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Abstract

The comprehensive understanding of the interaction between plasma and plasma-facing materials
constitutes a critical issue for the safe operation of fusion devices and the prediction of the life
time of the inner wall of fusion machines. The most important mechanisms that are caused by the
plasma-material interaction are the surface erosion, the fuel retention and the migration and
deposition of impurities on the plasma facing surfaces (PFSs) and the castellation sides of the first
wall. Until 2009 the Joint European Torus (JET) tokamak operated with carbon as plasma facing
material where high fuel retention was observed. So the period 2009-2011, the JET tokamak was
transformed from a carbon to a full metal wall machine with beryllium in the main chamber and
tungsten in the divertor (ITER-like wall), in order to investigate the results of the interaction
between the plasma and the plasma facing components (PFCs) for the next generation fusion
device, ITER. After the new wall installation, three D — D experimental campaigns were carried.

In this work, the phenomena of material migration and deposition, fuel retention and surface
erosion in samples from a) beryllium limiters and inner wall cladding (IWC) of the main chamber
and b) tungsten lamellae from the divertor were investigated. The methodology was based on
nuclear reaction analysis (NRA) and particle-induced X-ray emission (PIXE) employing deuteron
and 3He ions, using milli- or micro-beams, X-ray fluorescence spectroscopy (XRF), scanning electron
microscopy (SEM) with X-ray energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD).
Additionally, in order to obtain reliable quantitative results from the NRA measurements, the
differential cross sections of the deuteron on beryllium reactions were measured for suitable
angles and energies. The experiments were carried out at the Institute of Nuclear & Radiological
Sciences and Technology, Energy & Safety (INRASTES), the Institute of Nuclear and Particle Physics
(INPP) and the Institute of Nanoscience and Nanotechnology (INN) of NCSR “Demokritos” and at
the Laboratory for lon Beam Interaction (LIBI) of the Ruder Boskovi¢ Institute (RBI) in Croatia.

The cross sections of the °Be(d,po)'°Be, °Be(d,p1)'°Be, °Be(d,ao)’Li and °Be(d,a:)’Li in the energy
range Ep = 0.75 — 2.2 MeV with the non-constant energy step up to 1 MeV and then with a step
of 20 keV were measured. The detection angles were 120°, 140°, 150°, 160° and 170° with respect
to the beam direction. The thickness of the target was determined with proton and oxygen beams.
The benchmarking using a bulk beryllium sample coated with a thin gold layer shows that the cross
sections of the current work simulate the experimental spectra with deviation no more than 10%.

The samples from the beryllium limiter marker tiles from the main chamber have a nickel
interlayer between the top beryllium layer and the bulk beryllium. The aim of this interlayer is to
assess the erosion of the samples. Apart from the erosion, the emphasis of the investigation was
put on carbon deposition and fuel (deuterium) retention. Specifically, the carbon and deuterium
amounts and spatial distribution and their correlation were investigated both on the PFSs and the
castellation sides. For the quantification of the carbon amount and its spatial distribution the NRA
technique employing deuteron milli- and micro-beam was used. The reaction for the carbon
content determination was '>C(d,po)'3C. On the other hand, for the deuterium retention a 3He
micro-beam was used as the most appropriate reaction to detect deuterium is 2H(3He,po)*He. It
was found that the carbon and deuterium amounts on the castellation sides are higher than those
on the PFS. Furthermore, both the carbon and the deuterium amounts on the investigated
castellation sides either stay constant or reduces with the depth from the edge of the PFS. The
carbon amount is, in general, higher than the deuterium one. No systematic correlation between
the carbon and the deuterium amounts have been observed. Moreover, the surface morphology,
the erosion, the nickel (marker layer or deposition) distribution, the heavier material deposition,
and the new compound formation were determined. Areas with melted surface, with intensive
deposition, areas suffered enhanced erosion and others with mild or partial erosion were



observed. The areas with intensive deposition present the higher carbon amount. On the other
hand, the areas with enhanced erosion have the lowest carbon deposition. Nickel is the only
element with inhomogeneous spatial distribution originating either from deposition or the marker
interlayer. On the castellation sides areas rich in aluminium, chlorine, calcium, molybdenum and
tungsten were detected. BeNi is formed on most surfaces.

The carbon and oxygen amount as well as their depth profile were determined on the PFS of the
inner wall cladding (IWC) and the dump plate (DP) of the main chamber. Additionally, the
morphology, the heavier elemental distribution and the new compound formation were
investigated. Generally, high carbon content is accompanied with high oxygen. The samples from
the IWC have the highest carbon and oxygen content and their surface morphology seems
unchanged after the plasma exposure. The samples of the ILWG1-3 3A8 from the DP have suffered
melting. On the surfaces of the samples from the ILW3 2B2C from the DP oriented strips have been
formed.

Samples from W lamellae of tile 5 from the divertor were studied in order to determine the light
elemental deposition and the corresponding depth profiles. Two of the investigated lamellae
consist of a molybdenum interlayer between top tungsten and bulk tungsten in order to assess the
surface erosion. The results were correlated with the strike point time. Additionally, the areas with
different phases, the change of the surface morphology and compound formation after the plasma
exposure were determined. The amount of the deposited beryllium and carbon increases with the
strike point time. Beryllium deposition increases from the first to the second campaign and from
the second to the third campaign. Carbon deposition decreases from the first to the second
campaign but increases from the second to the third campaign, while there is no pattern for the
oxygen amount. Furthermore, the carbon and beryllium concentrations are reduced with depth in
a similar way for each sample, either abruptly or smoothly. The as-fabricated W lamellae installed
in JET are characterized by a network of micro-cracks on the surface. After plasma exposure the
morphology of their surface shows mild or strong plasma surface interaction. The density and the
width of the micro-cracks were affected in the lamellae from the stack C and after the second
campaign. Plenty of heavy elements were detected, on deposition areas of all the samples. The
marker lamellae have been eroded up to 6 um maximum, which is considered as mild erosion.



MepiAnyn

H katavonon tng aAAnAemidpaong METOEU TTAACHATOG KOl TWV UALKWV TIOU €PXETOL OE emaodn
amoteAel kaiplo {ATtnUa ya tTnv acdaln Asttoupyia Twv avtidpaotnpwv ouvVINéNg Kal Tnv
TPOPBAeYN ToU XpOvou {wNG TWV ECWTEPLKWY TOLHLATWY TOUG. TO TILO ONAVTLKO ATTOTEAECLLOTA TTOU
npokaAoLuvTal arod tnv aAnAenidpacn MAACUOTOG — UALKWVY TOU TOLXWHOTOG glval n Stafpwon
NG €MLPAVELONG, N KOTAKPATNGN KAUGOLMOU, KAl N petadopd Kal evamobeon tou UALKOU Tou
SLaBpwbnke o AAAEC eTLDAVELEG TOU TOLXWHOTOG. MExpL To 2019 To JET TOKAOK AELTOUPYOUOE
LE TOLYWHATO AvOpaKa, OTIOU IopatnEROnKaV LEYAAEG TTOOOTNTEG KOTOKPAOTNONG KAUGLUOU. MNa
10 AOYO auTO TNV mepiodo 2009-2011, ta toywpata tou JET TOKOUOK HETATPATINKAV GE QLY WG
HeTOAKA kaBwg tomoBetnBnke BnpuAAio (Be) otov kupiwg BaAapo kat BoAdpapio (W) otov
eKTPOMEQ. Ta HETOAALKA TolywHata Be kat W Ba xpnotponolnBouv otov avtldpaotripa ocuvtnéng
ITER, tou elval uTo kataokeun otn FaAALa, Kol yla to Adyo autd ovopaaotnkayv ITER-like wall. Meta
TNV EYKATOOTAON TOU VEOU TOWWHOTOG oTto JET TOKQUOK TPELG TELPAUOTIKEG KOUTAVLEG
avtidpaong deutepiou-6eutepiou ENafav xwpa.

21N CUYKEKPLUEVN epyacia, epeuvnBnkav ta dpawvopeva tng Hetadopag kat evamobeong UALKoU,
NG KATOKPATNONG KOWGOLOU Kal Tng emdavelakng dtafpwong oe deiypata Bnpuliiou amo a)
limiters kat B) inner wall cladding tou kupiwg Baldpou kat y) o Seiypata BoAdpapiov amo ta
lamellae tou ektpoméa. OL MEPAUATIKEG TEXVIKEG TIOU Xpnolgomolndnkav elval n avaiuon
nupnvikwy avtdpacewv (NRA), n mpokaAoluevn and cwpatibia exkmoumnn aktivwv X (PIXE)
XPNOLUOTIOLWVTAC LOvTa Ssutepiou kat 3He, pil- kat pikpo-6éopng, dacuatookonia pOoplopol
aktivwv X (XRF), nAektpovikn Hikpookoria cdpwong (SEM) pe daopatookomia eVEPYELOKAG
Slaomopag aktivwv X (EDS) kat mepiBAaon aktivwv X (XRD). EmumA€ov yla va €(oupe aglomiota
TLOOOTLKA ATMOTEAECLATA OTNV OVAAUGT TIUPNVLKWV OVTLOPACEWVY, oL SLadOpPLKES EVEPYEG SLATOUES
Twv avTdpadcewv tou Seutepiou pe to BNPUAALO LETPAONKAY OE YWVIEG KL EVEPYELEC KATAAANAEC
Yl T OUYKEKPLPUEVN TEXVIKN. OL LETPAOELC Ipaypatonow|nkav oto lvotitouto Mupnvikwy &
Padlohoyikwv Emotnuwv & Texvoloyiag, Evépyelag & Aodalewag (IMPETEA), oto Ivotitouto
Mupnvikng kot Zwpatibiakng Quotkig (INZP) kot oto Ivottolto NaAVOEMIOTAUNG  Kal
Navotexvoloyiag (INN) tou EKEDE «Anuokpttoc» kabwg kat lvotitouto Ruder Boskovi¢ otn
Kpoaria.

H Sladopikl evepydg Slatoun twv aviibpdoswv: °Be(d,po)'°Be, °Be(d,p1)!°Be, °Be(d,ao)’Li kat
9Be(d,a1)’Li petpriBnkav oto evepyslako eUpog Enp = 0.75 — 2.2 MeV, €xovtac petaBallopevo
BrAua péxpt to 1 MeV evw otn cuvéxela to Bripa Atav 20 keV. Ol ywvieg avixveuong ntav 1200,
140°, 150°, 160° and 170° ot oxéon pe tnv StevBuvon tng 6éoung. To MAXOC TOU OTOXOU
npooblopiotnke e O€0pEG TPwWTOVioU Kal ofuyovou. H ouykpltikn afloAoynon Ttwv
OTTOTEAECUATWY XPNOLUOTIOLWVTAG €va TtaxV Seiypata BnpuAAiou eMIKAAUUUEVO e €va AEmTO
oTpWHO XpuooU £6el€e OTL oL OLOPOPLKEG eVEPYEG OLOTOUEG TNC OUYKEKPLUEVNG Epyoaoiag
T{POGOUOLWVOUV TA TELPAUOTIKA GAcHATA LE ATTOKALON ULKpOTEPN TOU 10%.

Ta Seiypata Bnpuliiou amo ta limiter marker tiles tou kupiwg BoAdpou amotedovvral anod éva
interlayer vikeAlou MeTAU TOU emudpavelokoU oOTpwHATOG BnpuAliou KkalL Tou umoAouTou
Selypoatog. O okomdg tou interlayer sival va ipocdloplaBsei n StaBpwon twv Setypdtwv. Ektoc and
™ SaBpwon, éudaon §60nke otnv evamobeon tou AvOpaKa Kol TV KATOKPATNON KOUGIHOoU
(6eutepiou). Tuykekpluéva, ol TooOTNTEG AvOpaKa Kal Seutepiou, N XWPLKA KATAVOUN TOUG KL N
OUOXETLON TOUG gpeuvhBnkav Téco ot enudpavela 600 Kal ot eAeVBepeg MAgUpEG (castellation
sides). Mo TNV MOCOTIKOMOINGN TOU AVOBPAKA KOl TOV TIPOGSLOPLOUO TNG XWPLKNAG KATOVOUNG TOU
XPNOLUOTOLNONKE N OVAAUCH TWUPNVIKWV OVTIOPACEWY HE XPAON HWAL- KOl MLKPO-8£0UNG
Seutepiou, avalbovtag tnv avtidpaon 2C(d,po)*3C. MNa tov nMpoobloplopd TG KATAKPATNONG
Seutepiou emAéXBNKe N xprion Hikpo-8éoung 3He kabwg n avtibpaon 2H(3He,po)*He Bewpeital n



TA£0V KATAAANAN. Bp£Bnke OTL oL moodtnTeg avBpaka Kal Seutepiou oTIC eEAeVBepPeG MAEUPEG TTOU
gpeuvnONKaV £lTe MOPAUEVOUV OTABOEPEG E(TE LELWVOVTOL CUVAPTIOEL TOU BABouG amo TNV akun
NG eMPAVELAG. MEVIKA N TooOTNTA Tou AvBpaka eivatl uPnAotepn amnod ekeivn Tou deutepiou, Evw
Sev napouotaletal cuoxETon MeTaf TNG evamoBeong avOpaka Kal TnG Katakpatnong Seutepiou.
ErwutAgov, epeuvnBnkav n popdoloyia tng emipavelag, n SABpwaon, N XWPELKH KOTAVOUR TOU
VikeAlou (Tou mpoépyetal eite amnod to interlayer lte anod tnv evanobeon tou), n evanobeon Twv
UTTOAOUWV OTOLXELWV TIOU OVIXVEUTNKOV Kal N Snuioupyla XNUKWVY evwoswyv. Mapatnpndnkov
TLEPLOXEC UE TNYUEVN eLdAVELQ, LE EVTOVN eVOODEon, TIEPLOXEC TTOU UTECTNOOV €VTOVH, AT 1)
HEePLKN) SLaBpwaon. OLTEPLOXEG UE EVIOXUMEVN evamoBeon mapouoialouv eniong uPnin moootnta
avBbpaka, avtiBeta mepLoxEC e Eviovn SLaBpwan £Xouv TNV XapunAotepn evanobeon avBpoaka. To
VIKEALO €lvOll TO HOVO OTOLXELO LIE OIVOUOLOYEVA XWPLKN KOTOVOWN OTnV emidAveLld, TO omoio
TIPOEPXETOAL ELTE ATTO TNV EVATIOOEDH £lTe amo Tnv avaduon tou interlayer vikeAiou otnv emupavela
Aoyw SLaPpwong twv avwbev OTPWHATWVY. ITIC eAeUBepeg MAEUPEG AVIXVEUTNKOV TIEPLOXEC
TAOUGLEG O QAOUIVLIO, YAwpLlo, acBEaTio, LoAuBdEvio kal BoAdpauto. H kpuotaAAikn ¢acn BeNi
SnuoupynBdnke oTNV ETULPAVELN TWV TEPLOCOTEPWVY SELYLATWV.

H mocotnta tou avBpaka Kal Tou 0fuyovou Kabwe Kol N CUYKEVTPWON TOUG CUVAPTHOEL TOU
BaBoug mpoaodlopiobnke otnv emipavela twv inner wall cladding (IWC) kat the dump plate (DP)
ToU KUPLwG BaAdpou. EmumpooBetwg, epeuvnOnkav n popdoioyia, oL eMLPAVELES e SLAPOPETIKEG
daoelg kat n dnuioupyla XNUIKWV gvwaoewyv. Tevikd, n uPnAr TEPLEKTIKOTNTA O AvBpaka
ouvodevletal pe uPnAo ofuyodvo. Ta deiypata amo to IWC €xouv tn UeyoAUTEPN CUYKEVTPWON
avBpoka Kal ofuyovou Kol oL TeploxéG toug dalvovtal avalloiwteg amd tnv emibpacn tou
mAdopatog. Ta delypata tou ILWG1-3 3A8 and to DP €xouv umootel ThEN. ZTIg eMPAVELEG TWV
Selypatwy tou ILW3 2B2C amo to DP €xouv oxnUATIOTEL TPOCAVATOALCUEVEG AwpLBEC.

