoxo GaP, odfjynoe oe mOAD KOAY avamapoymyd ToV
TEPALATIKOV QUCUATOV 0T TIS OVTIOTOXES TPOGOUOLDGELS Yo To evaluated dedopéva péypt
ta 1.8 MeV, onwc gaivetar oto Zynua 3.6 apiotepd. Ta edopota e mapodoog epyoaciog
ocuvéBaiay ot O0Wpbwon TV  TAPAUETPOV  TOV  BE@PNTIKOV  VTOAOYIGUAOV  (7TOL
npaypatonoinoe o Ap. A.F. Gurbich) divovtag dopBwpéveg tipég éog ta ~2 MeV, ot vedtepn
éxdoon SigmaCalc 2.0 mov avarapdyovv télela To avtiotoryo eacpota (Xynuo 3.6 deid). Xtic
UEYOAVTEPEG EVEPYEIEG OLMG, YPNOLOTOIDVTOS TO LOVA O10DEGILL TEPOUATIKE dEdOUEVA TOV
K.V. Karadzhev et al. [90] mov @tdvouvv ¢ ta 3.5 MeV, vrdpyovv onUavTIKEG OTOKMGELS TWV
QUoUATOV, OT®G Qaivetal oto Xynuo 3.6 kdtw, ywo moapddetypa. ivetor capég amd to
OmOTEAEGPATO, AVTA OTL 6TNV TEPimT™ON TG~ P(p,p), YPEIGLETal TEPOITEP® TEPAUATIKY HEAETN
Yo TV EMEKTOGT TOV 0vTioTol)ov evaluation 6e VYNAITEPEG EVEPYEIEC OEGUNG TPMOTOVIMV.
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Yympa 3.6: Tepapatikd dopota aktvofordviag to 6toyo GaP pe mpotdvia ota 1531 kot 2033 keV
(mévw) kot 3287 keV (kdtm), poli pe T avTIOCTOU0 TPOCOUOIOUEVO (PAGLOTO YPTCULOTOLOVTUG TIG

evaluated owpopikéc evepyég olatopés and to SigmaCalc ywa T yapnAég evépyeleg (Tavm) kol To
dedopéva tov K. V. Karadzhev et al. (kdto).
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4. OcpNTIKOS — PUIVOREVOLOYIKOS VITOLOYIGROG EVEPYDV SLATOUMV

O BempnTIKOS LVTOAOYICUOG EVEPYDV SUTOUMV, LE EVaV aplOUd TapauéTpmy va Tpocdtopilovion
amd To OVTICTOUY0 TEWPOUATIKE JEQOUEVO (POVOUEVOAOYIKY] TPOoGEyYylon — evaluation) yio Tig
OLVTOVIOTIKEG avTdpdoelg (oOvBetov mupnvae) Paciletor oty R-matrix Bewpia [93] xon eitvon
aroapaitntog vy Toug e&ng Aoyovg: H mbBovny €viovn yoviakr e£apmmon aAld kot wdwitepa
otevol cvuvtoviopol pmopet vo mopafiepBovv oe Eva melpapa HETPMONG SOPOPIKDOV EVEPYDV
STOU®V (AOY® TOL TAYOVS TOV GTOYOV 1| TOV EVEPYELNKOV Prinatog Yo Tapdostypa). Exiong ta
VILAPYOVTO TEPALOTIKG OEGOUEVH TAPOVGIALOVY GE TOAAEG TEPIMTMOGELS OPKETES OAMOKAMGELS KO
KOADTTTOUV TEPLOPICUEVO EVPOC GE EVEPYELEG KOl Kuplwg yovieg aviyvevons. H kpirkn
EVOOUATOON TOV O10OEGILMV TEWPOUOTIKOV dEG0UEVOV GE £val eviaio BewpnTikd TAaicto odnyel
oT0 o akPPr] SEOUEVO SLOPOPIKDY EVEPYDV SOTOUMDV, TO OTOI0, UTOPOVV VO VITOAOYIGTOVV
v kGBe yovia aviyvevong, otoryelofetdvag £161 o Tpotevopeva Bewpntikd (recommended-
evaluated) dedopéva.

Xoupova pue m Bewpio oKESAONG, 1 EXITAYVVOUEVT] OECUN TTEPLYPAPETAL OG EVO, EICEPYOUEVO
enminedo KOO TOV AAANAETOPE e TO TUPNVIKO SLVOUIKO TOV GTOYOV-TTVPNVA EpPaviovTag Eva
ocQuptko e€epydpevo koo (avantuén oe pepikd kopata). H evepydg dtatoun cOpemva pe ovt
™ Bedpnon ekppdleton TEMKE amd TNV HETOTOTION PAONS Op HECH TNG GLVAPTNONG OKEIUONG
Uy, n omola pumopet va vmoAoyiotel ypnotponoiwvrog tn Bewpio R-matrix. H Bacik apyn g
Bewplag avtg amoteheitan amd T0 SY®PICUO TOL YOPOL GE dVO UEPT, Eva eEMTEPIKO Kot Eval
EC0MTEPIKO GE GYECN UE TNV TLUPNVIKN OKTiVA. XT0 e£®MTEPIKO PEPOG TTEPTYPAPOVTOL TO KOVAALOL
avtidopaong (e100d0v kol €£600V), 1 CLVAPTNOT GKESUONG KO 1 €VEPYOS OLOTOUN, EVAD TO
E0MTEPIKO HEPOG QPOPA TOV GHVOETO TLPNVA KoL TIG OIOTNTEG TOV. LVVOEOVTOG TO. OVO OVTA
HEPN HE TIG KOATOAANAEG GLVOPLOKES CULVONKEG TOV OVTICTOY®OV KLUOTOGUVUPTACE®V, M
ouvapmnon (mivakog) okédacng, apa Kot 1 evepyog dtatoun, vroroyiletol HEGH TOV 1010THTOV
OV GVVOETOV VPN VO TTOV EKPPALovTan 6T GuVapTNon (Tivaka) R Kot apopodv Tig evepyelaKés

o0TdOUES TOV, 01 OTTOIEC TPOKVTTTOVV Kol XopaKTNPILoVTOL TEWPUUATIKA (QUIVOUEVOLOYIDL).

Ynohoyiopoi yia tv okédacn VF(p,p)

H dadwcasio avtr vAomomnke oy mopovca epyacia, ypnoiponolmvtos tov Kodtka AZURE
[98], Yo TV €AaoTik) okEdaon TPOTOVIMV amd @OOplo emekTeivOVTAG TA MON LIAPYOVTO
evaluated dedopéva, mov etdvovv péypt ta 1730 keV, uéypt ta 2250 keV (evépyeta g 6EoUNG).

Ta pPAuoto TV vroAoyliopu®v mepiapfdavouv apywd ™ Piproypagikn e&étaon ToV
OWOECIUOV  TEPOUATIKOV  OlOPOPIKAOV EVEPYADV SOTOUMV KOL TNG (QOCUOTOCKOTIOG TOL
oOvOetov moprva “’Ne. Aedopévov 6Tt Ta SlobéoIo TEPOUOTIKG dedOpEVa OE LEYOADTEPES
evépyeleg amd ta 1700 keV mapovcidlovv 1dwitepo TOAVTAOKY OOUN HE EMKOAOYELS
GUVTOVIGUAV, OAAL Kol PE O0QOPEG OTIG OMOAVTES TIUEG SLOPOPIKMDY EVEPYDOV JOTOUDV, Ol
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vroloyiopol Paciotnioy Kupimg 6To TEWPAUATIKE dEJOUEVH TG TOPOVCAS EPYACING TOV £YOVV
eleyyfel yio v opBdTMTA TOLG (TMPOMYOVUEVN EVOTNTA), TO ONOIOL TEPLYPAPOLV LE
KOVOTOINTIKO Prpa TV €vePYO S TOUT EAACTIKNG oKEdaoNg neEypt ta ~2250 keV (Eymua 2.5).
Inuovtiky TAnpoeopio aviAndnke map’ O6Aa avtd omd dedopéva g PpAoypaiag Yo
OLYKEKPIUEVES EVEPYEWIKES TEPLOYEG OmMmG yopw amd to 1750 keV wor 1o dwbéoipa
benchmarking pdcpata, pe otoxo po mtaoctiMa ZnF, pellet yio evépysieg mpwtoviov péypt ta
2250 keV «xou yovieg aviyvevong otic 140°, 150°, 160° ko 170°, mov vmoPondncav 1
dwdikacio Twv Bempntik®dv vroroyopmv (feedback) aldd Kot Tov EAeyyo TOV ATOTEAEGUATOV,
OMWG TEPLYPAPETOL OTNV €MOUEVT TTOPAypapo. Na onueiwbet £dd 01t ta pdopata oo 2000 keV
ue v maotila ZnF; 8¢ ypnotonornkay, kabhg 1 cvvelopopd omd v E(p,as) avtidpoon
NTAV CNUAVTIKY, AdY® TNG GLYKPIGIUNG EVEPYOD OATOUNG TNG LE OLTH TNG EAAGTIKNG KOVTH GTO
1900 keV. Xmyv mepintmon avty, ot Oempntikol vroloyicpol faciocmnkoy HOVO oTa EMAEYUEVA
TEPOLATIKE OEGOUEVO YPNOLOTOIDVTAG AETTO GTOXO TOL KOATESEEOV TNV 1010iTEPA 1OYLPN
AemTA OOUN TNG SLOPOPTKNG EVEPYOL OATOUNG OTNV evepyelakn eproyn ~1850-1950 keV.

Xpnowonowwvtag to. doedopéva tov Tilley et al. [102] vy i 15 avtiotoryeg otdOueg T0V
*'Ne pe pkpés evepyetoxég petatomioetc kot odlayéc oto vpn I kon mpocditovtog e otdOun
ota 14.669 MeV (2°) ne I'y=6.4 keV kou I'=16 keV dinha otnv apeifoin otdbun peydiov
gupoug N onoio &xet avapepdei ota 14.693 MeV (17) yia TV avamopaymyn TG GUVIOVIGTIKHG
doung Yopw amd v evépyeto déoung ~1.92 MeV (ko avtiotoym evépyela o€yepong ~14.67
MeV tov *’Ne), ot vmoroyiopoi pe tov kddika AZURE £300av T0. 0moTELEGHOTA TOV GAivovToL
ota Zynuata 4.1. Ta aroteléopato ota dve ypapruata 4.1 cuykpivovtal Pe Ta VITAPYOVIO
Beopnrtikd amoteAéopata (SigmaCalc [25]), 6mov 1 avamapaywyq T@V dedoUEVEV glval TOAD
Ko o¢ ta ~1.5 MeV, evd yuo peyahdtepeg eveépyeleg 01 VTTOAOYIGHOT divouy VYNAOTEPES TIUEG,
CULLPOVOVTOG LE TO EMAEYUEVO TEPAUATIKA SEGOUEVA, OTWS PAIVETOL KO GTO KATW YPOPNLLOTOL
4.1.

1000 T T T T T T T L 1000 +—4—m—>—vF—"7"—"T—""FT""—"T—""—"T"T""T—T—T T

present evaluation 140°] present evaluation 170’
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Yympota 4.1: Ta anoteléopato g mapovoag perétng (evaluation) pali pe ta vadpyovra evaluated
dedopéva and to SigmaCale (éwg ta 1730 keV) otig 140° kau 170° (mévw) ko otig 150° ko 160° pali
pe emleypéva, dedopéva g Pipioypapiog (Katw).

Ta dwbéoya benchmarking gdopota ypnoonowwvtag mactida ZnF, pellet oto 1730 kot
2250 keV, ypnowomombnkav téAog kot yw Tov €heyyo NG opfotToc TV OempnTik®dv
OMOTEAEGUATOV TG Tapovsag epyaciag yia v ' F(p,p) okédact, Ommg @aivetal 6To. ZyHuoTo
2.2. H ovvelwspopd vmofabpov oto QAGUOTE OUTA, TPOEPYOUEVT) OO YEYOVOTO WETO TIC
PF(p,03) and "F(p,os) ftav opeAntéo, Omo¢ avapevotav, oAhd @avike ko ota (o ta
oaopota. Ta mpocopoiwpéva eacpata (pe Tov kdduo SIMNRA [70]) avarapdyovv evtog ~3-
7% to. mepapatikd edopota, erainfedovrog Tig evaluated TIHES S1UPOPIKAOV EVEPYADV SLOTOUMV

NG TOPOVGAG EPYUCING TOV YPNCYLOTOMONKOV GTIC TPOGOUOIDGELS.
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Yympoto 4.2: Tepopotikd edopato oktvoBoimviag v maotido ZnF, otig 170°, poli pe to
OvTIoTO(O. TPOGOUOIMUEV QAGLOTA YpNopomoldvTag Tig evaluated dtopopikéc evepyég SOTOUEG TNG

TaPoVGUG LEAETTG.

XX1X



5. IMpoontikég

H epappoyn kot 1 a&romotia toov EBS ka1t NRA avoAvtikdv teyvikav Bacilovtal oe peydio
Babuod otig ypnoipomoloVueveS dapopikeg evepyég olatoués. Kpivetar Aowmov amapaitnm n
TEPOLTEP® UEAETT] KO O TPOGIOPIGHOG SLOUPOPIKMDY EVEPYDV SUTOUDV [E PEYAAN akpifela oTIg
TEPMTOGELS 7OV Ta, dedopéva ¢ PiAoypapiog mopovctdlovy peydres amokAIcELS Kol EO1KA
OTIG TEPIMTOGELS KEIveS TOV M PiPAoypapia Tapovcstdalel EAMAEIYELS, OTMC 1| EAOGTIKN OKEOOOT)
devtepiov and ehappeig mupnves. O Eleyyog TG aS10MoTIOG TV OUPOPIKMY EVEPYDOV OTOUMY
(benchmarking) pmopet telkd vo. 00nyHoeL 6Ta O aKPPN VOAVTIKG OTOTEAEGLOTO KOL Yo
avtd gival oA onpavtikd vo eleyyBodv Oleg ot TéG Ko €101Ka ta evaluated dedopéva mov
Bempovvtat o To a&OMOTO, APOL TAPAYOVIAL EVGMOUOTOVOVTIOS TO OVIIGTOLY0 TELPUUATIKA
dedopéva og €va eviaio Bewpntikd mAaicto. H dtadwasio benchmarking avapévetor Aouwov va
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ABSTRACT

The Ion Beam Analysis (IBA) techniques are a powerful tool to investigate in a non-invasive
way the near-surface composition of a material. To this purpose, the object to be analyzed is
used as a target for a beam of accelerated charged particles. The interactions of the beam
particles with the atoms (or the nuclei) of the target material induce from the latter the emission
of secondary radiation (X-rays, gamma rays, particles), having an energy characteristic of the
emitting atom or nucleus. Suitable detectors are then used to collect and discriminate in energy
the emitted radiation. In the case of emitted particles their energy also depends on the energy
losses both of projectiles and registered particles on the paths traversing by them in the sample
before and after the interaction respectively. This makes it possible not only to detect an element
but also to determine the depth profile of its concentration in a single measurement. lon Beam
Analysis techniques are thus implemented on a wide variety of applications, ranging from
environmental studies, cultural heritage and geology to semiconductor, metallurgy and
chemistry.

Among the IBA techniques, EBS (Elastic Backscattering Spectroscopy) and NRA (Nuclear
Reaction Analysis), depending on the interaction occurring in the target between the accelerated
particles and the atomic nuclei, are especially suited for light element detection, which generally
constitutes a great challenge in the field. The application of these methods requires the
determination of the differential cross sections used in the concentration calculations, over a
wide range of energies and detection angles with the highest possible accuracy. The
theoretically evaluated cross-section data are the most reliable ones to be used in such analytical
studies, since they involve a critical assessment of the available experimentally determined cross
sections, followed by a proper tuning of the corresponding nuclear model parameters. The
existing experimental data are quite scarce and discrepant in many cases, hindering both their
direct use in implementing the aforementioned IBA techniques and the corresponding evaluation
process, thus limiting the applicability of both EBS and NRA.

My dissertation’s contribution in this field mainly involves the measurement of selected
reactions critical for EBS and NRA purposes. Using these reactions, natural magnesium,
fluorine and lithium can be accurately determined in near surface layers of materials. Part of my
research also involves the development of an experimental procedure, called benchmarking, for
the validation of charged particle differential cross section datasets, which is indeed of great

importance for all analytical applications. Benchmarking is an integral experiment that needs to
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be very carefully designed and performed, since a great number of parameters need to be
investigated and accurately determined. Benchmarking is actually in many ways critical for the
implementation of EBS and NRA techniques in material analysis, besides the validation of
differential cross-section data, since it also provides feedback for the adjustment of the
parameters of the nuclear model used in the evaluation procedure. Moreover, it can facilitate the
extension of the existing evaluations to higher energies, it can help in assigning realistic
uncertainties to the cross sections, and it can also indicate recommended experimental datasets
to be used in analysis in the absence of theoretically evaluated ones.

The theoretical approach of the elastic scattering and particularly the scattering theory, along
with the subsequent theoretical models used in the evaluation procedure of the cross section
data, is also presented in this dissertation. Namely, the case of the '*F(p,po) elastic scattering was

studied, performing R-matrix calculations with the use of the AZURE code.



CHAPTER 1
ION BEAM ANALYSIS

The aim of this chapter is to present an overview of the Ion Beam Analysis (IBA)
fundamentals. Starting from an overview of the corresponding theory, not only concerning the
related nuclear physics concepts and models, but also concerning the experimental features
present in the corresponding spectrometry, this chapter presents the important aspects of Ion
Beam Analysis. All the nuclear techniques used in this field are briefly described here, while the
basic ones are throughout analyzed. The implementation of these techniques is investigated in
all aspects, proving the importance and the critical role of the differential cross sections of the
studied nuclear reactions. The subsequent motivation of the present thesis in this field is
eventually presented in the end of this chapter.

Ion Beam Analysis is a powerful tool in the general field of applied nuclear physics, to study
the near-surface composition of a material in a non-destructive way, with the use of an
accelerated ion beam impinging on the sample of interest (target). The quantification and the
depth profiling of an element in a sample is achieved by detecting the emitted radiation
(particles, gamma-rays, X-rays) after the interaction between the charged particles of the beam
and the nuclei or the atoms of the target, as sketched in Figure 1.1. The energy of the emitted
radiation is characteristic for each interaction, enabling the determination of elemental or
isotopic concentration in depth. IBA techniques are therefore implemented on a wide variety of
applications, ranging from environmental studies, cultural heritage, geology, to semiconductor,

metallurgy and chemistry.

IBA % Y (a,bX) Y
lon Beam Analysis e PIXE

a ¥ (ab)Z
— b NRA
b Y {aby 7
¥ (a,a)Y PIGE
RBS—EBS Y

Figure 1.1: Schematics of the processes exploited by Ton Beam Analysis indicating the most commonly
used techniques, detecting the corresponding outgoing particle or radiation.

3



CHAPTER 1 ION BEAM ANALYSIS

1.1 General features of theory

An overview of the interaction between the projectiles and the nuclei of the target is
described in this section, in order to present the main features of the underlying nuclear physics.
Among all the reaction mechanisms, that are mentioned here, the elastic scattering theory is in
more detail analyzed, in order to reveal the differences between the potential scattering and the
compound nucleus scattering, as illustrated in section 1.1.2, characterizing the corresponding
IBA techniques. The application of these techniques, determined by the corresponding
spectrometry, is totally related to phenomena occurring during the experimental procedure. The
theoretical assessment of these spectrometry features plays a key role in the implementation of

the techniques and is therefore also presented below.

1.1.1 Reaction mechanisms

The contributing reaction mechanisms for the projectile-nucleus interaction are sketched in
the following figure 1.2 in chronological series of occurrence, showing the connection between
all processes. Only the main categorization of the reactions is, however, briefly described here,
concerning a light charged—particle beam, which is the case study in this dissertation.

As sketched in Figure 1.2, after the first interaction, the projectile may leave the nucleus
immediately by a direct reaction or interact with a nucleon and start a cascade of nucleon-
nucleon interactions from which pre-equilibrium emission may occur. During this cascade, the
energy is shared among an increasing number of nucleons until the eventual formation of the
compound nucleus, which may decay into the elastic or any of the reaction channels that are

allowed energetically.

Shape Elastic scattering
elastic Ampound elastic
Equilibrium .| Compound
Projectile cascade nucleus
\Yre—ccrmpomd \%‘F aporation
emission > Inelastic scattering
\' \' Nuclear reactions

(e (dp)

Figure 1.2 Direct, pre-compound and compound nucleus contributions to a nuclear reaction [based on
1].
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CHAPTER 1 ION BEAM ANALYSIS

The combination of the shape and the compound elastic processes gives the measured elastic
scattering cross section, while the direct, pre-equilibrium and compound nucleus inelastic
processes combine to give the inelastic cross sections concerning all the other non elastic
reactions.