Asiypata BoAdpapiov amo ta lamellae tou tile 5 tou extponéa peAetnOnkav wote va Kaboplotel
n evamnobeon eAadpwv oTolElwV Kat n avtiotolyn LETABOAN TNG CUYKEVTPWONG CUVOPTHOEL TOU
BaBoug. Auo amnd ta lamellae mou epeuvnBnkav €xouv éva interlayer poAuBdeviou petafy tou
erudpavelakol BoAdpapiou Kol Tou UTTOAOLTOU SELyUATOC ETOL WOTE Va Poadloplotel n SlaBpwon
Mg empavelag twyv Selypdatwyv. Ta amoteAéopata cuoxetiotnkav pe to strike point time.
EruutAéov, mpooblopioBnke n evandBeon Bapltepwy oTtolXeiwv, N HeTaBoAn tng popdoioyiag Ttng
erudpavelag kat n dnuoupyio XNUIKWY EVWOEWV UETA TNV €kBeon oto mAdoua. Mapatnpnénke n
avuénon tng moodTnTag Tou avBpaka Kol Tou BnpuAAiou pe Tnv avgnon tou strike point time.
Eniong, n evamoBeon tou PnpuMiou aufdvetal amd tnv mpwtn otn SeUTEPN TELPAMATIKN
Kapravia kabwg Kat and t devtepn otny tpitn. H evanobeon tou avOpoKa PELWVETAL OO TNV
mPWTN otn &eUTEPN TELPOUATIK KAUMAVIO VW aufdvetal amod tnv deltepn otnv tpltn. H
noootnTa tou ofuydvou &gv okoAouBel ouyKeKkpLUEVn oupmepldpopd ot SLadOPETIKES
TLELPAUOTIKES KAUTIAVLEG. EMUTA£0V, OL CUYKEVTPWOELG TOU AvBpaka Kot tou BnpuAAiou petwvovtot
OUVOPTHOEL TOU BABOUG LLE TTOPOUOLO TPOTIO, Eite amotoua eite opald. H emipavela twv lamellae
BoAdpapiou mplv TNV €kBeon oto MAGopA xapaktnpiletal and éva Siktuo PIKpopwyHwy. Meta
v €kBeon oto MAdopa n popdoloyia tng emipavelag mapouotdlel nria f évtovn oAAnAemniSpaon
mAQopatog — emidpAvelag. H muKvOTNTA KOL TO TIAXOC TWV HKPOPWYHWV £XOUV EMNPEAOCTEL oTA
Selypota amd to stack C petd tn Segltepn melpapatiky Kapmavia. MAnBwpa otolyeiwv
QVIXVEUTNKAV OTLG TEPLOXEG evamoBeong. Ta marker lamellae 6ev €xouv umootel dlaBpwon
peyaAUTEPN TwV 6 UM, n omola Bewpeital Amia dtaBpwan.



Abbreviations

BSE Backscattered Electron

DP Dump Plate

EDS Energy Dispersive Spectroscopy
HFGC High Filed Gap Closure

IBA lon Beam Analysis

ILW ITER-like Wall

ITER International Thermonuclear Experimental Reactor
IWC Inner Wall Cladding

IWGL Inner Wall Guard Limiter

JET Joint European Torus

LHD Large Helical Device

NIFS National Institute for Fusion Science
NIST National Institute of Standards and Technology
NRA Nuclear Reaction Analysis

OPL Outer Poloidal Limiter

PFC Plasma Facing Component

PFM Plasma Facing Material

PFS Plasma Facing Surface

PIXE Particle-Induce X-ray Emission

SDD Silicon Drift Detector

SE Secondary Electron

SEM Scanning Electron Microscopy

SOL scrape-off layer

TDS Thermal Desorption Spectroscopy
XRD X-ray Diffraction

XRF X-ray Fluorescence Spectroscopy




Chapter 1: Introduction

Searching for clear and safe energy is an issue of concern for many decades. Nowadays, the
necessity of new, more efficient sources of energy is mandatory, as the population is rapidly
increasing and the technology requires more and more energy consumption. The sources of
energy that we already use can hardly cover our needs and most of them have some serious
drawbacks. Fossil fuels are the most widespread sources that are nowadays used. Specifically, the
34% of the total energy is taken by burning oil, the 27% by coal and the 25% by natural gas. The
problem with these sources is the production of CO,. The CO; contributes to the greenhouse effect
which increases the temperature of the surface of the earth. Additionally, the fossil fuels are finite
and in the future we will face the problem of lack of resources. The nuclear energy which is already
used and contributes the 5% of the total energy is the fission of the heavy nuclei, namely the
uranium (%3°U) and the plutonium (?*°Pu). The drawbacks of this source are the long term
radioactive waste and how to manage them [1], the finite resources of the fuel and the probability
of an accident during the operation of a nuclear plant. The most promising source of energy that
we use nowadays is the renewable ones, namely solar, wind, water (hydro), biomass and
geothermal. In principle, which burden much less the environment but only the 12% of the total
energy origins from these sources, because of the low energy density, their unreliability (they are
strongly dependent on the weather condition), the difficulty to store the generated energy and
the lack of suitability to power urban industrial complexes.
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Figure 1: CO; emission for different sources of energy [2]. The yellow colour refers to the fuel
oriented emission, while the green to the rest operations. We note the fusion with red letters.

Fusion has the potential for offering clean, abundant and affordable energy. The fusion reaction is
environmentally friendly as it does not produce CO, and during the plant operation the CO;
production will be very low [3] (Figure 1). Furthermore, no long-term radioactive waste is
produced. Its fuel is cheap, inexhaustible (deuteron, proton) or can be produced (tritium). The plan
is to produce tritium in the breeding blanket, a part of the reactor which consists of Li, via the
reaction: n+ ‘Li » 3H 4+ *He. Moreover, fusion reaction has the highest energy density
(energy released per unit mass of the reactants) compared with the other sources, so less
quantities of fuels are needed. For example, 1 g of fusion fuel produces as much energy as 1t of



coal [4]. Additionally, fusion reaction is inherently safe, i.e. when the reaction is out of control, the
fusion reactor switches itself off. In conclusion, nuclear fusion is a clean and safe source which
offers huge amounts of energy with low cost fuels.

But what is nuclear fusion? Nuclear fusion is the reaction of two low Z nuclei producing one or
more different nuclei and subatomic particles (neutron or proton). As Figure 2 presents, the
binding energy per nucleon increases with the number of nucleons for elements lighter than iron
(except for helium which has an extremely high binding energy), so the difference between the
nuclear binding energy of the initial and the produced nuclei is offered to the latter ones as
kinematic energy.
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Figure 2: The binding energy per nucleon as a function of the number of the nucleons in the
nucleus [5].

The production of all elements lighter than iron is performed via nuclear fusion and as it is
exothermal reaction it can be used for energy production, however the candidate fusion reactions
for production of electricity are the following:



1. ?H+ %H — > ‘He +n Q-value = 17.6 MeV

SH+p Q-value = 4.03 MeV (50%)
2. °H+ °H
3He +n Q-value =3.27 MeV (50%)
2 3
3. "H+ "He __,  ‘peq4p Q-value = 18.3 MeV
4, °H+ °H —>  4He+2n Q-value = 17.6 MeV

5. 3He + 3He —»  “*He+2p

2 *He +p Q-value = 12.1 MeV (57%)
6. 3He + 3H
‘“He + ’H Q-value = 14.3 MeV (43%)
7.2H+ %Li —» 2 4pe Q-value = 17.6 MeV
8.p+ °Li — “He + 3He Q-value =4 MeV
9. *He+ °Li  —>» 2 *He+p Q-value = 16.9 MeV
10.p + B — 3 4ge Q-value = 8.7 MeV

The selected reaction for fusion energy production is the deuteron —tritium one (1). In this reaction
14.1 MeV neutron and 3.5 MeV helium nucleus are produced. The advantages of this reaction
against the others are: a) the high Q-value, b) the low Coulomb barrier, as only two protons
(positively charged particles) take place in this reaction and c) the high cross section at low particle
kinetic energies (Figure 3). The high Q-value offers high energy per event. On the other hand, the
low Coulomb barrier and the high cross section at low energies require low input power. The ratio
of the produced power to the input power, which is called Q factor, is a very important factor for
nuclear plants. This factor must be at least higher than one for an efficient plant and the aim is to
be maximized. The disadvantages of the chosen reaction are the neutron production and the
presence of the tritium. The neutron penetrates deeply in matter, is absorbed by the materials and
renders the components radioactive. The 80 percent of the produced energy is carried by neutrons
which are absorbed by the surrounding walls of the tokamak and their kinetic energy is transferred
to the walls as heat [6]. The neutron — material interaction causes structural damage (displacement
damage) and nuclear transmutation [7] and these interactions decrease the lifetime of the wall.
Moreover, the tritium is a radioactive hydrogen isotope, which transmutes via beta minus decay:

H - 3He+e™ +7, (t1/2 = 12.32 years)
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Figure 3: Cross sections of various fusion reaction as a function of the centre of mass [8]

Since 1939, when Hans Bethe presented the calculation of the proton — proton chain reaction in
the stars [9], we have the full knowledge of the nuclear fusion, however controlled thermonuclear
fusion for energy production has not been achieved yet. The reason is the special conditions that
are needed so that two positively charged nuclei come close enough to succeed the reaction. So,
in order to overcome the Coulomb barrier and reach the short range attractive strong nuclear force
(Figure 4), the nuclei should obtain high kinematic energy or in other words the fuel should reach
very high temperature. In the stellar core, where nuclear reaction takes place and is the inspiration
of the idea, the temperature and the pressure due to gravity is high enough to achieve the
reactions. For example, the temperature of the solar core is 1.5 x 107 K and the density 150 g/cm3
[10]. On earth, it is impossible to achieve this density in large scale so the temperature should be
much higher. For example, in order to have nuclei with kinetic energy of 40 keV we need a
temperature of 3 x 108 K, which is one order of magnitude higher than that of the solar core. In
this temperature the fuel is in plasma state and must be kept away from the wall of the reactor.
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Figure 4: The potential between two nuclei.

There are two approaches to confine the plasma: a) the inertial and b) the magnetic confinement.
In inertial confinement, powerful laser beams are used to compress and heat the fuel (micrograms
of deuterium and tritium) which is posed in a small spherical pellet [11]. In magnetic confinement,
taking advantage of the electromagnetic properties of the charged plasma particles, the plasma is
trapped away from the surrounding wall of the device in a specifically designed magnetic field. The
most successful way of trapping the plasma particles along the magnetic field lines has been
achieved by magnetic confinement fusion based on the tokamak concept. In the tokamak (Figure
5), the plasma is formed in the shape of a torus or a doughnut, through toroidal and poloidal
magnetic fields [8].
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Figure 5: The magnetic configuration in the tokamak [8]

Despite the presence of the magnetic field, some particles can still escape; thus interaction
between the plasma and the plasma facing materials (PFMs) takes place and affects both the
stability of the plasma and the lifetime of the surrounding wall. So, the most suitable combination
of elements or compounds for the first wall is now under investigation. The most favorable
elements to be used as PFMs are carbon [12], tungsten [13] and beryllium [14].

The Joint European Torus (JET) at the Culham Science Centre, the largest tokamak in the world,
until 2009 was operated with carbon as the main PFM (JET-C) [15]. Very high fuel inventories were
measured because the presence of carbon impurities is decisive for fuel retention by co-deposition
constituting the main mechanism for fuel inventory in carbon-wall machines [16]. This called for a
large-scale test of a metal wall. Besides the JET Tokamak was decided to be used as a test bed for
the next fusion device, the ITER, so the carbon first wall was replaced with the ITER — like wall
(ILW), namely beryllium in the main chamber and tungsten in the divertor [17, 18, 19]. Beryllium
is chosen due to the low Z which prevents the dilution of plasma and the power radiation loss, the
high thermal conductivity (~200 Wm™K?) and the low fuel retention comparing to the carbon [20]
which is crucial for the life time of the wall and the conservation of the fuel and constitutes the
main disadvantage of the carbon. Beryllium is also an oxygen getter which reduces oxygen
impurities and helps to keep the Ze (effective ionic charge, a quantity to assess the impurity
content of a fusion plasma) [21] in the vessel at accessible levels, while its disadvantage is the high
sputtering which is comparable to the carbon [22]. A detailed overview of the beryllium
investigation as PFC is presented in [23]. On the other hand, the advantages of the tungsten are
the high melting point (3695 K), low vapour pressure at melting point (1.3X107 Pa at melting
point), high thermal stress resistance, high thermal conductivity (170 Wm™K!) and low swelling
[24]. It also presents low erosion [22] and low fuel retention [20]. The main disadvantage of
tungsten is the high Z, so its impurities in the core of the plasma should be limited, while it has also
some other negative properties (recrystallization, high ductile to brittle transition temperature,
etc.) which are described in detail in [24]. The comparison regarding the lifetime of the wall
between the JET-ILW and the JET-C is presented by Roth et al [25].



Figure 6 presents an overview of the components of the ILW JET tokamak first wall. The Inner Wall
Cladding (IWC) tiles (light blue) consists of a beryllium layer with nominal thickness of 7-9 um [26]
coated on Inconel substrate and were positioned 6 cm behind the limiters [27]. The Dump Plate
(DP), the Inner Wall Guard Limiter (IWGL) and Outer Poloidal Limiter (OPL) tiles (light green) consist
of either bulk beryllium or marker tiles with 2 um nickel interlayer between the top beryllium (8
pum) and the bulk one [28]. The divertor consists of bulk tungsten or marker tiles with molybdenum
interlayer between the top tungsten layer and the bulk tungsten (red area); or tungsten -
molybdenum layers coated on CFC (purple area).
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Figure 6: The Configuration of the JET ITER-like wall [29].

1.1 Plasma — Wall Interaction: Physical Mechanisms

The interaction between the plasma and the PFMs is a very large and complex field of the physics
of materials. Figure 7 illustrates the results of the plasma — PFMs, the circled phenomena will be
described here as there are relevant to the aims of the current work. One of the consequences of
the interaction that affects both the plasma and the wall is surface erosion, which is caused by the
physical and the chemical sputtering and the sublimation of the PFM. Sputtering is the removal of
atoms from the surface of a solid as a result of the momentum transfer by incident ions or atoms.
Physical sputtering takes place when the atoms of the material via collision with the ions obtain
energy higher than the surface binding energy and leave the wall. On the other hand, chemical
sputtering takes place when chemical reactions are performed between the elements of the first
wall and the fuel. The physical sputtering of beryllium is higher than that of carbon (Figure 8a);
however, the carbon undergoes enhanced chemical sputtering, forming CD4 (Figure 8b). Another
phenomenon which contributes to surface erosion is the sublimation. The sublimation of beryllium
becomes comparable to the physical sputtering for temperature higher than 1000 K, while carbon
undergoes significant radiation-enhanced sublimation during ion bombarding, above 1200 K [30].



Eventually, the total erosion of carbon and beryllium is of the same order of magnitude, while
there is no erosion of tungsten for low energies (Figure 9) [22].

Main plasma

, Reflection
2,

Ay uonelpey

e wall |

D-Be T T T T
0.04 - N —— D-C +

0.03

0.02 4 lon Beams IPP(6)
= PSI1(17,19)
o JT-60U outer div (25)
= ToreS 1999 (22)

o ToreS 2002 (24) .
4 TEXTOR (27) {

Physical Sputtering yield (at/ion)
Chemical Erosion Yield (at/ion)

0.01

< PISCES (14)
v JET 2001 (20)

10° T T T T
10" 10% 10” 10 10 10"

T T
10 100 1000 o
Energy (eV) lon Flux (m”s™)

Figure 8: a) Physical sputtering of the candidate elements: Be, C, W by ionsof Dand T as a
function of ion energy at room temperature computed by the code TRIM [32], b) flux
dependence of the chemical erosion yield for Tmax, the temperature at which the chemical
erosion yield is maximum, and an ion energy of 30 eV determined by measurements in different
fusion devices and plasma simulators [33].
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Figure 9: Sputtering yields of C, Be and W bombarded with D ions [25]

The impurities that are ejected from the wall may be re-deposited in the same place or migrate
and be re-deposited in other parts of the wall. Simulations can predict the migration of the
impurities from the main chamber to divertor via scrape-off layer (SOL) - the outer layer of a
magnetically confined plasma, where the field lines come in contact with a material surface [34]
(Figure 10a) and the post-mortem analysis determines this deposition [35] (Figure 10b). Moreover,
a part of the impurities enters the core of the plasma. Another consequence of the plasma-first
wall interaction is fuel retention. For carbon, the long-term fuel retention is mainly caused by the
co-deposition of the released impurities with the fuel; while for the beryllium both the co-
deposition and the implantation contribute to the long-term fuel retention [36]. The in situ
measurements showed a reduction of one order of magnitude (factor 10-20) of the long-term
retention from the JET-C to JET-ILW [20]. Surface erosion, material migration and (re-)deposition
in combination with fuel retention change the properties of the wall and as a result the life time
of the PFMs. On the other hand the impurities resulting from surface erosion can dilute and cool
the plasma as fuel retention decreases the amount of the available fuel for the fusion reaction to
take place.
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Figure 10: a) The SOL in the Tokamak and b) the results of the material deposition in the inner
divertor [35]

1.2 Plasma — ILW JET Tokamak First Wall Interaction

After the wall transformation of the JET tokamak in 2011, three experimental campaigns, namely
during the periods 2011-12 (ILW1), 2013-14 (ILW2) and 2015-16 (ILW3), were operated to test the
plasma — wall interaction. Many works have been published, presenting the results of the
investigation of the interaction of the plasma with the ILW JET tokamak first wall [37]. Regarding
the divertor, the comparison between C-Wall operation and ILW shows that the material
deposition was reduced by one order of magnitude after the wall transformation [38, 39, 40]. The
main deposition was beryllium; carbon and oxygen constitute the 5-20%, while impurities of nickel
and tungsten were detected [41]. Additionally, the fuel retention during the ILW campaigns was
10-20 times smaller than during the carbon wall ones [40, 42], while the 73% of this fuel was
retained on the divertor [35, 36]. The main conclusions comparing the different tiles of the divertor
(Figure 11) are that the tiles 0 and 1 have suffered the highest material (oxygen, nitrogen, carbon
and beryllium) deposition [43, 44], and deuterium retention [35, 36, 40, 42, 45] after the three
campaigns, while high material deposition was also detected on tile 3 [39]. The microanalysis of
these tiles after the first and the second campaigns shows is that the distribution of material
deposition and the fuel retention are inhomogeneous preferring cracks, pits and depressed regions
[46]. The carbon decreases through the campaigns [45]. Additionally, correlation between strike-
point and Be accumulation was observed [45]. Concerning the T retention, Y. Oya [47] presents a
correlation between tritium and deuterium retention. Additionally, after the first campaign the
band-like regions with high T retention were detected on tiles 1, 3, 4 and 6 which formed thick co-
deposited layers of D, T with Be. On tiles 7 and 8 the T retention is low and uniform [48]. After the
ILW2, there is a correlation between the tritium retention and the beryllium deposition, a
correlation which was not noted after the ILW3. A possible reason for this may be the enhanced
desorption of the tritium due to the higher temperatures of the third campaign [49]. Regarding
the surface erosion, high erosion was observed only on tile 5 for all campaigns, while erosion was
observed also on tile 7 after the second and the third campaigns [45].
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Figure 11: ILW JET tokamak divertor, the tiles numbers and s-coordinate in mm [41].

Apart from the divertor, some papers dealt with the main chamber (Figure 12) of ILW JET tokamak.
The upper DPs have suffered extensive melting and arcing [39, 50], additionally D was detected on
the surface (2.1 x 10?2 D) [35, 36]. Details about the melting and the erosion of the different tiles
from the three experimental campaigns are presented by I. Jepu et al [51].

For the IWGL, the centre part of the different tiles presents different behavior: No erosion was
detected on the surface of the centre part of upper 2XR19, while tungsten and nickel deposition
was observed [44]. The centre part of the 2XR15 has suffered melting [50]. The centre part of the
2XR10 presents strong erosion (up to 60 um) [3944]. The left side of the centre part of 2XR3 has
suffered light erosion while at the same time some deposition was detected. At the ends of the
tiles the original marker still exists [44], while arc tracks are presented on the left ends (for the
upper tiles) or both ends (for the rest tiles) [50]. The right wing of the upper (2XR19) and mid
(2XR10) tile presents high surface roughness [39]. The intermediate regions are characterized by
deposition of beryllium and impurities of Ni, Mo, Cr, Fe and W [44]. The global deuterium retention
as calculated by [35, 36] is 2.75 x 1022 D.

For OPL, the centre part of the midplane has suffered erosion more than 10 um, while re-
deposition of beryllium and nickel was detected on the left and right sides. The transition regions
between the eroded areas and the ends of the tile retain the original marker layer. The
composition of the upper and the bottom tiles seems intact and only some impurities of W, Ni,
Mo, Cr, and Fe were detected. Tiles B and C, which consist of CFC with a 10 um thick tungsten
layer, did not suffer any erosion, while the beryllium deposition is close to spectrum background
[44, 50). The global deuterium retention of OPL was calculated by [35] and is 5.72 x 10%? D.
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Figure 12: The Poloidal cross-section of the JET vessel and the name of the tiles that were
investigated by Baron-Wiechec et al [44]

It was mentioned previously that one of the carbon disadvantages and the reason why it was
replaced with metallic materials, is the high fuel retention it presents. So, many works either in JET
tokamak or in other laboratories and fusion devices investigated the presence of carbon in a full
metallic environment and how its presence affects the fuel retention under different conditions.

i) JET Tokamak

In the period 1994 - 1995 an experiment was carried out in JET tokamak using initially carbon and
then beryllium on castellated tiles of limiters and divertor [52, 53], and the deuterium retention
was associated with the carbon deposition in a number of works [54, 55, 56]. On the other hand,
there is no consensus about the correlation of the deuterium retention with the carbon on the ILW
JET divertor. The works [36, 40, 41, 42, 57, 58] report that deuterium retention increases with the
increase of the material (carbon and beryllium) deposition on tungsten tiles. The works [45, 46,
59] claim that the increase of the deuterium retention is due to beryllium deposition, while the
works [38, 60, 61] report that the carbon deposition increases the deuterium retention. P. Storm
et al [62] reports that deuterium was co-deposited either with carbon or beryllium on Inconel-600
blocks and stainless steel covers for quartz microbalance crystals in IWL JET Tokamak.

ii) Other fusion devices with W wall and laboratory-prepared W samples

The deuterium-carbon correlation was investigated in different fusion tokamaks and devices
around the world after plasma operation. For tungsten samples from Korea Superconducting
Tokamak Advanced Research (KSTAR), two works [63, 64] focused on the carbon deposition and
deuterium retention. The former [63] one presents an absolute correlation between the carbon
deposition and the deuterium retention on the castellation sides of the tungsten tiles, while the
latter [64] one reports that no correlation of the two elements is observed as the deuterium
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retention is mainly affected by the surface temperature. For the tungsten samples of the Q-shu
University Experiment with Steady-State Sherical Tokamak (QUEST), there are two works [65, 66]
which investigated the effect of the carbon deposition on the deuterium retention. Y. Oya et al
[65] concludes that lower H and D were detected in areas where deposition was dominant. On the
other hand, A. Koike et al [66] showed that high deuterium retention was detected in areas with
high carbon deposition and the retention is caused due to radiation damage. Two works [67, 68]
have been published for the ASDEX-Upgrade tungsten divertor tiles. D. Schleusser et al [67]
showed that the deuterium retention is associated with carbon deposition as the deuterium
amount is one order of magnitude higher on inner divertor where C deposition was observed than
on the outer divertor, where the erosion dominated. K. Sugiyama et al [68] reported that the
carbon impurities affected the deuterium retention. The deuterium retention and carbon
deposition were determined in Tokamak Experiment for technology Oriented Research (TEXTOR);
in TEXTOR-94 tungsten limiters, V. Philipps et al [69] reported that 2 areas can be distinguished in
the samples, one bare of carbon and deuterium and the other rich in these elements with ratio of
0.05-0.1. T. Tanabe et al [70] investigated a twin limiter from the TEXTOR-94 consisting of a
tungsten and a carbon sample. Tungsten with carbon deposition presents higher deuterium
retention than tungsten without carbon. Association of the deuterium retention with the carbon
deposition in the gaps of the castellated tungsten limiter in the TEXTOR is reported in [71]. The
deuterium retention and carbon deposition on gaps of samples from ASDEX Upgrade, DIII-D and
TEXTOR tokamaks were investigated by K. Krieger et at [72]. It was found that the deuterium
retention was affected by the carbon deposition and the temperature of the surface. In another
fusion machine, the Large Helical Device (LHD), at the National Institute for Fusion Science (NIFS),
the deuterium retention is enhanced on the carbon dominant deposited layers [73, 74].

Apart from fusion tokamaks and devices, the correlation between deuterium and carbon was
investigated using laboratory-prepared sample composition and controlled experimental
conditions. Many experiments have been carried out with simultaneous implantation of D and C
ions or C pre-implantation and subsequently deuterium implantation. I. Bizyukov et al [75] and V.
Kh. Alimov et al [76] claimed that there is no difference in the deuterium retention between
deuterium and D-C ion implantation. On the other hand, F. C. Sze et al [77], Y. Ueda [78] and Y.
Oya et al [79] showed that the deuterium retention is higher with C-D mixed ions than with pure
deuterium ions. D. M. Fukumoto et al [80] claimed that at 500 K the D retention increases for
carbon fraction higher than 1.2%; while at 700 K the retention is generally lower than that at 500
K and increases for fraction higher than 0.8%. Y. Oya et al [81] compared the deuterium retention
after simultaneous deuterium and carbon implantation and after carbon pre-implantation on
tungsten samples, the result is that after the simultaneous implantation the retention is higher.
M. Poon et al [82] carried out experiments with different fluences of carbon which was pre-
implanted on tungsten followed by different fluences of deuterium at various temperatures in
order to investigate deuterium retention. Their conclusions are that with high C (10?2 C*/m?) and
low D fluence (<1023 D*/m?) the deuterium retention is higher than in pure tungsten; with low
carbon (10%* C*/m?) and low deuterium (<1023 D*/m?) the retention is lower than in pure tungsten;
with high deuterium fluence (10?3 D*/m?), pre-implanted and pure W present similar retention.
0. V. Ogorodnikova et al [83] agreed that there was no difference with the high deuterium fluence,
while at low deuterium fluence deuterium retention in carbon pre-irradiated samples was higher
than in the pure tungsten. V. Kh. Alimov [84] showed that for 10 keV D retention is lower in pre-
irradiated tungsten than in pure tungsten, while for 100 keV D retention is similar. T. Taguchi et al
[85] claimed that carbon deposition enhances the surface deuterium retention and its re-emission
but reduces deuterium diffusion. The reduction of the D diffusion was confirmed by D. A. Komarov
[86].

Another route for investigation of deuterium retention and its possible correlation with carbon is
deuterium bombarding on tungsten carbide or carbon coated tungsten and subsequent
comparison with pure tungsten. S. Nagata et al [87], R. A. Anderl [88] and Wright et al [89] agreed
that a C- coated W retains more D than the pure W. W. Wang et al [90] V. Kh. Alimov [91] claimed
that tungsten carbide presents two times more than that of pure W at the room temperature;
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while at 650 K their D retention is similar, on the other hand, P. Roszell [92] claimed that deuterium
was not affected by the impurities (carbon and oxygen) at 300 K, while the impurities (carbon and
oxygen) reduced the retention at 500 K. Y. Oya [93] concluded that the pure tungsten has more
deuterium than carbon deposited on tungsten and tungsten carbide samples.

iii) laboratory-prepared Be samples

The C-D correlation has been also investigated in beryllium, using laboratory-prepared samples.
Anderl et al. found the D retention in pure beryllium to be lower than in C-coated Be [94]. Also
Guseva et al [95] concluded that C impurities on the beryllium surface enhance the deuterium
retention. On the other hand, C. Porosnicu et al. irradiated different Be-C relative concentration
with deuterium ions and found that lower carbon concentration retained higher deuterium
content [96].

Based on the above findings reported in the literature, it is not clear from the literature whether
the residual D retention still exists as a result of the C-D chemistry or whether deuterium is
integrated into deposits irrespective of carbon.

1.3 Aim of the Current Work

The aim of the current work is to investigate samples from different areas and campaigns from the
ITER-like wall JET tokamak main chamber and divertor in order to assess surface erosion and
morphology change, material migration and re-deposition or co-deposition, as well as fuel
retention and any possible compound formation. The emphasis will be given on carbon deposition
and deuterium retention. Apart from the plasma facing surface, the castellation sides (see below
the definition) of the samples were investigated. To achieve this goal, different analytical
techniques were used: Nuclear Reaction Analysis with milli-beam (m-NRA) and micro-beam (u-
NRA), X-Ray Florescence Spectroscopy (XRF), Scanning Electron Microscopy (SEM) with Energy
Dispersive X-Ray Spectroscopy (EDS), X-Ray Diffraction (XRD) and Particle-Induced X-ray Emission
(PIXE). In order to have reliable quantitative results from the NRA technique, the cross sections of
the deuteron reaction on beryllium were measured.

The carbon is an element that still exists in the ILW JET tokamak as remains from the previous wall
[97] and some parts of the new wall consist of carbon (Figure 6). The investigation of the
quantification of the carbon with high accuracy is missing from the literature. In the current thesis
the amount of deposited carbon was studied as a function of a) the position in the main chamber
of the JET tokamak, b) the ILW campaign and its depth profile was assessed. In addition, the
erosion of the sample surface, the deposition of other elements and most importantly the fuel
retention were also investigated. By the compilation of the results from the various techniques, a
comprehensive overview of the plasma — wall interaction was achieved for the investigated
positions of the JET tokamak.

It is very important to have reliable differential cross section of the detected elements in order to
obtain correct quantitative NRA results. The differential cross sections of the deuteron reaction on
carbon and oxygen are well defined and the evaluation values have been calculated from
SigmacCalc archive [98]. On the other hand, there is a disagreement in the literature values about
the differential cross sections of deuteron on beryllium. Therefore, the differential cross sections
of the deuteron reaction on beryllium at energies and angles suitable for NRA measurements were
measured to be used in the current and in future works.

14



Chapter 2: Methodology: Principles and Experimental
Setups

In this chapter the basic physical principles and the experimental setup of the employed analytical
techniques, namely the ion beam analysis (IBA), X-ray Florescence Spectroscopy (XRF), Scanning
Electron Microscopy (SEM) along with Energy Dispersive Spectroscopy (EDS) and X-ray Diffraction
(XRD) are described.

2.1 lon Beam Analysis

IBA is a powerful tool employing accelerated ions to study the composition of a sample near the
surface. The IBA includes a set of techniques. Each technique is characterized by the detected
radiation or particle. In the Rutherford Backscattering Spectroscopy (RBS), the scattered particles
from the nucleus-target at the back angles are detected. In the Nuclear Reaction Analysis (NRA)
the products of a nuclear reaction between the projectile and the nucleus-target are detected. In
the Particle-Induced X-Ray Emission (PIXE), the emitted X-rays of the atom after its excitation are
detected. In the Particle Induced Gamma ray Emission (PIGE) gamma rays emitted by excited nuclei
are detected.

2.1.1 Rutherford Backscattering Spectroscopy

RBS takes advantage of the energy that the particle loses in the matter and the elastic scattering
between the projectile and the nucleus target and the elemental concentration and depth profile
of the sample are assessed. In the following sections, we describe the three basic physical
mechanisms which take place and the basic principles of the technique.

Stopping power

When a charged particle penetrates the matter, it loses energy due to the interaction with the
atoms. There are two kinds of interaction that reduce the energy of the projectile: the elastic
collisions with the target atom nuclei (nuclear stopping power) and the inelastic collisions with the
electrons (electronic stopping power). For high mass projectiles, the electronic stopping power
dominates at high energy, but when the energy is reduced the nuclear stopping power becomes
dominant (Figure 13b). For low mass particles, the nuclear stopping power is negligible and only
the electronic stopping power contributes to the energy decrease (Figure 13a). Knowing the
energy loss, the correlation between the detected energy and the depth of the interaction is
achieved.
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Figure 13: a) The electronic (black) and the nuclear (red) stopping power of the deuteron beam
in a beryllium target and b) the electronic (black) and nuclear stopping power of iron beam in an
iron target.

Now we focus on the deuteron beam in a beryllium target where only the electronic stopping
power is important. There are several formulas to calculate the electronic stopping power of light
elements but in our analysis the empirical Zieger-Biersack formula was used as described below
[99]. The energy loss is correlated with the stopping power via the equation:

dE _ S.(E) 2.1
dx - ve ( . )
For the energy range 10 keV/amu — 10 MeV/amu the electronic stopping power is:
SLowSHi
, = 5 Low+?g.h (2-2)
Low High
SLOW = ClECZ + C3EC4’ (23)
Cs . (C7
SHigh = ETID (E + C8E> (24)

where S;,,, and Sy;gpare the stopping power from low and high energy, respectively, E is the
energy of the projectile and C; - Cg are fitting coefficients. For the energy range 10-100 MeV/amu
the stopping power is given by:

_ 2 C12
Se = Cg + Clox + C11x + 7 (25)

where x = In(E) /E and Cy — C;, are fitting coefficients. Bellow 10 keV/amu the electronic
stopping power is given by:

Se(E) = S,(10) (%)y 2.6)

where S,(10) is the stopping power at 10 keV/amu and y = 0.45 for Z, > 6 and y = 0.35 for
Z, < 6. Integrating the (2.1) we can calculate the depth where the particle have the energy we

f—%: Ofxdx (2.7)

Eo

want:

For example choosing as initial energy, E, = 1.35 MeV, and integrating until the deuteron stops,
E = 0, we obtain the results depicted at Figure 14, Figure 14a gives the energy of the deuteron
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with the depth inside a beryllium sample, while Figure 14b shows the stopping power as a function
of the depth.

1500
—~ 1501
€
=}
3
= ®
S 1000 <
[} ~ 100
5] 5
> s
E) [e]
OC) o
G s0o CEF’ 504
o
Qo
o
=
(%2}
0 T T T
0 T
0 5 10 15 20 0 5 10 15 20
Depth (um) b) Depth (um)

Figure 14: a) The energy of a deuteron having an initial energy of 1.35 MeV as function of
depth in a beryllium target b) and the electronic stopping power as a function of depth as
calculated from the Zieger - Biersack.

Kinematic factor

During the elastic collision between the projectile and the nucleus —target, energy from the former
is transferred to the latter. Using the laws of the conservation of the energy and momentum, the
energy fraction of the projectile before and after the collision, E; /E,, can be calculated. This
fraction is named kinematic factor and is given by [100]:

2

1

E, (M3 — M# sin? 6)2 + M, cosf

K(6,M{,M,) = — = 2.8
( » M 2) E() M1+M2 ( )

where M, is the mass of the projectile, M, is the mass of the target and 6 is the scattering angle.
Knowing the energy, the kind of the projectile and the scattering angle, the type of the nucleus-
target is determined. Figure 15 depicts the kinematic factor dependence on the detection angle
and the mass of the nucleus-target. This factor is reduced with the angle and increases with M.
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K factor

Figure 15: The kinematic factor of the deuteron as function of the scattering angle and the mass
of the target.