It should be noted here that the contribution of each mechanism depends mainly on the beam
energy and on the projectile-target combination and is actually a subject of investigation most of

the times, as analyzed in the following section (1.1.2).

a) Direct reactions

The direct reactions take place in the time the projectile takes to traverse the target nucleus,
typically around 1072 s. In these processes the projectile may interact with a nucleon or a group
of nucleons or the whole nucleus (potential scattering) and emission takes place immediately.
Exactly because of the momentum transfer to a small amount of nucleons or due to the form of
Coulomb potential (scattering), there is a strong forward angular dependence for this kind of
reactions. The simplest direct reaction is elastic scattering, which leaves the target nucleus in the
ground state. It is also called potential or shape elastic scattering, because it proceeds through
the direct interaction of a single bombarding particle with a potential well, representing the
nucleus. Protons at very low energies for example, are repelled by the electrostatic field of the
nucleus (Coulomb) and are scattered elastically with a cross section given by the Rutherford
formula, which is described in the following section concerning the scattering theory (1.1.2).
Inelastic scattering predominantly excites collective states, one nucleon transfer reactions excite
single-particle states and multinucleon transfer excites cluster states.

Most of our knowledge of nuclear structure comes from direct reaction studies (for example
the (d,p) ones), measuring the absolute cross section for exciting each state, the angular

distribution of the emitted particles and if possible their polarization.

b) Compound nucleus reactions

In these reactions the projectile is captured (absorbed) by the target nucleus producing an
intermediate compound nucleus, while its energy is shared and re-shared among all the nucleons
of the compound nucleus until it reaches a state of statistical (thermal) equilibrium. After a time
much longer than the time required by the projectile to cross the nucleus (to pass through the

region occupied by the potential well of the nucleus), a nucleon or a group of nucleons near the
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CHAPTER 1 ION BEAM ANALYSIS

surface may receive enough energy to escape. This required time depends on the projectile
energy and at low incident energies may be 10°-107 times greater than the transit time (the time
of direct interaction) and at high incident energies it may be only about 10-100 times greater [1].
A typical lifetime for a compound nucleus, which is always highly excited because the absorbed
particle brings both its kinetic and bond energy, is ~10"* s. This statistical process, leads
eventually to the decay of the compound nucleus with the emission of some particle, favoring
the evaporation of particles with energy near the smallest possible energy to any direction (with
front—back symmetry). If the excitation energy of the compound nucleus is high enough, several
particles may be evaporated in sequence and the process continues until the energy of the
nucleus is below the threshold for particle emission and then the energy emits y-rays until it
reaches the ground state. The compound elastic scattering case is the one of emitting the same
particle as the absorbed one (projectile), after forming the compound nucleus, and leaving the
residual nucleus (the re-formed original one) in ground state. This scattering is strongly affected
by the structure of the compound nucleus, mainly concerning its energy levels, as further
described in the following 1.1.2 section. The nucleus may however decay in a variety of other
ways, for example heavy compound nuclei may fission into two fragments of comparable mass.
Information gained from the study of compound nucleus processes includes the properties of
the states of the compound nucleus, the mechanism of nuclear deexcitation including the role of

the angular momentum and the nuclear deformation in affecting particle evaporation.

¢) Pre-equilibrium reactions

It is also possible that a particle is emitted neither immediately after a direct reaction, nor after a
long time by the statistical decay of the compound nucleus. The projectile may share its energy
among a small number of nucleons, which may further interact with other nucleons and during
this cascade of nucleon—nucleon interactions through which the energy of the incident particle is
progressively shared among the target nucleons, a particle may be emitted again to any direction
long before the attainment of statistical equilibrium. These processes constitute the pre-
compound or pre-equilibrium reaction mechanism. The study of these reactions is of great
importance to investigate the mechanism of thermalization of the nucleus, i.e. the reaching of

the statistical equilibrium state.
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1.1.2 Scattering theory — cross section

The elastic scattering of the beam charged particles from the target nuclei depends on the
interference of the Coulomb and the nuclear forces, as analyzed in this section. The penetration
of the projectile in the nuclear-force short range depends mainly on the projectile energy and the
target nucleus itself. This range leads actually to a strict demarcation between the regions where
only long-range Coulomb forces or only nuclear forces operate, as the latter are at least 100
times greater than Coulomb forces at short distances of about 1 fm.

An atomic nucleus is a strongly bound system of nucleons located in a small domain with a
typical radius R=RoA'” (fm) with Re=1.1-1.5 [2 — chapter 3] with a typical value of Ry=1.25 fm
[3], where A is the mass number. Considering the nucleus as a uniformly charged sphere of
radius R, the dependence of the electrostatic potential energy on the distance r for the projectile—

nucleus system, with charge z and Z respectively, is the following [2 — chapter 3]:

(Zze? o R
| " forr =
Vc(r) = 4 11
lZze2 3 r? <R
R 72 for r <

The transition from repulsion to attraction for the combined Coulomb and nuclear potential,
sketched in Figure 1.3 [2 — chapter 3], proceeds in a narrow region in the vicinity of the

boundary of the nucleus (r; and r, are the classical turning points). A charged particle should

Zze?

have sufficient kinetic energy T to overcome the Coulomb potential barrier of height B, =

, in order to reach the range of nuclear forces. According to quantum mechanics, however, the
particle can still penetrate through the barrier even in the case of having kinetic energy below
the potential barrier, with its transparency D being given by the following equation. Therefore,
nuclear reactions with low energetic charged particles are indeed feasible at energies below the
potential barrier. The two regions of both forces, the long ranged Coulomb and the short ranged
nuclear ones, are thereby interfering, thus mixing the corresponding two kinds of scattering, as

further explained below.

2 ("
D = exp _ﬁf N 2u(Ve —T) dr 1.2
1

where 4 = Mm/(M + m) is the reduced mass.
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Figure 1.3: The combined Coulomb and nuclear potential of a nucleus. The classical turning points for

a particle with kinetic energy T are located at r; and r, [2 — chapter 3].

If the projectile-nucleus interaction is conditioned solely by the long range electric
. . . do . .
(Coulomb) forces, then the differential cross section d_Q of an elastic scattering event,

generally defined as the probability of a reaction to occur, can be analytically calculated using
the Rutherford formula, derived from the conservation of energy and angular momentum and
defining the impact parameter b as the perpendicular distance to the closest approach to the

target nucleus (if the projectile were undeflected).
d
The differential cross section for the so-called Rutherford scattering %, which denotes the

probability of a particle (Z;, M;) with energy E to be scattered from a nucleus (Z,, M») to an

angle 0 per steradian (€2), in the laboratory system, is given by:

do,
E,0
dQ (£.9)

[lezez J 2[(M22 — M} sin® )" + M, cos 9}2
- 1.3

4E M, sin* 9(M 7 —M} sin’ 9)1/2

At short distances though, of the order of the range of the nuclear forces, simultaneous
knowledge of the momentum and the impact parameter (distance-position) of the scattering
particle is impossible according to Heisenberg’s uncertainty principle. Consequently, no theory
can in principle incorporate the nuclear forces for the determination of the particle trajectory. In
this framework, quantum mechanics must be used instead of classical physics. In this region,

elastic scattering differential cross sections deviate [3] from the Rutherford ones, exactly
8
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because of the interference between the nuclear and Coulomb scattering, as mentioned above
(see barrier transparency D). These phenomena can be studied and analyzed in the framework of

quantum mechanics with the help of suitable models, as described in the next paragraphs.

The elastic scattering of two nuclei (projectile m; with a target nucleus m;) can be described
by the Schrodinger equation with a potential V, generally depending on the distance between the
two particles, their spin and relative velocity [3]. Considering the coordinates of the two
particles with vectors r; and r, relative to an arbitrary origin fixed in the laboratory frame of
reference, the separation vector = r; — 1, is independent of the origin choice, while the vector
Rey = (myry + myry)/(my + my) describes the motion of the center of mass system (CM) of
the two particles in the laboratory one (LAB). By writing: ¥(rq,173) = Y(r)x(Rcy), the
Schrédinger equation for the total motion in the LAB system can be separated into two
equations: one for the relative motion in the CM system and one for the motion of the centre of

mass in the LAB system respectively, as follows [3]:
. 2
Vey(r) + ﬁ(ECh -MYr)=0 1.4

2M
V2x(Rem) + ?(ELAB —E)x(Rey) =0 1.5

where M = my + m,, p = mym,/(my; + m,) is the reduced mass of the two particles with the

mp

projectile (m;) having kinetic energy E;,5. Then the channel energy is E.;, = E1 B,

mq+my
being the only available energy to initiate reactions. The interaction potential V denotes the

combined nuclear and Coulomb potential.

The second equation describes the uniform motion of the centre of mass in the LAB system.
Taking the z-axis for this direction of motion of the center of mass (beam direction), the

equation has the plane wave solution:

1
C[2M 2
x(z) = expiz ?(ELAB — Ecn) 1.6
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It should be noted here that all the above calculations are non-relativistic, which is usually
adequate for low energy nuclear reactions used in IBA. At higher energies, namely above 100
MeV, the corresponding relativistic equations must be used. These cases are beyond the scope

of the present dissertation and are thus not included here.

The first equation, describing the interaction of two particles through a potential V(r), actually
contains all the physics of the interaction. It indeed shows that the Schrodinger equation
describing the motion of two interacting particles is equivalent to that of one particle with the
reduced mass p in one-body potential. The solution of this equation gives the elastic scattering
cross section as a function of the incident energy, but an analytical solution is not possible to be
obtained. Only approximate numerical solutions can be applied, as briefly shown in the

subsequent analysis that follows.

An approximate solution when E., > |V(r)| is the following (first order Born
approximation) [3]. For quantitative analysis the equation is considered in spherical coordinates
giving a general solution y of the following form, with the Legendre polynomial denoted as
P;(cos@), the radial wave function as Ry; and a coefficient 4;, explained below. It is evident
that each partial wave corresponds to particles moving with a given orbital momentum [ and is

characterized by the P;(cos8) angular distribution (partial wave expansion).