The detected energy of the backscattered nucleus from a depth x is given by the relation:

, K (dE 1 /dE
By = K(Bo = AEin) = Aoue = KEo - (60591 (E) + cos6, (E) t) x 29
mn ou

where 0, is the incident angle and 6, is the scattered angle.

Rutherford differential cross section

The previous two factors (S, and K) determine the energy of the projectile in a certain depth
(stopping power) and after the collision (kinematic factor). The number of scattered particles can

be assessed by the third factor, the differential cross section which is given by the following
expression:

do  Number of scattered particles per unit time into solid angle d}
an Number of incident particles per unit time per unit area

(2.10)

The differential cross section of the elastic scattering is called Rutherford differential cross section
and can be calculated by the following equation:

<da) _ (zlzzez)z 1 (Mycos8 + M2 — M2 sin? §)1/2)2

a0l 2.11
dQ/iap 8megE ) sin*@ M,(M2 — M? sin? )1/2 (2.11)
For M, >> M, the previous equation is written:
(da) (Azey 1 2.12
d/) ey \16megE ) sin*(6/2) (2.12)

where Z; and Z, are the atomic number of the projectile and the target, respectively. The
differential cross section decreases with the scattering angle and the projectile energy and
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increases with the masses of the projectile and the nucleus-target. By definition (2.10), the cross
section for one nucleus-target can be written:

do _dv/dot

00T (2.13)

where dY is number of particles in solid angle df2, t is the time, Q is number of the incident
particles and S, is the area. For a thin layer having a number of target nuclei equal to N S, were

N is the atomic areal density of the layer the cross section is written:
da_dY/d!) NS 214

Integrating for the solid angle of the detector, the yield of the detected particles is given by the
equation:

vE8)=0anN 2 (&0 213

Figure 16 presents the simulated spectrum of a carbon sample coated by a thin layer with gold
and silver radiated by a He beam with an energy of 2 MeV. The mass of the gold is higher than
silver so the energy and the yield of the scattered He by gold is higher than that by silver.
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Figure 16: The simulation spectrum of the RBS technique using He beam on a sample with a
thin layer of AuAg on C substrate. The beam energy is 2 MeV and the detector is placed at
170°.
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2.1.2 Nuclear Reaction Analysis

NRA is another analytical technique employing light ion beams to detect light elements. The only
difference with RBS is that the projectile and the nucleus-target undergo a nuclear reaction. The
factors of this technique are the stopping power, which is the same as in RBS, the Q-value of the
reaction and the differential cross section.

Q-value

In a nuclear reaction the sum of the masses of the reactants and the products is different. This
difference is called Q-value. If the reaction is exothermic - the mass of the reactants is higher than
the mass of the products - the light product will be detected with energy higher than that of the
projectile. This property is very useful to detect light elements deposited on heavy substrate. Using
the relativistic two-body reaction kinematic we can calculate the energy of the out-going particle
3 (Figure 17) with the relation:

2

m2+mZ+mi-m mZ+mZ-m3 —mﬁ)

E; = (;) Etor (m2E1 + ‘2‘) + pycos0O; [(szl + >

E2,.—p? cos? 63
1
. 2

mimZ — p?m3 sin? 6, ] } (2.14)

where ms is the mass of the projectile, m; is the mass of the target and ms; and m4 are the masses
of the products. In the relativistic frame the energies, the momenta and the masses are connected
vie the relations:

Ey = Eyin, + My, Eor = Ey + my, py = JEf —mi, Ecpppor = (M +m3 + 2myE;) 2

The sign in (2.14) depends on the factor:
L Rk
a4 = b1 | Cm tot (2.15)

E 1
Cm tot Cm tot

If a>1 both signs of equation (2.14) are allowed and two solutions exist for the scattering angle 65,
else only the positive sign is acceptable [101].
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Figure 17: The nuclear reaction in the laboratory frame

Differential Cross Section

In contrast to RBS, there is no general formula to calculate the differential cross sections of the
nuclear reactions, so it is necessary to measure them with suitable experiments. For the need of
our work, the differential cross sections of the deuteron reactions on beryllium were measured
(see Chapter 4).

2.1.3 Particle-Induced X-Ray Emission

The particle-induced X-ray emission (PIXE) technique is similar to XRF (its basic physical principles
are presented in section 2.3), apart from the exciter source, which in this case is a beam of particles
(proton, helium, or heavier ion of 1 — 3 MeV amu™!). The beam is accelerated with a particle
accelerator and the characteristic X-rays are detected by Si(Li), SDD or intrinsic Ge semiconductor
detectors [100].

2.1.4 IBA Experimental Setup

The RBS, NRA and PIXE techniques can be carried out in the same experimental setup. For the ion
accelerator of our experiment, a tandem Van de Graaff generator was used. Figure 18 presents
schematically the parts of a Van de Graaff generator. The basic operation of the Van de Graaff
generator is the following: the belt (4) is moving, charging the acrylic glass (3) positively taking
electrons via the triboelectric effect [102]. The strong electric field around the positive upper roller
(3) creates a very high electric field near the points of the comp (2). The electric field of the points
of comp (2) ionize the air molecules. The electrons from the air molecules are attracted by the
positively charged roller (3) and the comp neutralizes the air taking electron form the metal sphere
(1). As a result, the metal sphere gets positive charged. On the other hand, the metal roller (6)
picks the electrons from the negatively charged belt (5) which through the lower electrode are
transferred to the spherical device (8) [103].
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Figure 18: Schematic presentation of the Van de Graaff generator operation [103]

Another part of the experimental setup is the ion source. Two kinds of source will be described
here: the sputtering and the duoplasmatron one. The sputtering source (Figure 19) is used to
accelerate heavy ions such as O, C, Li etc positioned in the cathode. Neutral Cs atoms are extracted
from the oven (300° C), come in contact with the ionizers, which consist of tungsten at 1000° C,
and are ionized. Then the Cs ions hit the cathode and negatively charged ions are scattered by the
cathode [104], which is the reason why the Cs is used. The applied voltage drives these ions out of
the source in order to be accelerated by the Van de Graaff accelerator.

Cs* (neutral)

CATHODE
EXTRACT!
/ OR

+10-15KV

Figure 19: Schematic of the operation of the sputtering source [105].

The duoplasmatron source (Figure 20) is used for the acceleration of light ions such as hydrogen and
deuteron. The basic parts of the source are: the filament, the intermediate electrode and the solenoid.
The target inside the chamber is in plasma condition due to the low pressure and the high temperature.
The cathode filament, which has “U” shape and consists of Pt coated with BaCOs, is heated by a current
of about 25 A. The BaCOs loses electrons, and creates negative charged ions. The role of the solenoid is
to confine the plasma in the center of the chamber. While the use of the intermediate electrode is to
“funnel” the ions and create higher density near the extraction hole. The ions area extracted from the
source by applying a voltage of 20 kv [106].
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In case of He ions, the duoplasmatron source can only produce positive He ions. In order to produce
negative He ions additional ‘exchange channel’ is needed where positive He ions from duoplasmatron
are transferred to negative ions with the help of vapours of Cs or Rb. For 3He measurements done at
RBI, another source was used, so called RF ion source that also produce positive 3He ions, which are
then converted to negative ions in the exchange channel using rubidium low vacuum vapours.
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Figure 20: Schematic illustration of duoplasma source [106].

Figure 21 presents the whole experimental setup of the 5.5 MV HV Tandem accelerator at NCSR
“Demokritos”. Apart from the sources and the Van de Graaf generator, which have been already
described, the setup comprises three magnets, two lens, two quadrupoles, three cups and two
slits. The magnets change the direction of the ion beam and more specifically the first switching
magnet chooses the source, the analyzing magnet defines the required energy of the beam and
the second switching chooses the experimental line. The lens is used to focus the beam at low
energies while the quadrupoles at high energies. The slits are used to collimate the beam and the
cups measure the current of the beam.

o Van de Graaf
Sputter Switching generator
\ magnet i i
\ ’ Slits Analyzing
v | Lens

Quadrupole [ magnet

« Analyzer
/4 LE Cup HE Cup cup
Switching Quadrupole

Duoplasmatron magnet =

Figure 21: The parts of the Tandem accelarator at NCSR “Demokritos”
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For the detection of the produced or scattered particles a silicon surface barrier (SSB) detector is
used. The SSB (Figure 22) is a type of semiconductor detector, which consists of an n-type silicon
coated with a thin p-type silicon in order to create the depletion layer. One surface is coated with
a thin gold layer (typically ~40mg/cm?) and the other one with aluminum (typically
~ 40 mg/cm?) to provide electrical contact. Depending on the applied voltage, the detector can
be partially depleted (inactive entrance layer, Figure 22), totally depleted (no inactive layer), or
over-depleted (higher applied potential than required for total depletion) [107].

Au film \

— -
p-type Si
Depletion layer
n-type Si
— +

Al film J

Figure 22: The silicon surface barrier detector with partial depletion

2.1.4.1 Deuteron Mili-Beam Measurements

The measurements were carried out at the 5.5 MV Tandem Accelerator Laboratory of NCSR
“Demokritos”, Athens, Greece using NRA employing a 1.35 MeV deuteron beam. In a C. Evans &
Assoc. scattering chamber, a silicon surface-barrier (SSB) detector was used to detect the products
of the reactions and was placed at 170° with respect to the beam axis. During the measurement,
the chamber was under vacuum (107 bar). The total charge of the tungsten lamellae measurement
was obtained from the Rutherford backscattering of deuteron on tungsten. The total charge for
the beryllium samples was obtained from the °Be(d,po)'°Be peak. Additionally for the Be samples,
a Kapton foil, having a thickness of 12.5 um, was employed in front of the detector in order to
separate the 2C(d,po)'3C peak from the alpha particle produced from the beryllium via the
°Be(d,ao,1)’Li reactions. For the quantification of the C, the *2C(d,po)*3C peak was chosen using the
cross section of the reaction from the SigmaCalc archive [98] and the O content was assessed
simulating the 0(d,po)’0 with the evaluated cross section. To simulate the Be peaks, the cross
sections assessed in chapter 4 were used. For tungsten peak the Rutherford cross section was
used. Figure 23 presents the chamber where all the deuteron milli-beam NRA measurements were
carried out.
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Figure 23: The chamber for the ion milli-beam measurements of Tandem Accelerator at
NCSR “Demokritos” in Athens.

2.1.4.2 Deuteron Micro-Beam Measurements

The 2H micro-beam measurements were also performed using the 5.5 MT TN11 HV Tandem
Accelerator at NCSR “Demokritos”, in Athens, Greece. The beam energy was 1.35 MeV and a silicon
surface barrier (SSB) detector with depletion depth of 1000 um was placed at an angle of 170° with
respect to the beam axis. A kapton foil of 12.5 pum was also positioned to separate the °C(d,po)°C
peak from the alpha particles. The chamber was kept under vacuum (10® mbar). The beam spot
of the micro-beam had a diameter smaller than 100 um and the current was around 100 pA. The
mapping area was 1.5 x 1.5 mm? and the resolution 64 x 64 pixels. The data acquisition and the
mapping was performed using the OMDAQ2007 software and appropriate hardware [108]. Figure
24 present the experiment line where the deuteron pbeam measurements were carried out.

Figure 24: The micro-beam experimental line of the of the Tandem accelarator at NCSR
“Demokritos”

2.1.4.3 Helium Micro-Beam Measurements

The 3He measurements were carried out at Ruder Boskovic Institute, in Zagreb, Croatia. The 3He
beam was accelerated by the 6 MV tandem Van de Graaff accelerator and 1.0 MV Tandetron
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accelerator. The beam energies varied between 2 and 3 MeV, and the mapping areas were either
1 x 1 mm? or 300 x 300 um?. For the NRA spectra, a Partially Depleted Silicon Surface Barrier
detector (PDSSB) with depletion depth of 2000 pum, with nominal active area of 300 mm?
collimated to 230 mm? was used and placed at an angle of 135° + 19° with respect to the beam
axis. The distance between the target and the detector was approximately 2.5 cm, which
corresponds to a solid angle of 0.462 sr. For the PIXE spectra, a 30 mm? Si(Li) detector with a 12.5
pum Be window was placed at 135° with respect to the beam axis at a distance of about 4 cm from
the target covering a solid angle of 0.0176 sr. The effective detector X-ray energy resolution was
about 160 eV (for the Mn Ka line). A homemade chopper was used in order to estimate the current
of the measurements. The data acquisition of the measured spectra and 2D intensity maps was
performed using the in-house developed software package SPECTOR [109] and the hardware
based on Xilinx Virtex 6 FPGAs. Figure 25 depicts some parts of the experimental setup of the
Tandem accelerator at Ruder Boskovié Institute, in Zagreb.
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Figure 25: a) The Van der Graaff accelerator, b) the source of the *He and c) the
experimental line for the micro beam measurements at Ruder Boskovi¢ Institute, in Zagreb.

For the deuterium quantification, the V. Kh. Alimov et al [110] cross section data for the
2H(3He,po)*He reaction and the N. P. Barradas et al [111] for the °Be(3He,po1)!'B reactions were
used.

The quantitative analysis of all the NRA spectra was performed with the SIMNRA software [112].

2.2 X-Ray Fluorescence Spectroscopy

X-ray fluorescence (XRF) spectroscopy is a nondestructive analytical technique which is based on
the emitted characteristic X-rays of a matter when it is bombarded with X- or y- ray. This technique
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is used to identify the elements of a sample with Z > 11 and assess their relevant concentrations
with sensitivity of the order of some ppm (particles per million).

2.2.1 XRF Physical Principles

According to the Rutherford-Bohr model [113], the atom consists of a nucleus (with protons and
neutrons) and electrons, which are revolving around it in determined orbits. These orbits are
named shells and are characterized with the letters K, L, M etc. The electrons of the K-shell have
the highest binding energy and are depicted as the nearest to the nucleus, then the L-shell follows
and so on. Every shell is divided in one or more subshells as the quantum mechanics and the Pauli
Exclusion Principle require [114]. For example, the L-shell consists of L;, L;;, L;;; with different
energies (Figure 26).

@® clectron

@ proton
O neutron

Figure 26: Structure of the oxygen atom showing the nucleus consisting of protons and neutrons
and the K- and L- shells of electrons.

Generally when a photon passes through the matter, it can interact with the electron, the nucleus,
the electric field and the meson field surrounding nucleons of an atom [115]. In the range of energy
(1-100 keV) that we are interested, the photon interacts with the atomic electron via
photoabsorption, Compton or Rayleigh scattering.

Photoabsorption is the process when a bound electron absorbs a photon (photoelectric effect). In
this process the photon is completely absorbed and the electron is ejected from the orbit. The
photon energy should be higher than the binding energy and the energy of the ejected electron is
described by the following equation:

E=hf-W (2.16)

where E is the kinetic energy of the electron which absorbs the photon, hf is the photon energy
and W is the binding energy of the electron to the nucleus.

The cross section of the interaction, 7, is proportional to Z* for low energies and Z° for higher
ones [116] and presents peaks when the photon energy is just higher than the binding energy of a
shell. These peaks are named edges and they are characterized by the name of the shell which
they are originated from, for example K-edge.
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Rayleigh scattering constitutes the elastic scattering of a photon with an electron. A low-energy
photon can be deflected by a tightly bound electron without losing energy while the atom is
neither ionized nor excited. Rayleigh scattering occurs mostly at low energies and for high-Z
materials and its cross section, oy, is proportional to Z2 [116].

In Compton scattering, a photon collides with an electron, loses some of its energy and is deflected
from the original direction of motion. The theory of this interaction was developed initially,
assuming the electron to be free and rest [117]. In order to apply this theory to an atomic electron,
Jauch and Rohrlich [118] generalized the theory to the case where the electron is free but in
motion. Approximation of the binding correction have also been done, taking into account all the
atomic electrons (incoherent scattering function S(qg,Z) [119]). The cross section, g, of this
interaction is proportional to Z [116].

Figure 27 presents the cross sections of a light (carbon) and a heavy (tungsten) element. The
attenuation cross section constitutes the sum of the cross sections of the previous interactions:

Ogqt = T+ogp + o¢ (2.17)

For light elements the cross section of the photoabsorption is dominant for energies up to 20 keV.
Above this energy the Compton scattering becomes significant. For heavy elements the
attenuation cross section is almost equal to the photoabsorption for the whole energy range, as
the other cross sections are of lower order of magnitude. Additionally, the K-, L- and M- edges are
distinguished.
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Figure 27: Cross section of Rayleigh and Compton scattering, photoabsorption and
attenuation of the elements: a) carbon and b) tungsten [120].

The attenuation of a monoenergetic beam of photons in homogeneous matter is described by the
Beer-Lambert law:

I = Iye ™™ = [je~"Px (2.18)

where [ is the transmitted intensity, I, is the incident intensity, x is the length over which
attenuation takes place, k = p/p is the mass attenuation coefficient, u the linear attenuation
coefficient and p the mass density. u/p can be calculated by the equation:
Ny

u/p = O-totj (2.19)
where N, is Avogadro number and A is the mass number. According to Eq. 2.19 the mass
attenuation coefficient has the same behavior as the attenuation cross section, i.e. K-edge etc. Eq.
2.18 is used to calculate the maximum depth of X-rays inside matter.

As we have already discussed, an electron can absorb a photon being ejected from the shell and
leaving a vacancy. Then another electron from an outer subshell (or even a free electron) fills the
vacancy emitting a photon with energy of the difference between the final and the initial shell.
This procedure constitutes one expression of the general phenomenon of fluorescence. The
energy of the emitted photon is between 1-100 kev depending on the element, namely in the X-
rays region.

In this work, we will use the Siegbahn notation [121] to refer to a transition, i.e. for example the
transition L;;; — K is named K, line. Additionally, for the transition energy values the database
of the National Physical Laboratory is used [122].

Every transition has a unique energy value for each element, as any subshell has an individual
energy. For example, the K, and K, for W have energies of 59.318 keV and 67.244 keV,
respectively. Additionally, for different elements the same noted transitions have different energy
values, for example the K, transition for the elements of Mo and W has E = 17.479 keV and
E = 59.318 keV/, respectively. Taking advantage of these properties, one can determine the
elements of an analyte. Figure 28 presents the process of X-ray fluorescence.
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Figure 28: a) Photoabsorption of a K shell electron and its ejection from the atom leaving a
vacancy; b) the filling of the vacancy by an electron from the Ly subshell with X-ray emission.

2.2.2 XRF Experimental Setup

The XRF experimental setup consists of the primary X-ray source, the filters, the sample holder and
the detector of the X-rays produced by the analyte.

The X-ray source emits the primary X-rays which excite the atoms of the analyte. It is known that
if a charged particle is accelerated or decelerated, it radiates (Bremsstrahlung) [123]. This radiation
is continuum and its maximum value is the energy of the particle. In practice, a heated filament
emits electrons by thermionic emission, a high voltage accelerates these electrons in order to hit
a target with high Z (as Au or Ag) which is placed in the anode and decelerates them abruptly
(Figure 29). It is important to mention here that if the electron energy is higher than the K edge of
the anode target element, apart from the continuum radiation, the source emits also the
characteristic X-rays. Additionally, we must underline that both the continuum and discrete
radiations contribute to the excitation of the atoms of the sample. Figure 30 presents the spectra
of a source with Ag anode with different voltage accelerations.
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Figure 29: The operation of an X-ray source
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Figure 30: Spectra of Ag source using different voltage (electron). Above 20 keV the
characteristic X-ray of the source is produced [124]

Another type of excitation source is a radioactive source which emits X-rays with appropriate
energy. The energy of X-rays is discrete and depends on the source. A common source is °°Cd,
which has half-life 470 days and emits X-rays with energies of 22.16 keV, 24.94 keV and 88.03 keV
[125].

A part of the X-rays from the source can be scattered by the analyte and thus it can reach the
detector. These X-rays constitute the background of the measurement. The use of filters helps to
reduce the background of a chosen region of energies. The filter is placed between source and
sample and absorbs a percentage of the continuum primary radiation. The absorption cross section
depends on the energy of the X-ray and the filter element. Using the appropriate filter, we can
choose which region of X-ray energies will be absorbed more efficiently. So it is important to know
how a matter attenuates the photons. In the frame of the filter choice for the measurement of the
beryllium samples, different elements and thicknesses as filters were tested. Figure 31 shows the
XRF spectra of the ILW-1 IWGL outer (27), see the sample description below, with filters of
different elements and the corresponding attenuation.
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The XRF spectrum of the ILW-1 IWGL outer (27) without any filter (Figure 31a) has a very high
background and the use of filter is mandatory; additionally, it is clear that the interesting energy
area is 0 — 12 keV, where the peaks of the elements were detected. The Al filter (Figure 31b)
reduces the background uniformly as the K edge is at low energies and the peaks stand out. The
Cu filter (Figure 31c) have the intense absorption above the energy of 10 keV and the interested
peaks are not so clear. The Mo (Figure 31d) and Ag (Figure 31e) filters absorb intensely above the
energy of 20 keV and 25 keV, respectively. Moreover, the Ka and Kb peaks of these elements are
observed. The W filter (Figure 31f) absorbs efficiently the energy range of 0 — 12 keV, but the L
peaks of the W were detected, an element that is also observed in sample. So, the Al filter is
decided to be used for the measurements as its absorption is efficient in the energy range, we are
interested in, and no extra peaks are added in the spectrum.

Silicon Drift Detector

The detector which is used in this technique is a silicon drift detector. Its operating principle are
same with a common semiconductor detector (see details about this kind of detector in [126]).
Except for the different electrode structure which consists of a series of drift rings which produce
a radial field guiding the electron to the anode (Figure 32) [127].
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Figure 32: Cross section of a silicon drift detector

XRF spectrum

Apart from the secondary X-rays of the analyte and the primary (continuum and characteristic) X-
rays which are emitted from the source and reflected by the analyte, the detector records two
kinds of X-rays which are originated from the secondary X-rays, but their energies have been
changed producing the following additional peaks:

a) Escape peak: if the secondary X-ray of the analyte excites the silicon of the detector and
the photon of the Si fluorescence is not detected then the detector records the energy of
the secondary X-ray reduced by the characteristic X-ray energy of the Si (1.75 keV).

b) Sum peak: If two X-rays come to detector in so close time that it cannot separates them,
then they are recorded as one with energy the sum of their energies [128].

The XRF measurements were carried out using Amptek’s system with an Ag x-ray tube, a high
voltage of 30 kV and a silicon drift detector [129]. A collimator of 1 mm diameter and an aluminium
filter of 500 pm or 1000 um was used. Quantification was achieved employing XRF-FP x-ray analysis
software [129] and using a NIST stainless steel 316 standard [130]. Figure 33 depicts the
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experimental setup where we observe the fan to cool the source, the Ag source, the detector and
the sample holder made of Teflon.
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Figure 33: The experimental setup of the XRF technique

2.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a non-destructive analytical technique which based on the
interaction of an electron beam with the atoms of the sample, provides qualitative information
about the surface morphology and the composition of the sample. The electron can also excite the
atoms of the sample with the same way as the X-rays do (see section 2.2.1) and the relative
concentrations of the detected elements can be assessed.

The electrons can be scattered by the atoms of the matter with two ways: elastically or
inelastically. The electrons which are scattered elastically at large angles, after one or more
scattering process, can leave the sample and provide one way of sample surface imaging. The
equation for the total elastic scattering cross section is given by the relation [131]:

o = 3.0x107187%7 cm?
T ™ (E+0.005217E%5+(0.0072"2)/E"0.5)

(2.20)

For a certain energy beam, the cross section is proportional to approximately Z2?, so the
backscattered electrons give information about the material composition.

The electrons can also interact inelastically with the electrons of the atomic shells giving a part of
their energy. The bound electrons leave the atom creating a vacancy and as they have low energy
only these which are near the surface can leave sample (secondary electrons), providing
information about the morphology of the sample surface. The vacancy will be filled with the same
mechanism as in XRF spectroscopy by the emission of X-rays (see section 2.2.1). The emitted X-
rays may leave the sample and be detected or be absorbed by an electron which also may leave
the sample (Auger electron). So at the same time with the production of surface images, we can
detect the produced X-rays and have a quantitative result for the same area but not for the same
volume (Figure 34) [132].
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Figure 34: a) The volumes where the Auger, the secondary, the backscattered electrons and
the characteristic X-rays come from and b) the energy spectrum of the electrons [132]

2.3.1 SEM Experimental Setup
The electron microscope (Figure 35) consists of four main components:

a) Electron source (electron gun): The most common electron source is the thermionic one which
emit electrons via a filament (cathode) made of a thin W wire by heating it at high temperature
(about 2800 K). The thermionic emission is described by the Richardson’s law:

[
J = ATPe kT (2.21)

where J is the current density, T is the temperature, k is the Boltzmann’s constant, A is the
Richardson’s constant and @ is the work function. From the equation it is clear that an element
with high melting point and low work function is required this is the reason why the W is used.

b) Lens system: The beam enters the lens system in order to be focused and exits to hit the
specimen surface. There are two kinds of lens: the electrostatic and the magnetic one. The
electrostatic lens produces appropriate electric fields while the magnetic lens uses coils to create
magnetic field to focus the beam (Figure 36).

¢) Scan unit: The scan generator signal, fed to the deflection systems, moves the beam in a raster
pattern over the specimen area. The electrical voltage changes as it rasters, which provides serial
information of the specimen surface. This signal, modulated by the detection system signal,
produces the onscreen image.

d) Detection unit: Electrons striking the specimen react with its surface producing three basic types
of signal: backscatter electrons, secondary electrons and X-rays. The detection system picks up
these signals, converts them into an amplified electrical signal which is sent to the control PC and
displayed on the monitor [133]. The most common detector for electrons is the Everhart Thornley
detector, a scintillator photo-multiplier type one.

The scintillator (Figure 37) consists of materials which convert the kinematic energy of charged
particles into light with high scintillation efficiency. The conversion should be linear which means
that the light yield should be proportional to deposited energy. Additionally, the medium should
be transparent to the wavelength of its own emission for good light collection. Moreover, the
decay time of the induced luminescence should be short so that fast signal pulses can be
generated. The produced light is converted into an electrical signal via the photomultiplier: The
photon interacts with the photocathode due to the photoelectric phenomenon and a low energy
electron is ejected. This electron is accelerated and interact with the second dynodes creating
more electrons. After 12 dynodes, a well-enhanced sign has been produced [126].
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Figure 35: The experimental setup of the Scanning Electron Microscopy [134].
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Figure 36: A schematic presentation of the operation of a) an electrostatic lens and b) a magnetic
one [135].
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SEM measurements were carried out on a FEI Quanta Inspect SEM (Figure 38) coupled with EDS.

un/Column

Specimen Chamber

Figure 38: The experimental setup of the SEM technique.

2.4 X-Ray Diffraction

X-ray diffraction is a non-destructive technique for characterizing crystalline materials. It provides
information on structures, phases, preferred crystal orientation, and other structural parameters,
such as average grain size, crystallinity, stain, and crystal defects.

Crystals are materials in solid state composed of atoms, ions or molecules arranged in periodic
pattern in three dimensions, creating a lattice. When the periodicity extends throughout a certain
piece of material, it is called single-crystal. On the other hand, in the polycrystalline materials the
periodicity of structure is interrupted at the grain boundaries [137]. A lattice in three dimensions

is defined by three fundamental translation vectors d, b and @ such that the atomic arrangement
looks like the same when viewed from a point 7 = n,d + n,b + n;¢, where n,, n, and n5 are
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integers. Unit cell is the smallest volume which is repeated in all directions. The unit cell is
determined by the three edges (a;, a, and a3) and the angles between them (a;,, a;3 and a,3). If
the unit cell has one lattice point per unit cell is called primitive otherwise it is called no primitive
[138]. Figure 39 presents the Bravais lattice, the 14 different 3-dimensional configurations into
which atoms can be arranged in crystals.

The crystal lattice may be regarded as made up of an infinite set of parallel equidistant planes
passing through the lattice points which are known as lattice planes. The orientation of planes or
faces in a crystal can be described in terms of their intercepts on the three axes. Miller introduced
a system to designate a plane in a crystal i.e. a set of three numbers to specify a plane in a crystal.
This set of three numbers is known as “Miller Indices” of the concerned plane. Miller indices (hkl)
is defined as the reciprocals of the intercepts made by the plane on the three axes [138].
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Orthorhombic | oy, = a3 = gy = 90°
ay = a, ¥ as

Tetragonal a2 = (o3 = gy = 90°
a = a; = az

Trigonal a2 = ooz = ag < 120°

0
ay =da; = as bt
Cubic Qg = Qo3 = gy = 90°

a) = az ?é as e
ayy = 120°

Hexagonal gy = oy = 90° 4

Figure 39: The 14 Bravais lattice in three dimensions [139].

X-ray diffraction occurs when the reflected photons from the atoms of a crystalline material
interfere constructively. The condition for X-ray diffraction is expressed by Bragg’s law,

Ghk)=k' —k=0 (2.21)

where k = 27” Aand k' = ZTTI A’ is the incident and scattered wave vector of the X-ray beam, A is
the wavelength and 74 and A’ are the incident and the scattered waves direction. The vector
é(hkl) is the reciprocal lattice vector of the (hkl) set of crystal lattice planes with magnitude,
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> 21
|G(hkl)| = — (2.22)
dhkl

where dyy; is the interplanar distance. The second form of Bragg’s law results from the
combination of Equations 2.21 and 2.22,

Zdhkl sin GB =1 (223)

Using Bragg’s law for a given position 2605 where a strong peak is recorded at the XRD spectrum
the interplanar distance dp; of the specific hkl set of lattice planes can be computed.

There are two XRD experimental configurations,

a. The symmetric or asymmetric X-ray diffraction: In this setup the motion of the X-ray tube and
detector is coupled, i.e.

6, = 0, —ndo (2.24)
0, = 0, +ndo

b. with n steps. During the scan the direction of the scattering vector is constant while its
magnitude varies, thus it provides the ability to investigate selectively crystal planes of a specific
orientation determined by the direction of the scattering vector that is chosen.

The grazing incidence X-ray diffraction (GIXRD): In this mode the incident beam is kept fixed at a
small angle and detector rotates around the center of the goniometer (Figure 40). During a 260
scan both direction and magnitude of the scattering vector change enabling the investigation of
the in-plane crystal strain in polycrystalline films. The X-ray penetration depth reduces the smaller
the incident angle hence this technique is surface sensitive.
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Figure 40: Grazing Incidence X-Ray Diffraction geometry.

4.4.1 X-ray Diffraction Setup

XRD measurements were carried out on a Bruker D8 spectrometer using Cu K, radiation, a parallel
beam stemming from a Gébbel mirror and a scintillator point or a linear position sensitive detector.
Figure 41 depicts the experimental setup, where we observe the Cu source, the sample holder and
the detector.
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Figure 41: XRD experimental setup with the scintillator point detector.
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Chapter 3: Cross Sections of Deuteron Reaction on
Beryllium

The quantification of the NRA measurements of the beryllium samples requires the prior
knowledge of the differential cross sections of the deuteron reactions on beryllium. Figure 42
shows the differential cross section of the °Be(d,po)'°Be reaction as measured by T. Ishematsu et
al [140], E. Friedland et al [141], I. |. Bondouk et al [142] and A. S. Deineko et al [143] in the
detection angle rage of 140° — 165.2°. It is obvious that the literature differential cross section
values are not reliable as there is a disagreement among each other. Thus the measurements of
the differential cross sections of the °Be(d,po)!°Be, °Be(d,p1)'°Be, °Be(d,an)’Li and °Be(d,o)’Li
reactions at deuteron beam energies and detection angles suitable for nuclear reaction analysis
are imperative and the results of these measurements are presented in the current chapter.
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Figure 42: The differential cross section of the °Be (d, po) 1°Be reaction as measured by
Ishematsu et al, Friedland et al, Bondouk et al, and Deineko et al.

3.1 Experimental Setup

The measurements were carried out using the 5.5 MV TN11 HV Tandem Accelerator at NCSR
“Demokritos” in Athens, Greece. The detection system consisted of five silicon surface barrier
detectors with thickness of 500 um which were placed at angles of 120°, 140°, 150°, 160° and 170°
with respect to the beam direction, in a cylindrical scattering chamber with a radius of 40 cm,
equipped with a high precision goniometer (0.1°). The detectors were equipped with orthogonal
slits in front of them and were placed at a distance of ~10 cm from the target resulting at an
angular uncertainty of -~ 1°. During the measurements, the vacuum was kept at around 1 x 10°®
mbar. A set of two collimators was placed at a distance of 40 and 90 cm before the target forming
a circular beam spot with a radius of around 0.5 mm. The energy of the deuterons varied in the
range Eip = 0.75 — 2.2 MeV using a non-constant beam energy step up to 1 MeV and then a

42



constant step of 20 keV. The beam energy was measured constantly using a nuclear magnetic
resonance probe at the 90° magnet of the accelerator. The beam energy was calibrated, using the
991.89 keV resonance of the 2’Al(p,y)?2Si reaction employing a 18% HPGe detector. The offset was
found to be (1.18 £ 0.36) keV. The sample consisted of a Be layer having measured thickness of 77
nm deposited on a SisN4 (50 nm) membrane using the thermionic vacuum arc method (TVA) [28].

For the determination of the ratio of the areal atomic density of the Si to Be and the Be thickness,
proton beam measurements were performed at energies Ep = 1.2 MeV and Ejap = 1.5 MeV, for
which the differential cross section of proton elastic scattering on Be presents a plateau at the
detection angles of 120°, 150° and 170° where literature data exist [144, 145, 146]. For the cross
section of the "Si(p,po)"'Si, the evaluated values as calculated by sigmaCalc [98] were used.
Additionally, transmission Elastic Recoil Detection Analysis (ERDA) measurements employing an O
beam were carried out in the energy range 11.75 — 12.5 MeV and at the detection angle of 30°. In
these measurements, the Rutherford cross section was used for the calculation of the ratio in
question and the obtained value was used as a confirmation of the value acquired from the proton
beam.

A benchmarking experiment was also carried out in order to confirm the energy dependence and
the absolute values of the measured cross sections. This procedure was performed, measuring a
bulk beryllium target with a thin gold layer of known thickness, deposited on its surface. The
measured differential cross sections were used as an input in the simulation and the simulated
spectra were compared against the experimental ones in order to check the validity of these cross
sections.