Y = ZAI P, (cosB)Ry, (1) 1.7
1=0

Prior to scattering, the wave function y for a particle with a given momentum p has the form

of a plane wave e*?, expressed in spherical coordinates, considering that far from the center of

scattering (at large distance r) the radial function for each component [ can be represented in the

. T . T
: : —i(kr—1= . i\ kr—I=
form of two partial spherical waves, one convergent e ( 2) and one divergent e ( 2) from

the center of the interaction. The plane wave describing this initial stage of scattering is thus

depicted with these spherical waves having equal amplitudes, as follows:

e @l+ i

i(kr-15 —i(kr-15
2ikr P;(cos@) [e ( 2) —e ( 2)] 1.8

ll) = etkz
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1
where k is a propagation vector k = % = > or k2 = %(Ech —V) = 27“ h
with A the reduced de Broglie wavelength (1 = %)

In the course of scattering, the plane wave interacts with the field of the nucleus V(r), giving
rise to a spherical wave divergent from the center of the interaction to the (0,p) direction. In the
case of azimuthal asymmetry around the z axis, as in the case of unpolarized particles and
targets (considered spinless), it gets the form of:

ikr

el
1.9

f(6)

r

The 1/r factor represents the decreasing of the flux in inverse proportionality to the square of
distance (YyY*~ riz), while f(8) is the amplitude of the wave and 0 the scattering angle.

In spherical coordinates, the additional divergent wave induces the §; coefficient at the
divergent wave to the radial part Ry; , since the ratio between the two spherical partial waves

changes. It has therefore the form of:
Ry~S,ei(kr=12) _ o=i(kr=13) 1.10

In the case of elastic scattering though, the fluxes for the convergent and divergent should be

equal, meaning that |S;|? = 1. This factor can thus be written as follows:

S, = e*d 1.11
6, is called phase shift of the Ilth partial wave and it physically denotes the difference in the
wave velocity in the presence of the nuclear force field inside the nucleus as illustrated in Figure

1.4 [2 — chapter 3]. In the elastic scattering they are real numbers, while in the case of inelastic

ones they become complex, decreasing the amplitude of the divergent waves (|S;|? < 1).

11
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. ikr
After the scattering, the superposition of the plane wave e'** and the eTf(e) one, depicts the

interaction problem, which can thereby be treated with the wavefunction y given by the

following relation, expressed also in spherical coordinates:

— o (21 + 1) o -
~ alkz - — 2i6; l(kr—l—) _ —l(kr—l—)
P~ e+ - f(0) ke P;(cos0) [e e 2) —e 2] 1.12
=0
1 .
f(6) = mZ(Zl + 1)(6216’ — 1)PI(COSH) 1.13
=0

In the case that the projectile has a nonzero spin, the equations become more complicated
because the radial wave equation splits into 2s+1 equations, but the entire described scheme
remains valid. Moreover, taking into account the known Coulomb potential for charged
projectiles, an additional term in the scattering amplitude is needed, with o, the phase shifts for
Coulomb scattering respectively. Then the scattering amplitude is given by the following

relation.
1w . .
£(0) = fc(0) + ﬂ2(21 + 1)(e%®t — 1)e?9tP(cos0) 1.14
=0

v(r), ¥(r)

Figure 1.4: Formation of the wave phase shift [2 — chapter 3]. After the scattering the partial wave has

the form of Ry; = ei(kr_lgﬁsl) — e—i(kr—lg).
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By definition, the differential cross section Z—; is equal to the fraction dN/N of projectiles

scattered into the given solid angle, as sketched in Figure 1.5. The number of particles dN
traversing the surface element dS per unit time is determined by the probability of finding
particles in the elementary volume dV=vr’sinfddde, with v the particle velocity. Since
dQ=sinBdBde, one can immediately derive the following relation concerning the differential
cross section [2 — chapter 3], showing that the angular distribution of the scattered particles is

defined by the scattering amplitude f(0).

Figure 1.5: Tlustration of the definition of the differential cross section [2 — chapter 3].

do )
- |f(6)] 1.15

Differential cross section for elastic scattering can therefore be calculated from the above
equation with the f(0) function, being expressed through phase shifts §;. The exact knowledge of
the phase shifts §; themselves is actually sufficient for the cross section determination, while the
experimental determination of differential cross sections with detectors placed at suitable
scattering angles enables in reverse the phase shifts assessment.
The phase shifts being functions of & and [, do not depend on the scattering angle and are
calculated by solving the Schrédinger equation (eq. 1.4) with an assumed potential V(r) and
boundary conditions concerning the continuity of the solution and its first derivative at the
nucleus surface at radius R.

The consideration made so far concerning the energy of the projectile and the potential,
namely that E., > |V(r)| is actually not very realistic in most cases. As has already been
pointed out, the interference of the absorptive effects (see 1.1.1 and transparency D, equation

1.2) needs also to be taken into account, since all the other channels, namely the direct non-
13
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elastic processes, the pre-equilibrium and the compound nuclear reactions can also occur,
affecting the elastic scattering cross-section [1]. The optical model [3,1], which is described in
more detail in chapter 5 (section 5.1.33), is a relatively simple model used to account for elastic
scattering in a general way, also incorporating these effects, by proposing a one-body complex
potential V(r) to represent the scattering. The interaction is considered to be determined by the
bulk features of the nucleus, meaning that the used potential depends mainly on the nuclear
dimension and nuclear shape (without detailed structure). This potential consists of two parts, as

seen in the following relation to describe a proper radial dependence.

Vir)=U(r)+iW(r) 1.16

The real part, U(r), is responsible for the elastic scattering between the projectile and target and
the imaginary part, W(r), for the absorption. The real part U(r) is similar to the shell-model
potential and is thus described, with some energy dependent modifications, by the Woods-Saxon
analytical expression [1], considering a diffuse nuclear surface, namely a smooth edge of the
potential, around the mean nuclear radius R. On the contrary, a more complicated approach
needs to be applied for the imaginary part, depending on the projectile energy. The full optical

potential, including the Coulomb potential and a spin-orbit term has the following terms:

V(r) =Ve(r) + Ufy(r) + iW fi, (r) + Vso (1) 1.17

The smooth variations of the cross section, with broad minima and maxima can be in principle
very well described with the optical model, while the strong resonant structure originating from
the compound elastic scattering cannot. As has already been pointed out, compound elastic
scattering is strongly affected by the structure of the compound nucleus. In particular, the energy
at the maximum cross section corresponds to that one of the excited state of the compound
nucleus and its width ' gives the lifetime 7 = h/I" of the state [1]. As seen in Figure 1.6 [2 —
chapter 3], light nuclei present discrete energy levels and the cross section has thereby a
resonant structure, while in the case of the high level density of heavy nuclei, smoother cross
section dependence on energy is observed, because of the overlapping levels (I'>D, where D is
the energy spacing between sequential levels). In the intermediate case (I'~D), where the level
width I" is comparable to the level spacing D, the cross section exhibits a strongly fluctuating

structure, the so-called Ericson fluctuations [2 — chapter 3].
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E." +1

Light Heavy
nucleus nucleus

Figure 1.6: Diagrams of the energy levels for light and heavy nuclei and the corresponding cross

section behavior [2 — chapter 3].

The strong resonant mechanism of light nuclei can be represented by the Breit-Wigner
function (Lorentz type), which is the following formula, concerning the compound nucleus (CN)
elastic cross section of a single isolated resonance (around the resonance energy Egr) for the

orbital angular momentum 1 wave, considering all other channels closed [1].

2

I _ ) m r
O CN,R —f|f(9)| di =— 2l +1) 1.18
o ke (En—E)*+ 17/
R 4

The cross section is of course composed of Coulomb, potential (optical model) and resonance
terms, which amplitudes are added coherently. As a result of this interference, the excitation
function (cross section) presents a typical structure with resonances pictured as dips and bumps,

as shown in the Figure 1.7 [2 — chapter 3].
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Figure 1.7: Interference of the potential and resonance scattering for '*C(p,p)'°C. Note that the
resonance dramatically affects the cross section at energies much below the Coulomb barrier [2 — chapter

3].

1.1.3 Spectrometry

The theoretical aspects of studying the projectile-nucleus interaction with the use of an ion
beam on a target are briefly described here, while the corresponding experimental part is
thoroughly analyzed in chapter 2 and 3 (section 3.1). This procedure, which constitutes the
foundation of Ion Beam Analysis, involves the detection of the outgoing particles, whereas the
generated electrical signals get suitably processed, giving to the acquired data the form of a
spectrum (hence the name spectrometry).

Starting from the exact point where the beam hits the target, one should consider four
physical concepts entering into spectrometry, corresponding to specific physical phenomena [4].
Initially, the beam particles lose energy crossing the target material, before the point of
interacting with its nuclei. This process leads to the concept of stopping power and to the
capability of depth perception. Subsequently, there are statistical fluctuations in this energy loss
of the beam particles moving through the dense medium (target), leading to the concept of
energy straggling and to limitations in the achieved mass and depth resolution. Reaching
eventually the projectile-nucleus interaction point, one should take into account the likelihood of
occurrence of the specific nuclear reaction of interest. This leads to the third concept, the one of

the cross section and of course to the capability of quantitative analysis. The last phenomenon
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(fourth) certainly concerns the energy of the ejectile of the reaction, which is to be detected, and
more specifically the kinematic factor K for the elastic scattering and the Q-value of the
nuclear reaction. After the reaction, the emitted particles lose an additional amount of energy
crossing back the material towards the detector. Consequently the energy of the detected
particles depends on the depth at which the scattering occurred. Except for the case of the cross
section concept, which has already been discussed above (1.1.2), all the other aspects will be

analyzed in the following paragraphs.

1.1.3.1. Energy loss, stopping power

The physics of energy loss phenomena is very complex, involving many kinds of interactions
among the projectile ion, the target electrons and nuclei. These phenomena have been the
subject of intense studies since the beginning of the 20" century, because of their significant
importance in many fields of physics. Concerning the Ion Beam Analysis field in the framework
of this thesis, the situation will be simplified and limited to the basic concepts [2 — chapter 2]
and models widely used.

The relative importance of the different interaction processes between the ion and the
medium depends mostly on the ion velocity and on the atomic numbers of the ion and target
atoms. The energy loss (AE) of the projectiles is defined as the average kinetic energy loss of
point-like particles traversing matter, while the stopping power of a material for a particular ion

is defined as the energy loss per distance travelled in the material, denoted as

_dE

=— 1.19
dx

This quantity depends on the ion type and the material traversed, as well as on the energy of the
ion, and is usually considered in three velocity regimes, namely, low, intermediate and high
velocities, as shown in Figure 1.8 [2 — chapter 2] for lithium ions in iron. The classification of
the regimes is based on the ion velocity in comparison to the orbital velocity of the atomic

electrons.
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Figure 1.8: Regimes of ion stopping illustrated by Li ions in iron.

At ion velocities v that are significantly lower than the Bohr velocity of the atomic electrons v,
the ion carries its electrons and tends to neutralize by electron capture. At very low velocities,
elastic collisions with the target nuclei prevail and the so-called nuclear energy loss dominates.
As the ion velocity increases, the nuclear energy loss diminishes as 1/E, as plotted in Figure 1.9
for silicon ions in silicon. Simultaneously, inelastic collisions with the atomic electrons become
the main interaction, leading to significant increase of the so-called electronic energy loss. The
total energy loss is in any case taken as the sum of the nuclear and electronic contributions.
However, for most applications of Ion Beam Analysis, the nuclear contribution is small,

typically below 1% of the electronic one (for energies above 200keV/amu).

3.5

—— elecronic
nuclear

Stopping Power (MeV/um)

0.01 0.1 1 10 100 1000
Energy (MeV)

Figure 1.9: Electronic and nuclear stopping power for silicon ions in silicon, with the characteristic
stopping maximum.
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The theoretical framework for the energy loss was initially carried out by Bohr [4] and it is

generally depicted through the well known Bethe-Bloch formula [3] that follows, concerning

dE 4Am nz?[ e? \’ 2m,c?p?
— == In|=—==L_) - g2 1.20
dx mgc? B2 \4me, 1(1—p2)

The parameter I in this equation represents the mean excitation energy of the atomic electrons,

its relativistic form.

which could in principle be computed by averaging over all ionization and excitation processes,
but is rather regarded as an empirical constant with a value of the order of 10Z in eV. The
electron density (electrons/cm’) of the stopping target is denoted as n=ZNp/A.

Bethe Bloch equation is a good approximation at high energies, as shown in Figures 1.8 and 1.9,

beyond the maximum in the stopping cross section, where the projectile is fully ionized [4].

The stopping cross section ¢, is defined as the energy loss per atom per unit area (areal density)

of material traversed. The relation between the two quantities is given by:

s=2% _ g 1.21
dx

where N is the atomic density (atoms/cm3).
Values of ion stopping cross sections in all elements are available from an extensive study
based on semiempirical fitting of experimental data, while recent (up-to-date) data can be found

in SRIM [5].

It should be noted here, that in cases of compound targets or mixtures of different elements,
the Brag’s rule approximation is used to calculate the stopping cross sections of the ions [4].
According to this approximation, each target atom acts independently in the energy loss process,
ignoring any effects of chemical bonding in the material. This leads to the principle of linear
additivity of stopping cross sections, postulated first by Bragg and Kleeman [2 — chapter 4],
according to which the energy loss in the medium composed of various atomic species is the
sum of the losses in the constituent elements, weighted proportionately to their abundance in the

. . _AmB
compound. The compound stopping cross section &

of a molecule A;,B, (or a mixture with
equivalent composition) is given by the following relation, in terms of energy loss per molecule

per unit are traversed:
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gimBn = med + neb 1.22
where £" and £ are the stopping cross sections of the atomic constituents A and B.

The corresponding stopping power is thus given by:

dE AB
(E) = N4BeAB = NfBeA + N4 B 1.23

where N*® is the molecular density (molecules/cm’) and N£Z and N4% are the atomic densities
of A and B respectively (the subscripts m and n are suppressed in this notation). Deviations on
the Bragg rule have been reported and a correction factor can be applied but further analysis is

out of the scope of this thesis.

Model used

The compilation by Ziegler, Biersack and Littmark [6] based on electronic stopping power data
consists the most frequently used model for the stopping power calculations of incident protons,
deuterons and tritons in all elements. The electronic stopping power Se in eV/(10"° atoms/cm?)
for an incident hydrogen ion with energy/mass E in keV/amu, in the energy range of 10

keV/amu < E < 10 MeV/amu, is given by:

S owSHi
L= Low“High 1.24
SLow + SHigh
with
_ C C _ Gs C7
Siow = CLE®? + GES  and  Syigp =~ 1n (E + CSE) 1.25

where C; — Cg are fitting coefficients, partly tabulated in [7].

Calculations at higher energies or for heavier ions are irrelevant to the IBA studies and are

therefore not included in the present work.
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1.1.3.2. Energy straggling, resolution

The slowing of the beam particles, while crossing the material, is accompanied by a gradual
spreading of their energy distribution, as shown in Figure 1.10. This phenomenon is called
energy straggling and occurs due to statistical fluctuations in the number of collision processes
[2 — chapter 2]. At the point (depth) where the very low energy ions eventually reach the energy
that corresponds to the maximum stopping, their energy loss decreases with depth leading to the
“energy bunching” of the straggling distribution [2 — chapter 2]. In Ion Beam Analysis,
straggling broadens the measured energy distributions and impairs depth resolution by placing a
finite limit for the precision with which energy losses and hence depths can be resolved by
backscattering spectrometry. Except for atoms located at the surface of the target, the ability to
identify masses is also impaired, since the beam energy E before the collision with a mass M, is
no longer monoenergetic at some depth and thus the ratio E;/Ey and hence the identification of
M, (see equation 1.34 below) becomes uncertain. It is therefore important to take into account
and quantify the magnitude of energy straggling for any given combination of energy, projectile,

target material and target thickness [4].

Figure 1.10: The evolution of the energy distribution as a function of depth as the ion traverses through
a medium. The energy spread due to straggling increases with depth until the lowest-energy ions reach
the energy of maximum stopping. Below this energy level, the energy loss of the ions decreases with

decreasing energy leading to the “energy bunching” of the straggling distribution [2 — chapter 2].
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Actually, the energy resolution in a spectrum arises from several different contributions [8, 2 —
chapter 2]:

1. Electronic energy loss straggling due to statistical fluctuations in the transfer of energy to
electrons. This is actually the main contribution of straggling and it is therefore analytically
described below.

2. Nuclear energy loss straggling due to statistical fluctuations in the nuclear energy loss.
Nuclear energy loss straggling is small compared to electronic energy-loss straggling for light
ions (protons or helium ions), and can be neglected. For heavy ions the total straggling
distribution is only somewhat larger than electronic energy loss straggling alone, but with a long
tail towards low energies. However, the tail contains only a small fraction of all particles, and
the width of the total energy distribution (electronic plus nuclear straggling) is still dominated
by electronic energy-loss straggling [9]. The nuclear straggling is therefore neglected for all ion
species.

3. Geometrical straggling due to finite detector solid angle and finite beam spot size, resulting in
a distribution of scattering angles and different pathlengths for outgoing particles.

4. Straggling due to multiple small angle scattering, resulting in angular and energy spread on
the ingoing and outgoing paths.

5. Straggling due to surface and interlayer roughness and thickness inhomogeneities of absorber
foils and correlation effects in the energy loss [10, 11].

6. An additional contribution to the energy broadening, which is visible in the acquired
experimental spectra, is the energy resolution of the detector, described also by a Gaussian
distribution.

7. The beam energy profile itself, prior to the target impinging, contributes to the broadening of
the energy as well, being also Gaussian, but this is in most cases neglected being very small

comparing to the other factors.
The different Gaussian distributions to energy fluctuation in a spectrum can be added
quadratically. Taking into account for example the detector resolution, the energy straggling and

beam profile, respectively, the total variance of the energy loss fluctuations Qror” is given by:

QTOT2= QDETZ + QSTRZ + QBEAMZ +... 1.26

22



CHAPTER 1 ION BEAM ANALYSIS

Concerning the dominant contribution, which is in most cases the electronic energy loss
straggling, there are four main theories describing it [12-14], each one applicable in a different
regime of energy loss. With AE being the mean energy loss of the beam, and E the energy of the
incident beam, the regimes can be distinguished as follows [8]:

AE/E < 10% Vavilov’s theory [15, 13]: For thin layers and small energy losses the energy
distribution is non-Gaussian and asymmetrical. However, in this case, the contribution of
straggling to the total energy broadening is much smaller than the contribution of the finite
energy resolution of the detector.

10-20% Bohr’s theory [16, 17]: As the number of collisions becomes large, the distribution of
particle energies becomes Gaussian, as described in detail below.

20-50% Symon’s theory [12]: This theory includes non-statistical broadening caused by the
change in stopping power over the particle energy distribution. If the mean energy of the beam
is higher than the energy of the stopping power maximum, then particles with a lower energy
have a higher stopping power, and particles with higher energy have a smaller stopping power.
This results in a nonstatistical broadening of the energy distribution. The width of the particles
energy distribution in Symon’s theory is significantly higher than predicted by Bohr’s theory.
The distribution of particle energies is still Gaussian.

50-90% Payne’s and Tschalirs Theory [18, 19]: When the energy losses become very large
and the mean energy of the beam decreases below the energy of the stopping power maximum,
the particle energy distribution again become skewed, because now particles with lower energy
have a lower stopping power than particles with higher energy. The distribution is also

approximately Gaussian.

The existing models used for the calculation of the energy straggling are based on the theory
of Bohr, which is therefore the only one described here in detail. According to Bohr’s theory,
when the energy transferred to target electrons in the individual collisions is small compared to
the width of the energy loss distribution, the energy distribution of the beam that has traversed a
medium is approximately Gaussian, as a consequence of the assumption that the number of
collisions is large and follows a Poisson distribution [2 — chapter 2]. The condition of a

Gaussian distribution can actually be formulated as follows [2 — chapter 2]:

N [atoms/cm?] = 2 x 10%° — 1.27
7 7,

2

1 <E[MeV/amu]>2
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where N; is the areal density of the target material Z, for projectile of Z; with energy E.

In the limit of high energy velocity, beyond the stopping maximum (see Figure 1.8, 1.9), the
energy loss is dominated by electronic excitations, as has been mentioned in the previous
paragraph. In this region straggling is almost independent of projectile velocity. In this Gaussian

region, Bohr derived the value for the standard deviation of the average energy loss fluctuation

(Bohr value 25 ), as follows [2 — chapter 2]:
N:[keV?] = 0.26Z2Z,N,[10*8atoms/cm?] 1.28

The FWHM of a Gaussian distribution (12-88% range of the error function) is wider that the
standard deviation Q (also denoted as o') of an energy distribution (range of 16-84%) by a
factor of 2(2In2)"*=2.355 [4].

For thick targets, where the energy loss inside the target exceeds 25%, the Gaussian
distribution fails [2 — chapter 2]. The applicability of Bohr’s treatment has been extended to
lower energies of light ions (Z;<Z,), in the vicinity of the maximum of the dE/dx curve and
below, by Lindhard and Shaff, by proposing a simple correction for ion velocities below

E[keV/amu]=75Z,, as follows [2 — chapter 2]:

02 0.5L(x), for E[keV /amu] < 75Z,
= 1.29
(5 1, for E[keV /amu] = 75Z,

with L(x) = 1.36x/? — 0.016x3/2

_ EfkeV/amu]
- 25Z,

Further studies and calculations have been performed for lower energies, in the non-Gaussian

region, concerning heavy ions and thick targets (a review of the corresponding references is
found in [2 — chapter 2]). These corrections are in general incorporated in the existing models
for straggling calculations, briefly described in the next paragraph together with the models

themselves.