All simulations were performed using the SIMNRA software [112].

3.1 Methodology

Solving the equation (2.13) for the differential cross section, we have:

Y(E,0)
QON

Z—;(E,e) = (3.1)

where Z—; (E, 9) is the differential cross section of the reaction, which we are looking for, Y(E,9) is

the number of light particle produced by the reaction, Q is the number of the incident particles, Q

is the solid angle of the detector and N is atomic areal density.

For a homogenous layer the atomic areal density (N) is related with the thickness via the equation:
N=Nypt (3.2)

where Ny is the Avogadro’s number, p is the mass density and t is the thickness of the target.

In the current work, the differential cross sections of the deuteron reactions on beryllium were
determined using the corresponding formula of the relative measurement technique [147]. Using
the differential cross section of the deuteron elastic scattering on Si, the differential cross sections
of the Be can be obtained by:

doge _ Ype Nsi dosi (3.3)
an Ysi Nge dQ ’

where the Yz, and Y;; are determined experimentally and simultaneously from the measured

spectra as the target consists of Be and Si (in the substrate), dag;/d{2 has been measured recently
[148] and the ratio Ng; /N, is determined employing the proton and the O beams using the known
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differential cross sections, either analytically with Rutherford method or from the literature, as it
is described below. The use of this method rules out systematic errors from the direct
measurement of the beam charge and solid angle. On the other hand, as this is a relative method
based on the recently measured deuteron elastic scattering on Si, the error of the cross sections
(~1.5%) and of the ratio Ng;/Ng, (5.5%) contribute to the error of the measurements.

Using Equation (3.1) for the proton and O beam, the calculation of the ratio Ng;/Ng, (Equation
(3.4)) is feasible as the differential cross section for both elements is known either from the
literature in case of the proton beam or from the Rutherford cross section for the O beam:

dope

Nsi Ysi
L= (3.4)
Npe Ype ——SL
an

The integration of all peaks was performed with Origin program [149] where the peaks were
fitted with a Gaussian (Figure 43).

7x10° -
Proton Beam (1.5 MeV and 170°)
6x10° = Experimental
QBE(p,po)gBe Gaussian Fit
3 —— Background
5x10° /
0
S s
3 4x10°
8 .
2 3x10°
7
2 |
Q 3
c 2x10°
1x10% A
0 } L

T T T T T
150 155 i16o 165
Channe

Figure 43: Experimental spectrum and guassian fit of the °Be (p, po) °Be peak

3.2 Proton Beam Measurements

Figure 44 depicts a typical experimental and simulated spectrum of the proton beam
measurements, with an energy of 1.5 MeV and a detection angle of 170°. The integrals of the peaks
of the °Be(p,po)°Be and the 28Si(p,po)?8Si reactions constitute the values of the Y, and Y,
respectively. Using Equation 3.4 and the literature cross sections [144, 145, 146], the ratio
Ns;/Ng.was calculated for different energies and detection angles (Table 1).
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Figure 44: Experimental (solid line) and simulated (dash line) spectrum using a proton beam of
1.5 MeV energy and a detection angle of170°.

Table 1: The values of the cross section at specific energies and angles from the literature data

and the calculated ratio Ng;/Np,.

Energy Angle Work Author Be (p,po)Be C. S. N;
(MeV) (mb/sr) Npe
1.2 120° M. Tsan [144] 92+6 0.227 £ 0.025
150° N. Catarino [145] 93+6 0.226 £0.016
170° Z. Liu [146] 98.00 + 0.03 0.210 £ 0.005
1.5 120° M. Tsan [144] 117+ 8 0.200 £ 0.013
150° N. Catarino [145] 97+8 0.211 £ 0.017
170° Z. Liu [146] 103.00 + 0.04 0.231 £ 0.004
Average 0.218 +0.012

The average of the ratios for the different energies and detection angles of the °Be(p,po)°Be

= 0.218 £ 0.012. Knowing the nominal thickness tgi3y4nom = 50 nm and using

.. N
reaction is NSl

Be

the mass density pg;,y, = 3.17 g/cm? of the SisN4, we can find that the thickness of Be is tp,
77 nm, which is in the range of the nominal value tg, o = 65 + 15 nm.
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3.3 Oxygen Beam Measurements

Figure 45 shows a typical experimental and simulated spectrum of the O beam with energy of
11.75 MeV and at detection angle of 30°. The yields of Be, Yz, and Si, Y;, are determined with the
integration of their peaks. Applying Equation (3.4) for the O beam measurements, the ratio
Ng;/Ng, was calculated using the Rutherford cross section. Table 2 summarizes this ratio for the

different energies.

600

Oxygen Beam (11.75 MeV and 30°)

12C(O,OO)12C

—— experimental
simulated

400

Intensity (Counts)

200 ~

°Be(0,0,)Be

160(0100)160

14N(O 0)14N

Si(0,0,)si

Energy (MeV)

Figure 45: Experimental (black solid line) and simulated (red dash line) spectrum from the O
beam measurement. The beam energy was 11.75 MeV and the detection angle 30°.

Table 2: O beam energy and the calculate

d ratio Ng;/Nge.

Energy (MeV) Ns;
Nge
11.75 0.216 + 0.003
12.00 0.210 + 0.003
12.25 0.226 + 0.004
12.5 0.221 + 0.003
Average 0.219 + 0.007

The resulting ratio Ng;/Ng, from the proton and O beam experiments is the same within error
bars, namely 0.218 + 0.012 for the proton beam and 0.219 £ 0.007 for the O beam. The value of
the proton beam was used for the calculation of the differential cross section of the deuteron
beam reactions on Be, as the error of the proton beam covers up the value obtained using the

oxygen beam.

46

10



3.4 Deuteron Beam Measurements

Below we discuss the determination of the differential cross section values of °Be(d,po)!°Be,
°Be(d,p1)'°Be, °Be(d,ao)’Li and °Be(d,a1)’Li reactions. Figure 46 presents a typical deuteron beam
spectrum with Ejap = 2.2 MeV and at the detection angle of 170°. The statistical error of the cross
sections came from the error of the integration of the Be and the Si peaks. Moreover, the
uncertainty of the ratio Ng;/Ng. (5.5%) and the error of the cross sections of "Si(d,do)"'Si
(£~1.5%) constitute the systematic error of the measurements (~7%).

T
Deuteron Beam (2.2 MeV and 170°)
2000 +
Be
si(d.d,)
n i
= 1500 C(d,po)
§ N(d.p,)
> e(dp) ©Od:3)
D 1000E(d Be(d,a
S ' /O(d’pl) Be(da)
= k O({,p0) (@p,2
e(d,a)
500 4 l / B (d p)

0 / > [\ A 5
Energy (MeV)
N(d‘p7) N(d-pe) N(d,ps) N(d,p,) N(d, p3 N(d,a))

2:

Figure 46: A typical spectrum of deuteron beam with energy 2.2 MeV and at detection angle
of 170°. The peaks noted with red-bold were used for the analysis.

A number of nitrogen (N) peaks is observed in the spectrum, some of which overlap with the Be
peaks for specific energy ranges where the differential cross sections could not be calculated and
were excluded from the final results. Below peaks of N and the energy ranges where the peaks
overlap with the measured reactions are presented.

°Be(d,po) °Be

The °Be(d,po)°Be peak is quite clear and the peak of the *N(d,a;)'*C is too short to affect the
integral.

°Be(d,pi1) °Be

The °Be(d,p1)°Be peak has been surrounded by many peaks. Figure 47 presents the overlapping of
the Be peak with an unidentified one which is referred as unknown peak. The Table 3 shows the
energy ranges where the integral was not determined for each detection angle.
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Figure 47: The overlapping of the °Be(d,p1)'°Be peak with an unidentified one. The deuteron
energy is 1.4 MeV and the detection angle 170°.

Table 3: The energy ranges for each detection angle where the cross section of °Be(d,p1)'°Be was
not calculated

Detection Angle

Energy Range (MeV)

120° 0.72-1.18/1.4-1.54/1.68-1.8
140° 0.72-1.02/1.24-134/1.46-1.54
150° 0.72-0.88

160° 0.72-0.88

170°

1.12-1.22/1.32-1.38

9Be !d, ao! 7|_i

The °Be(d,a0)’Li peak overlaps with *N(d,p1.2)*°N ones in the energy range which depends on the
detection angle. Figure 48 presents the overlapping of these two peaks with the Be one and the
Gaussian Fit created to assess the integral of the °Be(d,ao)’Li peak. The Table 4 shows the energy
range where the integral cannot be determined for each detection angle.
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Figure 48: The overlapping of the °Be(d,ao)’Li peak with the *N(d,p1,2)*°N ones.

Table 4: The energy range for each detection angle where the cross section of °Be(d,ao)’Li was
not calculated due to the overlapping with *N(d,p12)*°N peaks.

Detection Angle | Energy Range (MeV)
120° -
140° 1.9-2.1
150° 1.76-1.9
160° 1.64-178
170° 1.6-1.72

°Be !d, 31! Li

The °Be(d,a1)’Li peak also overlaps with 2*N(d,p1,2)'°N peaks at lower energies. Figure 49 presents
the overlapping of these peaks and the Gaussian Fit. Table 5 shows the energy range where the
integral cannot be determined for each detection angle.
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Figure 49: The overlapping of the °Be(d,a1)'°Be peak with the *N(d,p1,2)*°N one.

Table 5: The energy range for each detection angle where the cross section of °Be(d,a;)!°Be was
not calculated due to the overlapping with *N(d,p12)*°N peak.

Detection Angle Energy Range (keV)
120° 1740-1980
140° 1380-2100
150° 1280-1420
160° 1200-1320
170° 1160-1300

Using the methodology that was described in the Section 3.4 and determining the integral of the
peaks with Gaussian Fit, we calculated the cross sections of deuteron beam reactions on beryllium.

The statistical error results from the integration of the Be and Si peaks. Having excluded the Be
peaks which overlap with the surround peaks, the statistical error of each point does not exceed
10% and in the most of the cases, it is around 6-8%.

During the deuterium — beryllium reaction, a compound nucleus is formed. The time scale of
compound nucleus reactions is 108 s — 101¢ s, which is much longer than the time of transit of an
incident ion across the nucleus (¥102? s). The consequence of thermal equilibrium inside a
compound is that the mode of decay of the compound nucleus does not depend on how the
compound nucleus is formed [150]. Additionally the excitation levels of compound can affect the
cross sections of the reactions. Figure 50 shows the excitation levels of boron, the compound
nucleus of the deuteron - beryllium reactions, in the deuteron beam energy range of 0.72 — 2.2
MeV.
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18000 keV 870 keV

17500 keV 116 keV E, =2.06 MeV
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E,=0.72-2.2 MeV

“Boron

Figure 50: The B excitation levels in the deuteron energy range 0.72 — 2.2 MeV.

The values of the differential cross section for the °Be(d,po)®Be reaction (Figure 51),
Be(d,p1)*Be (Figure 53), °Be(d,a)’Li (Figure 55) and °Be(d,a)’Li (Figure 57) are presented at
the chosen detection angles. Additionally, the results of the current work are compared with
literature values (Figure 52, Figure 54, Figure 56, Figure 58).
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Figure 51: Measured differential cross section of the °Be(d,po)°Be at detection angles of a) 120°,
b) 140°, c) 150°, d)160°, e) 170° and f) a comparison of differential cross section from 120°, 150°

and 170°.
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Figure 52: Comparison of the differential cross section of the °Be(d,po)'°Be reaction of the
current work with that of T. Ishematsu et al [140], E. Friedland et al [141], I. |. Bondouk et al [142]
and A. S Deineko et al [143].

For the detection angles of 150° - 170°, the cross section of the °Be(d,po)'°Be reaction shows an
abrupt increase with the energy for the energy range 0.76 - 1 MeV and then its values decrease
almost linearly with the increase of the energy. As the detection angle decreases the slope
decreases. For the detection angle of 170°, the cross section is 1.9 mbarn at 1.0 MeV and decreases
to 1 mbarn at 2.2 MeV. For the 140°, the behavour looks like detection angles 150° - 170°, but
there is a local minimun in the energy range of 1.04 - 1.1 MeV. On the other hand, the cross section
of 120° presents different behaviour for energies higher than 1 MeV as it is almost constant around
the value of 1.5 mb/sr (with fluctuations) (Figure 51a). Regarding the levels of the boron, the level
with 16.4 MeV, which corresponds to energy beam of 0.75 MeV (Figure 50), seems to cause a sharp
peak at the detection angles of 120°, 150° and 170°, while the rest of the levels, it is not clear if
they affect the cross sections.

In Figure 52, the data of the current work are compared with datasets from previous works. As
there is no significant angle dependence for energies between 1.3 MeV and 2.2 MeV (Figure 51f),
the comparison of cross sections from different angles is valid. The present results agree with those
of I. I. Bondouk et al [142] and A. S. Deineko et al [143], while there is disagreement in absolute
values, but not in the energy dependence, with E. Friedland et al [141] and T. Ishematsu et al [140],
which are 45% lower than the present values.
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Figure 53: Measured differential cross section of the °Be(d,p1)°Be at detection angles of a) 120°,
b) 140°, c) 150°, d) 160°, e) 170° and f) a comparison of differential cross section from 120°, 150°
and 170°.
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Figure 54: Comparison of the °Be(d,p1)!°Be reaction differential cross section of the Tsavalas et al
with A. S. Deineko et al [143] and the I. . Bondouk et al [142] for the detection angles of 120° and
140°.

The differential cross section of the °Be(d,p1)'°Be reaction starts from 1 mb/sr and increases up to
3.1 mb/sr at the energy E.p = 1.7 MeV for all detection angles. For higher energies, the cross
section decreases with the energy, while the slope of the cross section depends on the angle, as
the slope becomes steeper with the increase of the detection angle (Figure 53). Unfortunately,
only the values of the cross section at the detection angle of 170° could be determined, in the
energy range near the lowest boron level (16.4 MeV, energy beam of 0.75 MeV) where an abrupt
increase is observed. The other levels do not affect the values of the cross section.

The results of the current work agree with those of A. S. Deineko et al [143], while the data of I. |
Bondouk et al [142] exhibit 15 - 20% lower values, but with the same energy dependence (Figure
54).
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Figure 55: Measured differential cross section of the 1°Be(d,ap)’Li at detection angles of a) 120°,
b) 140°, c) 150°, d) 160°, e) 170° and f) a comparison of differential cross section from 120°, 150°
and 170°.
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Figure 56: Differential cross section comparison for the °Be(d, o) ’Li reaction between the
Tsavalas et al and the E. Fredland et al [141], J. A. Biggerstaff et al [151] and A. Saganek et al
[152] for the detection angle range between 160°-170°.

The differential cross section of the °Be(d, ao)’Li reaction presents angular dependence for energies
lower than about 1.5 MeV with its value increasing with the increase of the detection angle. For
energies higher than 1.5 MeV, the cross section decreases with the energy, displaying values from
3 mb/sr at Ejapb= 1.6 MeV to 1.5 mb/sr at Ej.pb =2.2 MeV, for all detection angles (Figure 55). The
boron level of 16.4 MeV (energy beam of 0.75 MeV) seems to affect the cross section of all
detection angles. At the detection angle of 170°, the boron level of 17.5 MeV (energy beam of 2.06
MeV) creates a peak to the differential cross section.

In Figure 56, the results of the current work are compared with the data sets of the literature for
similar detection angles. The results of the current work agree with A. Saganek et al [152] data
within errors bars, while the datasets of E. Freidland et al [141] and J A Biggerstaff et al [151] have
the same energy dependence but considerably different absolute values. Specifically, the cross
section of E. Freidland et al [141] is 45% lower, while that of J. A. Biggerstaff et al [151] is 1.6 - 1.8
times higher than the present data. These differences can be attributed to the accuracy of the
thickness determination as we observe a constant discrepancy between the data.
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Figure 57: Measured differential cross section of the 1°Be(d,a1)’Li at detection angles of a) 120°,

66



b) 140°, c) 150°, d) 160°, e) 170° and f) a comparison of differential cross section from 120°, 150°
and 170°.
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Figure 58: Comparison of the differential cross section for the °Be(d,a) ’Li reaction between
the current work and that of J. A. Biggerstaff et al [151], A. Saganek et al [152] and E.
Friedland [141].

The differential cross section of the °Be(d,a1)’Li reaction presents angle dependence in the whole
energy range and its value increases as the detection angle increases, with the exception of the
cross section for 120° detection angle and energy higher than 1.5 MeV. A peak in the energy range
of 1.75 -2 MeV is observed at detection angles where the differential cross section can be assessed
(150°, 160°, 170°). A sharp peak is created due to the boron level of 16.4 MeV (energy beam of
0.75 MeV) at all the detection angles (Figure 57).

Figure 58 presents the comparison between the differential cross section of the °Be(d,a) “Li
reaction of the current work and previous ones for similar detection angles. The differential cross
section of this study agrees with that of A. Saganek et al [152], while the data of E Freidland et al
[141] and J A Biggerstaff et al [151] have similar energy dependence with the present results but
different absolute values, 45% lower and 1.7 times higher than present ones, respectively. These
differences are similar to the differences in the differential cross sections of the °Be(d,a)Li
reaction and can be attributed to the accuracy of their target thickness measurements.
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3.5 Benchmarking

In order to validate the energy dependence and the absolute values of the determined cross
sections, a bulk Be target with a thin Au layer deposited on its surface was constructed and
measured with XRF technique to determine its thickness and NRA technique at different energies
and angles to check the measured cross sections. Figure 59 presents the XRF spectrum without
background and the deconvolution spectrum focused on the Au peaks of the target using a
collimator of 1Imm diameter, aluminum filter of 1000 um and voltage of 30 kV. The thickness of
the Au layer is determined 9.42 nm with an error of 7%.
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Figure 59: The XRF spectrum of the sample for the benchmarking focused on the Au peaks.

For the NRA measurements, the energy of the deuteron beam varied in the range 1.2 — 2.2 MeV
with a step of 0.2 MeV and the detection angles were 120°, 140°, 150°, 160° and 170°. For the
benchmarking of the cross sections, the °Be(d,po)'°Be reaction was used as it was the only one
which does not overlap with other reactions existing in the experimental spectra. However, there
is a strong indication that the results obtained from the benchmarking experiment of the
Be(d,po)°Be reaction are also valid for the reactions °Be(d,p1)!°Be, °Be(d,a0)’Li, °Be(d,a1)’Li, since
it was a coherent measurement. The thin gold layer was used in order to calculate the Q*Q term
at each energy and scattering angle through the elastic backscattering of deuterons on the gold
layer which follows the Rutherford formula. Using the value of the calculated charge, the
Be(d,po)'°Be reaction spectrum was simulated at each energy and scattering angle combination
employing the measured cross sections. Figure 60 shows a typical experimental and simulated
spectrum of the thick target measurements with the deuteron beam energy of 2 MeV and at the
detection angle of 170° focused on the °Be(d,po)'°Be reaction energy range.
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Figure 60: Experimental (black line) and simulated (red dish line) spectrum of the target consists
of bulk beryllium with a thin gold layer

As Figure 60 shows, the energy dependence of the cross section agrees well with the experimental
spectrum. This agreement applies to all beam energies and detection angles. The simulated
spectrum of Figure 60 agrees within 3% with the experimental thick target spectrum, with the
simulated one being systematically bellow the experimental spectrum. For all the thick target
measurements, the difference between the experimental and the simulated spectra does not
exceed 10%.

3.6 Conclusions

The differential cross section values of the deuteron reactions on beryllium were measured in the
energy range 0.72 — 2.2 MeV at the detection angles of 120°, 140°, 150°, 160° and 170° in order to
be used for the implementation of the NRA technique. The target used was a beryllium layer
deposited on a SisNs membrane. The determination of the target thickness was performed using
proton and O beams. The values of the cross sections were determined using the cross sections of
the "Sj(d,d)"'Si elastic scattering. The B excitation level with energy of 16.4 MeV, which
corresponds to 0.75 MeV deuteron beam energy, affects the most of the cross sections. Comparing
the results with the previous data, the current differential cross sections of the °Be(d,po,1)'°Be
reactions agree with A. S. Deineko et al [143] and the differential cross sections of the °Be(d,a,1)’Li
reactions agree with A. Saganek et al [152]. The benchmarking shows that the energy dependence
of the differential cross section is consistent with the acquired thick target spectra for all detection
angles with the difference between the experimental and the simulated spectra not exceeding
10%.
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Chapter 4: Sample Description

Samples from different parts of the ILW JET tokamak and exposed on one (ILW1, ILW2 or ILW3) or
three (ILW1-3) experimental campaigns were investigated. The beryllium samples are from the
limiter and the inner wall cladding of the main chamber, while the tungsten ones are from the Tile
5 of the divertor.

4.1 Be Samples

In the following section the configuration and the composition of the beryllium tiles from the
different areas of the main chamber before the plasma exposure will be described. This
information is very useful to interpret the results of the analysis and understand the effects of the
plasma — PFMs interaction

4.1.1 Beryllium Marker Samples Exposed to ILW1 or ILW2 Campaign

Samples from beryllium marker tiles of the Dump Plate (DP), the Outer Poloidal Limiter (OPL) and
the Inner Wall Guard Limiter (IWGL) from the ITER-like wall JET main chamber after the first (2011-
2012) or the second (2013-2014) experimental periods were investigated (Figure 61). The marker
tiles before the exposure have a special configuration with a nickel interlayer between the top
beryllium layer and the bulk beryllium: Be (Bulk)/(Ni (2.5 £ 0.5 um)/Be (8.5 £ 0.5 um) [28]. The aim
of the Ni interlayer is to assess surface erosion due to plasma exposure. Additionally, a sample
with similar configuration with that of the marker tiles but without plasma exposure was measured
and used as reference. After the cut, one of the castellation sides was noted with an engraved
number. The configuration of the tiles and the samples as well as the labelling of the castellation
sides based on the ion/electron drift direction are presented schematically in Figure 62, using as
an example the sample 27 from ILW1 IWGL outer.

Table 6: The experimental campaign, the origin and the code of the investigated samples

Exp. Campaign Tile Sample Code
ILW1 Dump Plate 2B2C very top Octant 2 80
ILW1 OPL 4D14 outer midplane Octant 4 W3 RH 120
ILW2 OPL 4D14 outer midplane Octant 4 W3 RH 320
ILW1 IWGL 2XR10 inner midplane Octant 2 RH Outer 27
ILW2 IWGL 2XR10 inner midplane Octant 2 RH Outer 191
ILW1 IWGL 2XR10 inner midplane Octant 2 Centre Tile 174
ILW1 IWGL 2XR10 inner midplane Octant 2 RH Wing 76
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Figure 61: Position of the samples from the Be limiters in the ILW JET tokamak.

The beryllium limiter tiles have a castellation configuration, i.e. there is a gap between the samples
(Figure 62). Specifically, the width of the groove of the castellation side is 0.4-0.5 mm for all
samples, except for ILW-1 IWGL OUTER, where the corresponding width is 0.8 mm. This
configuration enhances the thermo-mechanical durability and integrity of materials under high
heat flux loads [153].

Groove width:
0.4-0.5 mm (0.8 mm for IWGL Outer)

lon drift
Plasma-Facing
Surface (PFS) /] Be (~ 8 um)
_ Ni (~2 pum)
Electron drift Be (Bulk)

side —>
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9-16 mm
Lateral side
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Figure 62: Schematic of the castellation configuration of the beryllium tiles and the configuration
of the ILW1 IWGL outer (27) sample from the marker tiles. The castellation sides are labelled
based on the ion/electron drift direction.

3.1.2 Samples from Beryllium Tiles Exposed to ILW3 or ILW1-3 Campaigns

The samples originate from the limiters and the cladding of the ILW JET Tokamak main chamber
exposed to ILW1-3 or ILW3 campaign (Table 7). Specifically, two of the samples (23 and 38) are
from IWC 412 and were exposed to the three experimental campaigns (ILW1-3); sample 23 is from
the region A and sample 38 from the region B (Figure 63a and b). The configuration of this tile is a
beryllium layer with nominal thickness of 7-9 um coated on Inconel substrate and was placed 6 cm
behind the limiters. Two samples, 390 and 418, are from the DP 3A8 exposed to three experiment
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campaigns (ILW1-3) (Figure 64a). The samples 449 and 451 are from the DP 2B2C exposed to the
third experimental campaign (Figure 64b).

Table 7: The list of the samples exposed to ILW3 or ILW1-3

Exp. Campaign Tile Sample No
ILW1-3 Inner Wall Cladding 412 23
ILW1-3 Inner Wall Cladding 412 38
ILW1-3 Dump Plate 3A8 390
ILW1-3 Dump Plate 3A8 418

ILW3 Dump Plate 2B2C 449
ILW3 Dump Plate 2B2C 451

REGION A p REGION B

a)

Figure 63: Images of a) the surface and b) the position of the samples of the IWC 412
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Figure 64: Images of a) the tile 3A8 exposed in ILW1-3 and b) tile 2B2C after the ILW3.

4.2 Tungsten Lamellae

Twelve samples from the tile 5 tungsten lamellae of the JET Tokamak after one of the three ITER—
like wall campaigns (ILW1, ILW2 and ILW3): five samples from the A23 (Figure 65b, e and k), one
from the C3 (Figure 65c), one from the C13 (Figure 65f), three from the C14 (Figure 65d, g), one
from the C22 (Figure 65h) and one from the C23 (Figure 65) lamella were analysed. The C13 and
C22 constitute marker lamellae with a composition of bulk W/6 um Mo/6 um W, while the rest
lamellae consist of bulk tungsten. Table 8 presents the full description of the analyzed samples.
Figure 65 shows the tile 5 of the JET tokamak divertor, the segmentation of the lamellae and the
position of the measured samples.

Table 8: The Description of the samples from the tile 5 of the JET Tokamak divertor

Exp. Period | W Lamella | Sample No | Same position | S coordinate Description
A23 1 as 48 1120 Bulk tungsten
A23 7 1064 Bulk tungsten
ILW1
C3 12 1191 Bulk tungsten
Ci14 15 as 63 1248 Bulk tungsten
ILW2 A23 48 asl 1248 Bulk tungsten
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A23 51 as 93 1085 Bulk tungsten

C13 61 1248 Marker tile

C14 63 as 15 1248 Bulk tungsten

Cc14 67 1201 Bulk tungsten

C22 70 1248 Marker tile

Cc23 72 1248 Bulk tungsten
ILW3 A23 93 as 51 1084 Bulk tungsten

a) ILW Jet tokamak divertor Tile 5 b) ILW1 A23 - Standard Lamella

Lamella C23 Lamella C22
o -
P Lamellacia 2, f77| lamellac13

Witttz

Lamella A23

Marker coated lamellae 6 um Mo/6
L Standard lamellae; lines 3, 14, 23

c)

e)

wuw 0T
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Figure 65: a) The position of the lamellae in tile 5 of the divertor and b) — k) the investigated
samples and sides
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Chapter 5: Results from Beryllium Tiles

In this chapter the quantitative results, the material mapping and the surface images of the
measurements of plasma facing surfaces (PFSs) and the castellation sides of the beryllium samples
from the JET tokamak main chamber, which were described analytically in the Section 4.1, are
presented. The analytical techniques that we used are mili-beam and micro-beam NRA, XRF, SEM
with EDS, XRD and PIXE.

5.1 Be samples From the Limiters After ILW1 or [LW?2

The samples from the Be limiter were analysed with the mentioned set of techniques and useful
conclusions were drawn about the material migration and deposition, focusing on carbon amount
and spatial distribution, the deuterium retention and correlation with the carbon, the surface
erosion, the surface morphology and the compound formation.

5.1.1 Carbon Amount and Spatial Distribution

The C amount and depth profile of PFS and castellation sides were determined with sensitivity of
1 x 10% C/cm?. Additionally, the maps of the castellation using the mico-beam scanning illustrate
the C distribution near the PMS edge.

5.1.1.1 Plasma Facing Surface

Figure 66 shows the NRA spectrum of the PFS of ILW-1 IWGL wing (76) sample which is a
representative spectrum for all the samples. The peaks from the °Be(d,po)'°Be, °Be(d,t)®Be and
%Be(d,ap)’Li reactions are clearly observed. On most of the samples, the O peaks of *0(d,po)}’0
and ®0(d,p1)'’0 reactions were also detected. However, there is contribution from the °Be(d,t)®Be
and °Be(d,ag,1)’Li peaks to the oxygen peaks. Therefore, the quantification of the O cannot be
achieved with accuracy. In addition, for ILW1 OPL (120) and ILW-1 IWGL wing (76) samples the
peak of the 2H(d,p)3H was detected.

76



experimental

9 10
Be(d,p,) Be - simulated

750 -
:(E °Be(d,p,)"Be
c
S 12C(d,p0)13c
16, 17
§ 500 - o(d,p,) "0
>
.t 9, 8
b Be(d,t)’Be
c
9 1so(d,p0)17o
2 250 1

’Be(d.a,,)'Li

°H(d,p)

0 . . S -
1 2 3
Energy (MeV)

Figure 66: Experimental (black-solid line) and simulated (red-dash line) spectrum of PFS of the
ILW1 IWGL wing (76) sample.

From the simulation (dotted line in Figure 66) of the NRA spectrum, in the range of energy where
the *2C(d,po)*3C and °Be(d,po)!°Be reactions were detected, the carbon depth profile was
determined. The peak on the left of the 12C(d,po)*3C peak, which corresponds to the °Be(d,t)®Be
reaction cannot be simulated due to the lack of the required cross section. This is the reason why
the simulated spectrum for the °Be(d,po)!°Be reaction in Figure 66 is limited in the energy range 4
to 4.5 MeV. It is noted that the energy range 3.5 to 4 MeV of the °Be(d,po)'°Be peak is related with
Be erosion and Be/Ni mixing, as it will be discussed below. The total atomic surface density and
the extent of the deposition layer with the presence of C are presented for all the samples in Table
9. There are differences in the C content between respective samples, but the total carbon content
is rather small (maximum content of (11.8+0.6) x 107 at/cm?) reflecting low C fluxes during the
ILW operation. It also indicates that the plasma erosion of the W coatings deposited on carbon
fiber composite (CFC) is limited, since CFC material could provide a source of C.

The largest amount of C ((11.8 + 0.6) x 107 at/cm?) co-deposited in a layer of 6.7 um has been
measured on the PFS of ILW1 DP (80). The lowest amount ((0.35 * 0.07) x 107 at/cm?) with the
smallest layer thickness of 0.4 um has been detected on ILW2 OPL (320). The lower carbon
deposition on OPL during the second campaign compared to the first one must be related with the
enhanced erosion of the sample 320 from OPL during the second campaign, as it will be discussed
below. The low amount of C in the central part of the ILW1 IWGL centre (174) is explained by the
fact that the sample originates from the erosion zone.

Table 9: Total C amount on PFS and the surface thickness of the carbon-containing layer.

Campaign Sample Code C surface content C deposition
(107at/cm?) thickness (um)

ILW1 DP (80) 11.8£0.6 6.7
ILw1 OPL (120) 2.9£0.2 3
ILW2 OPL (320) 0.35 + 0.07 0.4
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ILW1 IWGL center(174) 0.70£0.05 0.8
ILW1 IWGL outer (27) 3.6%0.3 2.3
ILW2 IWGL outer (191) 40+0.3 3.7
ILW1 IWGL wing (76) 7.6+0.3 5.5
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Figure 67: Carbon concentration in at% plotted versus atomic surface density (bottom x axis)
and depth (top x axis) for the different samples of the JET tokamak for the ILW1 and ILW2
campaigns.

The depth profile of the carbon concentration in the deposition layer is depicted in Figure 67. In
Figure 67 the top x-axis corresponds to the depth in the sample, which is calculated using the
elemental concentration of each sublayer and its approximate mass density. It is perceived that
the concentration decreases as a function of depth in all the investigated samples and moreover
the decrease is drastic at about 1 um depth. Carbon was detected in depth higher than 6 um
(highest depth) on the surface of the ILW1 DP (80), on the other hand carbon on the ILW2 IWGL
(320) is superficial. Additionally, The highest surface concentration (4.5 at%) was detected on the
ILW1 IWGL wing (76). A significant difference is observed in OPL and IWGL areas between the first
and the second campaign. Specifically, the carbon deposition in both areas is higher at the surface
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layers in ILW1 (on OPL (120) is 1.4 at% and on IWGL (27) 3.7 at%) than in ILW2 (on OPL (320) is 0.7
at% and on IWGL (191) 1 at%) .

Figure 68 presents the NRA spectrum in the energy range of the °Be(d,po)°Be reaction of the
samples exposed to plasma compared to the non-exposed (reference) one. The maximum and the
minimum energy of each peak correspond to the energy of the outgoing particles from the top
and the bottom surface of each layer, respectively. Consequently, the range of the energies
covered by a peak is a first indication of the thickness of the layer. The reference sample has the
nominal structure of Be (bulk)/Ni(2.5 um)/Be(10 um). The simulation of the NRA spectrum of the
reference sample gives a thickness for the top Be layer of (7.6 £ 0.1) um and for the Ni interlayer
of (2.6 £0.1) um.
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Figure 68: Comparison of °Be(d,po)'°Be peak between the reference and the exposed to plasma
samples.

In the reference sample the absence of the °Be(d,po)'°Be peak in the energy range 3.8 to 4 MeV
(Figure 68) is related with the presence of the Ni interlayer at a depth of about 8 um. The small
peak between 3.6 and 3.8 MeV corresponds to the Be bulk below the Ni interlayer. The spectra of
the ILW2 OPL (320) and ILW-1 IWGL centre (174) samples indicate that either both the Niinterlayer
and Be top layer have been eroded or a thick beryllium layer, of at least 7 um thickness, has been
deposited. The picture will be clarified later with the aid of the XRF results as it will be discussed
below. In the ILW-1 OPL (120) and ILW2 IWGL outer (191) samples the surface beryllium is thinner
than in the reference sample, leading to the conclusion that these samples had suffered erosion
which is less than 8 um. In ILW1 IWGL outer (27) the beryllium top layer has suffered larger erosion
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than that of the samples ILW1 OPL (120) and ILW2 IWGL outer (191), and either the nickel layer
has been mixed with the beryllium bulk or erosion of parts of the top Be layer has taken place. This
will be also clarified below with the aid of the quantitative results of XRF (Section 5.1.5) and the
SEM images (Section 5.1.6). The comparison of the reference sample with the samples ILW1 DP
(80) and IWL1 IWGL wing (76) shows that in these two samples the nickel interlayer is mixed with

the beryllium. On the other hand, in ILW1 IWGL outer (191) the presence of the nickel interlayer
is clearly indicated.