' 6% is the variance of the energy distribution, the full width at half maximum (FWHM) is 2(21n2)”2c5 =2.355¢
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Concerning the straggling in mixtures and compounds, a similar treatment to that for energy
loss, with a linear additivity approach, was proposed by Chu [20] according to the Bohr model.
For a compound (or mixture) A,B, with atom density N**[atoms/cm’] and corresponding
elemental values N and Ny and also Q* and QP for the assumed straggling values in a layer of
thickness t, the straggling Q"" in this compound (or mixture) layer can be obtained from the

expression:

QAB 2 m QA 2 n QB 2
@) _m(@h?  n@”) 30
NABt Nyt Ngt

In the case of atomic concentrations: m +n = 1, then N4 = mN4E and NB = nN4B, the

assumption of additivity bears out, by obtaining the following:
(Q18)2 = (A% + (OF)? 1.31

Models used

Qualitative agreement for light ion experimental data with the predictions of Bohr [16],
Lindhard and Sharff [21], Bonderup and Hvelplund [22] and Chu [20] is generally observed [2 —
chapter 2]. The Chu + Yang’s theory, which is briefly described below, is actually considered to
be the most complete and is thus recommended to be used in the computer codes simulating
spectra. On the other hand [2 — chapter 2], binary collision approximation (BCA) calculations
involving Monte Carlo calculations, has developed into many well-established computer codes
such as SRIM [5] for the simulation of ion range distributions in material, based on transport
theory (motion of the ions inside the target during their slowing down to zero energy).

Chu’s theory takes deviations from Bohr straggling caused by the electron binding in the
target atoms into account, and Yang’s theory additionally incorporates charge state fluctuations
of the ions. More specifically, in Chu’s theory the Bohr straggling is modified by a correction
factor H [20, 17]:

cn = H(E/M1, Z5) Gpon” 132

For lower ion energies the Bohr straggling is multiplied by the Chu correction factor H(E/M|,
Z,), which depends only on E/M; and the nuclear charge of the target atoms Z,. Chu [20, 17] has
calculated H by using the Hartree-Fock-Slater charge distribution. This calculation gives

straggling values which are considerably lower than those given by Bohr’s theory. The Chu
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correction is mainly necessary for high Z, and low energies. For high energies H approaches 1
and becomes independent of Z, and energy. Charge state fluctuations of the ions result in an
additional straggling contribution, taken into account empirically by Yang et al [11]. Using the
effective charge and scaling approach for energy straggling and the Chu model and also
considering correlation effects and charge change effects, an empirical formula was obtained by
Yang fitting the data for heavier ion straggling. The total straggling, in Yang’s theory is thereby
expressed by [8]:

2 2 2
Oyang Och Ao
— 1,2 u
—— =y (Z1,Zv) 55—+ — 1.33
OBohr Bohr Ogonr

where 72(21, Z,, v) is the effective charge factor for ions in matter, v the ion velocity, and Ac® is

the additional straggling due to correlation effects.

1.1.3.3. Kinematic factor, Q-value

The stopping power and straggling in the target till the interaction depth define only the
corresponding projectile energy loss and beam energy spreading in the target up to the point of
the interaction and the same applies to the particles escaping from the target along the outward
path to the detector. Exactly at the interaction point though, the energy of the emitted particle E;
depends of course on the occurred reaction, as shown below.

When the beam particle of mass M; collides elastically with the target nucleus mass M, with
M;<M,, its energy decreases from E, to E;, depending on the scattering angle 6 and the masses,
as seen in Figure 1.11. The energy E; is thus designated to their ratio, the kinematic factor K,
according to the relation 1.34, originating from the kinematics of the reaction (conservation of

kinetic energy and momentum) [4].

M4 M, Ez

Ep .__-——-—"'"-_)-

TR

O Eq 8

M4

Figure 1.11: Kinematics of the elastic scattering schematically.
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2

[1-(M, /M,)*sin? 0] + (M, /M) cos 6

E,=K*E, with K=
1+(M, /M,)

1.34

In addition to the elastic scattering, which is characterized by the same types of particles in
the entrance and the exit channels of the occurred interaction and the conservation of kinetic
energy, other nuclear reactions can also take place when an accelerated beam impinges on the
target, as discussed above (1.1.1). The possibility for the reactions to occur is governed also by
conservations laws, the conservation of the number of nucleons, the electric charge, the energy,
the angular momentum and the conservation of parity. The energy released (in the form of
kinetic energy of the reaction products) in a nuclear reaction is called Q-value, originating
from the conservation of energy. It is exactly the difference between the rest mass energy of the
interacting particles (mass M; of the projectile and M, of the target nucleus) and the rest mass
energy of the particles produced in the reaction (mass Mj of the ejectile and My of the residual

nucleus), as given by the following equation:

Q = (Ml + MZ)CZ - (M3 + M4)C2 1.35

1.1.3.4. Mass and depth scale and resolution

As has already been pointed out, the purpose of spectrometry is to extract quantitative
information in depth on the elemental composition of the sample of interest and this can be done
by interpreting the acquired spectrum in terms of distributions of atoms in depth below the
surface. The particle energy loss in the target, the energy straggling, the cross section and the
kinematic factor consist mainly all the theoretical part of the analytical procedure, which
immediately leads to practical features in the process, namely the mass and depth scale and
resolution and the acquired yield. Focusing on the elastic scattering case of the possible
projectile-target nucleus interaction, these features can be easily described as follows in the next
paragraphs. In all other cases the situation is partly similar.

The kinematic factor K of the scattering, described in equation 1.34, depends only on the

ratio of the projectile to the target masses and on the scattering angle 6. The plot of K versus

M, /M, and 0 can be seen in Figure 1.12 [4] that follows. The equation for the kinematic factor

contains exactly the essence of how spectroscopy acquires its ability to sense the mass of a
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target atom, especially through the plot in Figure 1.12. Concerning multielemental targets,
which is mostly the case, the mass separation depends exactly on the signal separation in the
spectra, namely the detected particle energy separation. In the case that the target contains two
types of atoms that differ in their masses by a small amount AM,, it is important that this
difference produces as large change AE; as possible in the measured energy E; of the projectile
after the collision. As Figure 1.12 shows, a change of AM, (for fixed M;) gives the largest
change of K when 6=180° for all but the smallest values of M,. Therefore, 6=180° is the
preferred location for the detector to be placed. This is of course not possible, because the
detector would obstruct the path of the incident particles. The detector is thus preferably
positioned at some steep backward angle, such as at 170°. This arrangement is actually exactly
the reason for the particular method to be named backscattering spectrometry. The nuclear
techniques implementing backscattering spectrometry are analytically discussed in the following

section.

For a fixed scattering angle 0, the energy separation AE; is given by:

dK
AEl = EO <W> AMZ 136
2
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Figure 1.12: The kinematic factor K plotted as a function of the scattering angle 6 and the mass ratio

x~t = My/M; [4].
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For M, > M,, which is most often the case, this reduces to the following equation, in the

vicinity of 8 = 180°,i.e. 0 =T — § [4]:
AEl - E0(4_52)(M1/M22)AM2 1.37

If AE, is set equal to dE, the minimum energy separation that can be experimentally resolved,

then the mass resolution of the system 6M, is [2 — chapter 4]:

My = ———— 1.38

The quantity OE depends on the energy spread in the spectrum, as discussed above; it is a matter
of the detector resolution, the straggling, the beam energy profile (spread) and various geometric
effects [2 — chapter 2]. At the sample surface, the mass resolution is primarily determined by the
detector resolution, while for layers deep in the target straggling dominates. For fixed oE/E, as
indicated in Figure 1.13 [2 — chapter 4], dM, improves with increasing beam mass (M;). This
can however be deceptive, since JE frequently depends on the beam mass, mainly because of
the detector resolution for different ion species, which is in general worsening with increasing
beam mass. The critical choice of beam mass and beam energy plays therefore an important role

in the analytical procedure, as discussed further, along with other key factors, in the section 1.3.
Mass resolution conversion
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Figure 1.13: Plots of (dK/dM,)~! versus target mass M, for several analysis beams (ion mass M,) for

specified 0E/E, and backscattering angle at 180° [2 — chapter 4].
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Concerning the relation of the energy of the scattered particle to the depth x in the sample
where the scattering occurred, one obtains the following expressions [4] for the inward and the

outward paths of the particles, respectively, as sketched and explained in Figure 1.14.

1.39

X fE dE x E{ dE

= 77—  and = — T
cosf Eo 4B/ cos6; KE dE/

Figure 1.14: Backscattering events in in a sample (target) consisting of a monoisotopic element. The
angels 0, and 0, are positive regardless of the side they lie with respect to the normal of the sample. The

incident beam, the direction of detection and the sample normal are coplanar [4].

Assuming a constant value for dE/dx along the inward and outward path, one can calculate the
difference in energy AE at a detector of a particle scattered at the surface and one scattered at a
depth x, measured perpendicular to the sample surface for the inward and outward path. This
quantity, concerning a monoelemental target, is given as a function of x and the energy loss

factor [S] or the stopping cross section factor [¢], defined as follows [2 — chapter 4]:

AE = [S]x or AE =|[g]Nx 1.40
(5] = [K (dE) 1 N (dE) 1 ] 141
B dx/i, cos; \dx/,yu cos6, '
o] = [ LS ] 1.42
&= cos6, St cos6, Fout '

where K is the kinematic factor and 0; and 0, angles are defined by the experimental geometry,

shown in Figure 1.13.
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For multielemental samples the depth-energy relation must be calculated for each element
separately. In the case of a compound A,,B, target with molecular density N*® (molecules/cm”)
and corresponding K and & values, the total stopping cross section g is calculated using the
equation (1.22), where the following equation provides the relation for each element (the A for
example). The lower index refers to the scattering element and the upper one to the stopping
material.

It should be noted here that for the evaluation of the € values (eq. 1.42), the surface-energy
approximation is usually used for the incident scattering energy Ey (or the mean-energy
approximation, corresponding to the energy in the middle of the thickness of the target), at
which the g;, is evaluated for all elements, while for the &, values, one needs to take into
account the different energies after the scattering for each element (different K values) and

evaluate the €, values at each KE energy.

AE, = [¢]4BN4Bx 1.43
[€]48 = | K eiB ! + 4B A# 1.44
M cosf, "4 cos6,

An integral over the relevant energy values needs in any case to be determined for the
evaluation of either the energy loss or the stopping cross section factor, because of the existence
of energy-dependent parameters, as seen in the previous note.

The minimum detectable depth difference 0x, is of course related to minimum particle energy

difference oE and leading to the depth resolution concept, as follows:

o0x = — 1.45

The minimum OE value is already described above, concerning its effect to mass resolution.
Actually, there are significant similarities between depth and mass resolution, exactly because of
the huge effect of the energy spread of the particles in both cases. In the particular case of depth,
the depth resolution degrades with depth, since straggling simultaneously increases and
therefore a common practice is to quote depth resolution at the surface. A convenient

approximation is also to assume that all sources contributing to the energy spread are Gaussian
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and adding them in quadrature. Depth resolution can actually be improved by increasing the
energy loss [S], by tilting the sample normal relative to the incoming beam (increasing thus 0,
and/or 0,), thus increasing the path length to reach a given depth (measured perpendicular to the
surface). However, large tilts introduce additional energy broadening placing a limit to the

optimization of the resolution.
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1.1.3.5. Yield

The yield of the particles emitted from a given depth in the sample corresponds to the number of
detected particles (counts) in the acquired spectrum with respect to their energy (energy interval
— channel). The conversion of the detector signals into the spectrum is described in detail in the
next chapter (2.4).

The essence of depth profiling is exactly to relate the spectrum height H (or yield Y) to a slab
of material with thickness t and number of atoms per unit area Nt at depth x, that produces
particles detected in the energy interval §E, the energy width of a channel. Considering that the
produced elemental peaks are much wider than the energy resolution of the detecting system,
the height (counts/channel) for a single element peak near the surface of the target,
corresponding to detected particles with energy Ei, is given by equation 1.46 [4], illustrated

schematically in the Figure 1.15:

HE) =% 5 gyon—2F 1.46
(1)_E(’)Qm .

where is the areal density Nt contributing to one channel of the spectrum near the surface

E
[e(B)]
and E is the energy of the incident particle immediately before scattering. The stopping cross
section factor [¢(E)] is defined in equation 1.42 in the previous paragraph, concerning the
inward and outward paths. For the outward path, &, is evaluated at energy KE, taking into

account the kinematic factor K of the scattering.

ENERGY

Figure 1.15: Backscattering on a monoelemental target at a depth x and the resulting spectrum [4].
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The height of the two elemental peaks in a compound A, B, are given correspondingly by
the following relation concerning each element (the A for example), with the corresponding

stopping cross section factors described in equation 1.44:

HED = Y% & 9y0n—0F 1.47
Yran N [e(E)]4Bcos6, '

It should be noted here that the calculations for the spectrum height for scattering at deeper
layers of the target get more complicated, mainly because of the enhanced/increased energy loss

and straggling effects, or even because of geometrical reasons (broadening).
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1.2 Nuclear techniques

The nuclear techniques implementing Ion Beam Analysis (hence called IBA techniques), used
for the quantification and/or the depth profiling of elements in a sample, are based on the
already described interaction, occurring in the studied sample between the atoms or the nuclei of
its comprising elements and the accelerated ions (beam) bombarding it. While crossing the
material, the ions interact mostly with the electrons and rarely with the nuclei of the atoms of the
sample, resulting to their energy loss and possibly to changes in their direction and particle
and/or radiation emission (X-rays, y- rays). Every possible interaction of the incident beam
(projectile) with a nucleus in a sample (target), as sketched in Figure 1.16 that follows, leads to a
specific result which is characteristic of the procedure. Detecting the characteristic emitted
particle (ejectile), for example, one can identify the occurred interaction and then, following the
specific methodology based on the principles described in the previous sections, one can
eventually determine and quantify in depth the elements of interest in the sample. The
identification of the particles in all Ion Beam Analysis techniques is based on their characteristic

energy, which can in all cases be calculated, as described in 1.1.3.3.

Ejectile g .-

Erojectis

m 1
E kev

Figure 1.16: The interaction of the beam particles (projectile) with a target nuclei schematically.

The IBA techniques are divided in categories, depending on the studied interaction, namely
on the detection system used, as seen schematically in Figure 1.17. The choice of the method to
be used depends of course on the specific case study. A brief description of all the existing
techniques is given below for reasons of completeness, whereas a detailed analysis of the
methods used in the present dissertation (namely the RBS, EBS and NRA techniques) is

subsequently presented.
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RBS-EBS

=

PIGE

Figure 1.17: Schematic representation of the IBA nuclear techniques and the used setup, depending on

the studied interaction and the detected product.

Rutherford Backscattering Spectroscopy — RBS: Detecting the particles that have been
elastically scattered by the Coulomb potential of a nucleus of the target, meaning that the
Rutherford formula can be applied for this interaction, the technique is called Rutherford
Backscattering Spectroscopy. RBS is one of the mainly used techniques in Ion Beam Analysis

and is thus described in detail in the following section.

Elastic Backscattering Spectroscopy — EBS: In the case that the detected particles originate
from their elastic backscattering on the target nuclei, which does not follow the Rutherford’s
formula (depending on the energy of the projectile and the specific projectile/target
combination), the technique is called Elastic Backscattering Spectroscopy. This technique is
very similar to the RBS one; the one and only difference between the two techniques is that in
EBS, because of the additional interference of the nuclear potential and other mechanisms, the
elastic cross section of the scattering cannot be analytically calculated by any formula and needs

to be determined experimentally.

Nuclear Reaction Analysis — NRA: This technique involves the detection of the particles (b)
emitted via the nuclear reaction A(a,b)B occurring between the beam particles (a) and the

nucleus of interest (A). The main important feature of this method is the high energy of the
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detected particles in most cases, resulting from the Q-value of each nuclear reaction. This
characteristic high energy of the particles enables the study of light isotopes, which may not be

feasible with the use of other techniques.

Elastic Recoil Detection Analysis — ERDA: This technique is based on the A(a,a)A elastic
scattering, like the RBS technique, but detecting the recoil A nucleus at forward angles instead
of the scattered particle (ejectile a) at backward ones, as shown in Figure 1.17. It is mainly
implemented for the detection of light elements like 'H or “He, usually with a heavy ion beam

on the target.

Particle Induced Gamma Emission — PIGE: The method of detecting y — rays is based on the
deexcitation of the compound or the residual excited nucleus through the emission of y — rays
(e.g. (p,y) and (p,p’y) reactions respectively), which are usually recorded with the use of High-
purity Germanium (HPGe) detectors. The energy of the y-radiation corresponds to transitions of
the energy levels of the excited nucleus which are characteristic for every nucleus, thus enabling
its analysis. When strong and narrow resonances exist in a system, PIGE can be used for
accurate depth profiling by gradually changing the beam energy, thus “moving” the resonant
interaction deeper inside the target. It has to be noted here, that y — rays crossing the material
can only be absorbed, meaning that there is no energy loss while interacting with matter if no
absorption takes place. Their intensity is thus reduced and not their energy, which is always the

case when particles interact with matter.

Particle Induced X-Ray Emission — PIXE: This technique involves the detection of the X-rays
emitted from the target atoms, when outer shell electrons drop down to fill the inner shell
vacancies caused by the ionization of the atoms, when being bombarded with an ion beam.
However, only certain transitions are allowed. More specifically, each element has a unique X-
Ray “fingerprint”, a unique pattern consisting of a combination of K, L, and M X-Rays, due to
the variation in the atomic structure. No information can though be provided concerning the
depth profiling of the elemental distributions in the target, defining PIXE as the only non
profiling technique in Ion Beam Analysis. It is widely used however, usually along with RBS,

for the elemental analysis of samples.
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1.2.1 Rutherford Backscattering Spectroscopy (RBS)

The spectroscopy based on the elastic scattering of the beam particles (RBS and EBS methods)
is the most commonly used for the sample analysis. RBS’ detailed description is indeed
mandatory, since the EBS technique, being an extension of the RBS one, constitutes the main
part of this dissertation.

As has already been described in 1.1.2, Rutherford scattering occurs when the beam particles
are scattered by the Coulomb potential of the nuclei of the target, as seen schematically in

Figure 1.18 for an alpha particle impinging on the atom of interest.

iHe r/ &t\} #
| / /
Figure 1.18: Rutherford scattering of an alpha particle from the nucleus of interest.

The RBS method, applied in such scattering cases, typically concerns the analysis of heavy
nuclei (A>60), given that the ion beam by an accelerator is typically of a few MeV. Its
application is thus advantageous for the study of heavy elements on light substrates. With this
technique one can determine the stoichiometry and the profile of elements in depth, ranging
from a few nm to several pm below the surface. The term backscattering corresponds to the fact
that for standard applications the studied samples are thick and the incident particles have
typically not enough energy to run through the sample, enabling only backward scattering to be
studied. Moreover, backscattering at steep backward angles anyway enhances the mass
resolution, as described in 1.1.3.4.

All the physical concepts and phenomena entering into spectroscopy are described in the
previous section (1.1.3), concerning the calculations for the analysis, whereas the Rutherford
formula for the cross-section determination in RBS is described in the scattering theory in

section 1.1.2. More specifically, the implementation of the RBS technique lies mainly in the
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exact study of the acquired yield, which is the result of all the processes occurring in the target
before, during and after the scattering, including the energy loss and the straggling phenomena.
The identification of the scattered particles in the acquired spectrum is rather trivial in most
cases, because of their characteristic energy, which is a priori known and expected owing to the
kinematic factor K, with minor corrections, concerning the target composition and the energy
loss before and after the scattering heading towards the detector. The depth profiling of an
element of interest lies exactly in the study of the energy distribution of the detected particles,
translating their energy to the scattering depth. The energy of the detected particles at an angle 0
(where the detector is placed) have actually a range of AE owing to the distribution of the nuclei
causing the studied scattering, namely to the distribution of the element of interest, as shown in
Figure 1.19 for the particular example.

As represented in this Figure, the particles reaching the detector induce signals which are
electronically processed (as described in section 2.4) and are finally recorded in a spectrum (last
image in the figure) according to their energy. The particles that are scattered from the heavy
nuclei on the surface of the target (1”) do not lose energy before being scattered, since they do
not travel through the material at all. Their energy gets consequently the maximum possible
value, as calculated from the kinematics and these particles are thus recorded in the right part of
the spectrum (at the highest energy values). When the scattering takes place deeper inside the
target with terminal point the end of it (2 and 2”), the detected particles lose different amounts of
energy, while crossing the material, depending on the depth of the interaction.

ion beam sample
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3 il / Mo,
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Figure 1.19: Schematics of the detection of the scattered beam particles from a heavy (in red) and a
light (in green) element of the same thickness, constituting the target (sample).
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Therefore, one gets a distribution of particles (counts) in the acquired spectrum within the
energy range AE,, depending on the total thickness of the target (assuming in this particular
case, as shown in the sketch, that the target contains both of its comprising elements across its
whole thickness (not in layers) and that the target thickness is such, that the particles can cross it
and head backwards to the detector). The same illustration applies to the scattering from the
lighter element (3"and 4" in Figure 1.19), from which the particles are scattered with less energy,
owing to the kinematics. The energy after the scattering is decreasing with decreasing mass
number M,.

It should be noted here that in the case of thicker heavy element or of smaller difference in
masses (smaller AM) of the elements in the mentioned example, there would be an overlap in
the curves in the spectra forming steps, depending also on the beam energy (see equations in

1.1.3 (4) section). This, however, would hinder the analysis only in extreme cases.

It has already been pointed out that the calculations for the RBS analysis (and actually for all
IBA studies) are based exactly on the acquired yield. Its description is seen in the following
relation, as has already been defined in section 1.1.3 along with the corresponding principles

concerning all the involved physical phenomena.

HeE) = Y8 (£ )00 —°F 1.48
(1)—E(J)Q m .

This equation shows that the acquired spectrum, excluding the special low energetic part for
reasons that are about to be clear in the next paragraphs, mainly represents the product of the
differential cross section variation with energy, along with the stopping power. The contribution
of the energy straggling effect, the resolution of the detector and the ripple of the machine to the
spectrum height is not depicted in this particular basic relation but is certainly taken into account

in the models used for the numerical analysis (see 1.1.3.2).

In the special case of a very thin element of interest (thin film on a substrate for example),
namely with thickness of a few keV (in terms of the energy loss of the incident particles), the
following simpler equation can be used instead, depending however on the desired accuracy.
This procedure gives satisfactory results for the studied atomic areal density Ny, but its reliability

depends of course on the thickness of the film, in terms of the energy E used for the calculation.
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The energy of the incident particles before the scattering can be assumed to have either the
surface energy value, where no energy loss is taken into account, or an intermediate value in the

film (surface energy approximation or mean energy approximation, respectively [4]).

Nt
cos0,

dO-R
H(ED = =4 (E,0)Q0 1.49

In the opposite case of a target of infinite thickness (e.g. on substrate), meaning that the beam
particles lose all their energy and stop inside it, the spectrum would be extended from the
maximum energy after the scattering , corresponding to scattering on the surface of the targets,
down to zero energy. This corresponds to the particles travelling the longest possible path in the
sample before scattering, having though the needed amount of energy to cross it back (double
energy loss) to reach the detector with minimal energy. For instance, if one has a uniform and
infinitely thick target of gold and a proton beam of 2 MeV on it, which is a case of purely
Rutherford scattering, the acquired spectrum  would have a shape similar to the one illustrated

in Figure 1.20.
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Figure 1.20: Spectrum of protons scattered from a uniform Au target at 170° for beam charge QQ of
1012(particles*sr).

The spectrum reveals the characteristic increase of the differential cross section with the
decreasing energy of protons being scattered on the surface and deeper in the target (looking at

the spectrum from the right to the left side). One can also notice the additional increase of the
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scattered protons with very low energy, originating not only by the straggling effect, but also by
the plural scattering in the target, denoting events which originate from multiple (usually
double) large-angle scattering, resulting to low energy signals registered by the detector. At
energies close to zero a decrease is observed in the yield owing to the same effect of plural
scattering, combined with lateral straggling, which yields to a reduction in the number of

backscattered beam particles that fall within the solid angle subtended by the detector.

An application of the RBS technique to thin film analysis is illustrated in the following
Figure 1.21 [2 — chapter 4] for the general and ideal case of Rutherford scattering on a two-
element A,,B, thin film of uniform composition on a lower-mass substrate showing all the

previously mentioned features of the acquired spectra.
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Figure 1.21: Experimental geometry (top) and the backscattering spectrum (bottom) for a two-element

AB, thin film of uniform composition on a lower-mass substrate [2 — chapter 4].
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1.2.2 Elastic Backscattering Spectroscopy (EBS)

When the scattering of the ion beam from the target nuclei is not purely Rutherford, as analyzed
in scattering theory (section 1.1.2), the situation gets more complicated. It became however
evident that the interference of the Coulomb potential with the nuclear one and the occurred
compound reaction mechanism strongly affect the elastic differential cross section, depending
mostly on the beam energy and the target composition (light or heavy nuclei).

In such cases, the methodology is called Elastic Backscattering Spectroscopy in general and
is actually very similar to the RBS one. The only difference between the two is that, since the
scattering is not described by the Rutherford formula, the differential cross sections, being
composed of the Coulomb, the potential and the resonant scattering, as described in 1.1.2, need
to be experimentally determined for every projectile-nucleus system. This has already been done
for many reactions in the past (and this procedure is still in progress) and in specific cases, cross
sections can be theoretically calculated (evaluated), given that there has been a thorough (as
possible) experimental study of the specific reaction. The applicability of EBS is thus limited by
the experimental studies and the theoretical evaluations based on them, as described in detail in
the following sections. The existing determined differential cross sections are available to the
scientific community through the IBANDL database [23], which is part of the EXFOR [24]
general one and SigmaCalc [25].

The EBS analytical calculations for the quantification and/or depth profile of the element of
interest in a sample are correspondingly based on the same relation (1.48) describing the

scattering through the spectrum height H, as follows:

HE) = 22 (5, 0000 —F
( 1)_E( ,6)Q [¢(E)]cosb,

An example of RBS and EBS spectra for the same accumulated charge on the target, is
illustrated in the following Figures 1.22, concerning the backscattering of alphas from a Fe;O4
film on a Fe substrate, clearly presenting the resonant structure of the alpha scattering on
oxygen. The enhanced O peak in the right spectrum is due to the strong resonance in the

16O(p,p) cross section at ~3.04 MeV.
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Figure 1.22: The 2 MeV Rutherford backscattering of alphas from a Fe;O, film on a Fe substrate, along
with the 3.043 MeV non Rutherford backscattering spectrum for the same accumulated charge
(simulations).

The Elastic Backscattering Spectroscopy (EBS), being an extension of the RBS one, is
generally preferable in most applications for the determination of the concentration profile of
light elements, due to its superior depth resolution resulting from the enhanced stopping power
of the outgoing particles, for the same analyzing depth. Moreover, it is usually performed in the
same experimental setup (as the RBS one), with minimal changes in the experimental
conditions. Actually, among all IBA techniques, EBS and NRA (as discussed below) are the
most widely used methods, due to their high analytical power for accurate and also simultaneous
determination of several light element concentrations in complex samples.

EBS is often used along with RBS for the parallel study of an element from which the
scattering is purely Rutherford (e.g. on heavy element). The aim of this simultaneously study, as
seen in the following section, is the determination of the (QQ) factor. This technique of relative
measurements, with respect to the Rutherford scattering on a heavy element, is widely used in
the present work in the cross section determination and the benchmarking procedure, as seen in

the following chapters.
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1.2.3 Nuclear Reaction Analysis (NRA)

In the case of complex matrices or of isotope study, the Nuclear Reaction Analysis is usually
implemented due to the favorable (positive) Q-value of a selected nuclear reaction A(a,b)B
occurring when the ion beam hits the target. The detection of the ejectile b at the expected high
energy is usually almost background free, meaning that no interference of the spectra peaks is
usually present. The determination however of the corresponding reaction differential cross
section is again a challenging task, requiring experimental studies. This method, as all IBA
methods, is based on the relation describing the spectrum height (1.48), where the energy loss in
the material enables again the depth profiling of the isotope of interest as previously described.

The most important NRA advantages are its high isotopic selectivity, its enhanced sensitivity
for many abundant stable nuclides, the capability of least-destructive depth profiling, and the
possibility of simultaneous analysis of more than one light element in near-surface layers of
materials. Moreover, when deuterium is used as probing beam, important advantages for d-NRA
studies emerge, due to: (a) the simultaneous excitation of most light elements (e.g. B, O, N, C,
F, Al, Mg and S) usually co-existing in complex matrices, either in high concentrations or as
impurities (which can unfortunately also cause some background interferences in certain cases
due to peak overlaps), and (b) the enhanced sensitivity and accuracy, mainly due to the generally
large differential cross-sections of the deuteron-induced nuclear reactions. It has to be noted
though, that when d-NRA is implemented, radiation safety precautions are mandatory due to the
emitted neutrons originating from (d,n) reactions on the target elements and the structural
materials in the path of deuterons, and from the deuteron breakup (for deuteron beam energies
higher than 2.2 MeV). This problem, however, is not critical, for low energies and beam
currents of the order of nA typically used in NRA studies. The main problem that has actually
hindered the wide implementation of NRA in depth profiling studies in the past is the fact that
existing NRA differential cross-section datasets in literature (IBANDL [23] and EXFOR [24]
databases) are usually not abundant, being also often quite discrepant.

An example of the successful NRA implementation over the EBS one is presented in Figure
1.24, concerning a gold sample with carbon traces on top, comparing the spectrum using the
resonant '*C(p,p) elastic scattering at 1750 keV on the left and the one using the “C(d,po)
reaction at 1200 keV (right figure).
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Figure 1.24: EBS spectrum in the resonant region of the *C(p,p) elastic scattering (left) comparing to
the NRA spectrum of the '*C(d,p) reaction (right) on a gold target with carbon traces on top for the same
accumulated charge.

It should be mentioned here that the NRA method is often implemented along with the EBS
and/or the RBS one, in order to obtain the most accurate results by combining the advantages of

these techniques and/or by decreasing the uncertainties by the simultaneous combined analysis.
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1.3 Implementation of the techniques

The implementation of the IBA techniques relies on the study and the analysis of the specific
nuclear reaction(s) occurring in the sample of interest, while being bombarded with an ion
beam, depending on the technique used. It certainly requires the use of the appropriate
accelerated beam to impinge on the sample-target and the suitable experimental set up,
consisting of the detector placed at the selected scattering angle and the corresponding
electronics, as described in the following chapter. It has already been pointed out that, provided
that the beam interaction with the target can in principle be monitored and studied in terms of
the acquired spectrum, one