5.1.1.2 Castellation Side

NRA measurements with mili- beam were also performed on the various sides and depths located
inside the castellated grooves. The step for the various depths was 1.5 mm starting from the areas
near to the PFS of the sample. Figure 69 illustrates schematically the beam spots of the mili-beam
on the castellation sites of a sample and presents the carbon content for different depths of the

ion drift, lateral and electron drift castellation sides of the samples under investigation compared
with the carbon content of the PFS of the sample.
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Figure 69: a) The schematic of the mili-beam measurements of the castellation sides and b-h) the
carbon content of the castellation sides from different depths inside the grooves. The dash line is
the carbon content of the PFS.

In most of the samples, the carbon content on the different castellation sides follows the same
pattern. The castellation sides of the ILW-1 DP (80) have similar carbon amount for the first 4 mm,
while in deeper positions the carbon content on the ion drift side increases with depth. For the
ILW-1 OPL (120), the carbon on the ion drift and lateral castellation sides has similar depth
dependence, i.e. the carbon content decreases with depth and its values are quite similar.
Moreover these castellation sides have higher carbon content than the PFS and on the deepest
position (depth higher than 5 mm) the carbon content becomes similar to that on the PFS. On the
other hand the electron drift side has same carbon content with the other castellation sides near
the PFS, its content reduces smoothly with depth but there is an abrupt increase in the deepest
position. The carbon content has more or less the same behaviour on the castellation sides of the
ILW2 OPL (320) as its value degreases from (6 - 8.3) x 10¥at/cm? to (2.5 - 4.4) x 107at/cm?. The
position near the PFS of the ILW1 IWGL outer (27) lateral castellation side presents by far the
highest C amount ((59 + 4) x 10'7at/cm?), the carbon amount decreases slightly with depth on both
castellation sides presenting similar values and very close to those of the PFS at depths larger than
2 mm. The electron drift castellation side of ILW-2 IWGL outer (191), after the position near the
PFS, presents a constant carbon content around the value of the PFS (4 x 10%7 at/cm?), while carbon
content at the lateral castellation side decreases with depth, except for the deepest position
(depth higher than 6 mm); additionally, the carbon amount of the electron drift side is 1.4 to 1.8
times higher than that of the lateral one for any depth apart from the deepest one where the two
castellation sides present the same carbon content. The carbon content of ILW1 IWGL centre (174)
lateral castellation side decreases with depth, whereas that of the ion drift side has the opposite
behaviour and higher values for depths larger than 2 mm. The carbon content on both castellation
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sides of 174 sample is higher than that of surface. The carbon content on the ILW1 IWGL wing (76)
presents similar depth dependence for the castellation sides increasing with depth, but its value
on the lateral side is 2 to 3 times higher than that on electron drift one.

For the area up to depth of around 1.5 mm from the PFS of various castellation sides, 2H micro-
beam measurements were carried out in order to depict the carbon spatial distribution. In Figure
70 the carbon mapping of the lateral side of all samples is depicted, with the exception of the ILW1
IWGL centre (174) sample, for which the ion drift side is presented. The PFS of the samples is at
the top of the mapping and it is defined by a white line in Figure 70. On the ILW1 DP (80), some
carbon agglomerates with diameter of about 150 um have been formed over the whole side. On
the ILW1 OPL outer (120), we observe a slight decrease of the carbon with the depth, from 3 x 108
at/cm?, close to the PFS, to 1.2 x 10'® at/cm? at the depth of about 1.5 mm from the PFS. On the
ILW2 OPL outer (320), carbon agglomerates with diameter in the range 100 — 200 pum are observed
near the PFS of the sample. On ILW1 IWGL outer (27), at a depth of about 800 um from the PFS, a
stripe having a width of about 500 um with carbon content of 5.8 x 10%° at/cm?, has been formed.
On ILW2 IWGL outer (191), the amount of carbon decreases as a function of depth, from 2 x 108
at/cm? at the top to 0.5 x 10'8 at/cm? at the bottom of the investigated area. On the ILW1 IWGL
centre (174), 400 um from the PFS, there is a thin stripe having a width of about 200 um depleted
of carbon. On the IWL1 IWGL wing (76), a drastic decrease of the carbon content is observed from
the PFS (9 x 10*8 at/cm?) to the bottom of the measured area (0.8 x 10*® at/cm?).

ILW1 DP (80)

500 1000 1500

ILW2 OPL outer (320)
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Figure 70: Mapping of the deposited carbon on the lateral side (a, b, c, d, e, g) and the ion drift
side of the ILW-1 IWGL centre (174) (f). The white line defines the edge of the plasma-facing
surface. The unit of the axes is um.

5.1.2 Deuterium Retention and Spatial Distribution

The PFS and at least one castellation side of all samples were measured using a 3He micro-beam.
Figure 71 depicts representative experimental and simulated spectra of the ion drift side from the
ILW1 Dump Plate (80) employing a 3He micro-beam. The determined deuterium content using a
3He beam is presented in Figure 72 together with the carbon content determined using a H milli-
beam (as described above in Section 5.1.1) for the same area.
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Figure 71: The experimental (solid, black) and the simulated (dash, red) NRA spectra of the ion
drift side of sample 80 from the ILW1 Dump Plate.
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Figure 72: Deuterium and carbon content of the PFS and the castellation sides as measured by
3He and deuteron beams, respectively.

The deuterium content on the PFS of the samples is found to vary one order of magnitude, ranging
from (0.090 + 0.003) x 107 at/cm? (sample 320 from ILW2 OPL outer) to (2.5 + 0.2) x 107 at/cm?
(76 sample from IWGL 2XR10 wing). The deuterium amount determined in the current work on
the PFS of ILW1 DP ((1.05 + 0.05) x 10%” at/cm?) is in reasonable agreement with that reported in
[44] ((3.4 + 1.2) x 10% at/cm?). Additionally, integrating the mean D content (1.2 x 107 at/cm?) of
the different areas over the whole ILW1 IWGL tile, we observe that the total D content, 3.51 x 10%°
at., is half of the corresponding value (6.76 x 10'° at.) reported in [44].

On the castellation sides, the variation of the fuel retention between the various locations is
reduced with the deuterium content ranging between (0.96+0.10) x 10% at/cm? (ILW1 OPL (120)
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electron drift side) and (9.1£0.9) x 107 at/cm? (ILW1 OPL (120) ion drift side and ILW2 OPL (320)
lateral side). In general the castellation sides retain higher amounts of deuterium than the PFS.

From the first to the second campaign, the deuterium content on the PFS decreased; for the OPL
from (1.13+0.04) x 107 at/cm? to (0.090+0.003) x 107 at/cm? and for IWGL outer from (0.61+0.04)
x 107 at/cm? to (0.45+0.05) x 107 at/cm?. On the contrary, deuterium amount on the castellation
sides during ILW2 increases with respect to ILW1; for OPL from (0.95+0.10) x 10 at/cm? to
(4.7+0.4) x 10V at/cm? (electron drift side) and from (3.4+0.3) x 10'7 at/cm?to (9.1+0.9) x 10%’
at/cm? (lateral side); and for IWGL outer from (1.4+0.2) x 107 at/cm? to (3.8+0.2) x 107 at/cm?
(electron drift side).

The mean values of the deuterium content on the castellation sides are compared with those
reported in [35]. There is agreement that the ILW1 DP castellation sides present the lowest
deuterium retention with (1.4 + 0.3) x 10 at/cm? found in the current work and <10 at/cm?
reported in [35]. For the ILW1 OPL castellation side, the value found in the current work ((4.5
2.4) x 10Y at/cm?) is close with that reported in [35] (~6 x 10% at/cm?). For the ILW1 IWGL, we
find lower deuterium amount ((1.8 + 0.5) x10% at/cm?) than the low limit of the range reported in
[35] ((7 - 20) x 107 at/cm?). The comparison between the carbon deposition and the deuterium
retention will be presented in Section 5.1.3.

Figure 73 depicts deuterium mappings of the PFS of the analysed samples, as determined with the
3He micro-beam. The deuterium distribution on the PFS is homogeneous for all samples. Figure 74
depicts deuterium mappings of two of the castellation sides for IWL1 OPL (120), ILW2 OPL (320)
and ILW1 IWGL outer (27). Deuterium is reduced with depth on the castellation sides of all samples
apart from the ILW2 OPL outer (320) (Figure 74c and d) where a deuterium stripe of about 400 um
width, 200 um from the PFS, is observed for both castellation sides. The deuterium distribution is
similar on the castellation sides of ILW1 OPL (120) (Figure 74a and b). On the ion drift side of the
IWL1 IWGL outer (27) the deuterium is reduced with depth more abruptly than on electron drift
one.

85



0 ILW2 OPL outer (320) surface

ILW2 IWGL outer (191) surface
1000 v

200 400 600 800 1000 SR R
d) e) 200 400 600 800 1000

ILW1 IWGL centre (174) surface
1000 5

f) 200 400 600 800 1000

-1

200 400 600 800 1000
g)

Figure 73: The deuterium mapping of PFS of the investigated samples. The unit of the axes is um.
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Figure 74: Deuterium mapping of vertical and parallel castellation sides. The top magenta line
defines the edge of the plasma-facing surface. The unit of the axes is um.

5.1.3 Deuterium Retention Versus Carbon Deposition

In this section we discuss possible correlation between deuterium retention and carbon
deposition. From Figure 72, we conclude that high carbon amount is not necessarily accompanied
by high deuterium content.

In Figure 75 the deuterium over carbon ratio (D/C) is presented for the PFS and the castellated
sides. For the castellation side the average of the measured castellation sides has been used. The
D/C ratio ranges from 0.07 to 1.16 with DP presenting the smallest ratio (< 0.1) and the castellation
side of OPL after the second campaign the highest one (~1). Similar D/C ratios for the PFS and the
castellation sides are observed during ILW1 campaign, whereas during ILW2 campaign the ratio is
larger on the castellation sides compared to that of the PFS, being in the range of 3.6 - 6.0.
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Figure 75: The deuterium over carbon (D/C) ratio of the plasma-facing surface (PFS) and the

castellated side. For the castellation side the average of the measured castellation sides has been
used.

Figure 76 displays representative carbon and deuterium mappings of the same castellation sides.
On ILW1 DP (80) lateral side (Figure 76a and b), carbon and deuterium have similar homogeneous
distributions all over the mapped area. On the ILW1 OPL (120) lateral side the carbon distribution
is nearly homogeneous (Figure 76¢) while the deuterium decreases with depth (Figure 76d). On
the ILW2 OPL (320) lateral side the stripe rich in deuterium (Figure 76f) is not observed on the
carbon mapping (Figure 76e). On the ILW1 IWGL centre (174) ion drift side, there is a zone depleted
of carbon (Figure 76g), while the amount of deuterium decreases smoothly with depth (Figure
76h). On ILW1 IWGL wing (76) lateral side, a similar stripe with high amount of carbon and

deuterium is detected near the PFS (Figure 76i and j).
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Figure 76: Carbon and deuterium mapping on the same castellation side of ILW1 DP (80) (a and
b), ILW1 OPL outer (120) (c and d), ILW2 OPL outer (320) (e and f), ILW1 IWGL centre (174) (g and
h) and ILW1 IWGL wing (76) (i and j). The area of deuterium mapping for b) and j) corresponds to
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the red square of the corresponding carbon mapping (a and i, respectively). The white line
defines the edge of the plasma-facing surface. The unit of the axes is um.

5.1.4 Heavy Element Distribution

Heavy elements, such as aluminium (Al), chlorine (Cl), calcium (Ca), chromium (Cr), manganese
(Mn), iron (Fe), nickel (Ni), molybdenum (Mo) and tungsten (W) were detected using PIXE on both
the PFS and the castellation sides. Ni originates from either the interlayer of the samples or from
parts of the tokamak that consist of Inconel. Cr, Mn and Fe are also from the Inconel parts, while
Mo and W have probably migrated from the divertor. The Al may be deposited from the remote
handling tool. The origin of the rest of the detected elements is not clear. Figure 77 depicts a
representative PIXE spectrum of the ILW1 DP (80) lateral side. Ni is the only element with
significant amount and inhomogeneous distribution on the PFS of the samples. Ni maps along with
representative SEM images from the PFS are presented in Figure 78. The sample PFSs present quite
different morphology. It is noted that the white areas in the SEM images correspond to heavy
elements whereas light elements are depicted grey. It is observed that Ni distribution on the PFS
is in agreement with the observed SEM morphologies. Specifically, areas rich in Ni are detected on
the PFS of the ILW1 DP (80) and ILW1 OPL (120) (Figure 78a and b). On the PFS of the former
sample, Ni particles have been deposited, while the latter one has suffered partial erosion of the
top beryllium layer. The ILW1 IWGL outer (27) PFS has suffered erosion, so the Ni from the
interlayer is detected on the surface (Figure 78e). The distribution of Ni on the ILW1 IWGL wing
(76) (Figure 78g) is almost homogeneous. This sample must have suffered some heat load that
probably caused the melting of the deposit and/or marker coating [44, 154]. The analysis of the
SEM and EDS measurements will be presented analytically in section 5.1.6.
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Figure 77: PIXE spectrum and peak identification of the ILW1 DP (80) lateral side using a *He
micro-beam.
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Figure 78: Representative Ni mapping and SEM images of the PFS of ILW1 DP (80), ILW1 OPL
outer (120), ILW1 IWGL outer (27) and ILW1 IWGL wing (76).

Figure 79 depicts the mapping of selected heavy elements on the lateral side of ILW1 DP (80) and
ILW1 IWGL wing (76) and the ion drift side of ILW1 OPL outer (120). For the ILW1 DP (80), all the
elements, except for Ni and Fe, present a strong depth dependent distribution peaking at about
30 um from the PFS and decreasing abruptly for depths larger than 80-100 pum. This zone of high
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Al/Cl/Ca/Mo/W elemental concentration presents low concentration in Ni. Additionally, areas rich
in one or more elements were detected in depths higher than 100 um (Figure 79). For the ILW1
OPL outer (120), a stripe rich in Al, Cl, Ca and having a width of around 80 um is observed,
presenting no correlation with the Ni concentration. Inhomogeneous areas rich in Al or Ca are
observed for depths larger than 100 um. For the ILW1 IWGL wing (76), the detected elements form
a zone of high concentration with a width varying between 50 and 150 um at a depth of about
more than 100 um. Al, Cl, Ca, Mo and W follow similar deposition pattern.
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Figure 79: Mapping of the metallic elements of the castellation side of IWL1 DP (80), ILW1 OPL
(120) and ILW1 IWGL wing (76). The white line defines the edge of the plasma-facing surface. The
unit of the axes is um.

5.1.5 X-ray Fluorescence Spectroscopy Results

XRF measurements were carried out in order to determine the concentration of elements heavier
than Na (Z2>11) from higher depth of the samples. The representative XRF spectrum of the ILW1
IWGL outer (27) focused on the energy that we are interested in, using Al filter with thickness of
1000 um and the identification of the peaks are presented in Figure 80. Figure 81 presents the
quantitative XRF results of the samples from the JET tokamak main chamber and a reference one.
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Figure 80: The XRF spectrum of ILW-1 IWGL outer (27) and the peak identification.
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Figure 81: XRF results of the analysed samples. The concentration refers to elements with Z>11.

The elements: Cr, Mn, Fe, Ni, Ti and W were detected in all samples, including the reference one.
The content of these elements, except Ni, in the reference sample is smaller than in the samples
exposed to plasma. The higher content of Cr, Fe, Mn and Ti in the plasma exposed samples must
be related to the deposition of the eroded Inconel parts present in the JET main chamber. Ni comes
from the nickel interlayer and its decrease with respect to the reference sample must be due to
the erosion of the Ni interlayer. Thus, it is concluded that only the picture of enhanced erosion of
the Ni interlayer for the samples ILW1 OPL (320) and ILW1 IWGL centre (174) can support both the
XRF and NRA data discussed above (see Figure 68). The strong erosion of the centre area of the
2XR10 tile is confirmed by the results of [39] where an erosion of more than >50 um is found in
the mid-plane of ILW-1 IWGL. The increased content of W in the exposed samples might be due to
its migration from the JET divertor and the tungsten coated CFC tiles which are present in the main
tokamak chamber. W migration is increased (almost one order of magnitude with respect to the
reference sample) in ILW1 OPL (120), ILW1 IWGL outer (27) and ILW1 IWGL wing (76). It is noted
that the peaks of Cu and Zn are present in the XRF spectra because of the beam collimator made
from brass and their content in the samples, if any, cannot be quantified. However, EDS analysis
(section 5.1.6) does not show the presence of Cu and Zn.

5.1.6 Surface Morphology and Stoichiometry

In this section the SE and the BSE images of the PFSs of the investigated samples from the SEM
measurements are illustrated in order to understand the morphology and the different phases.
Additionally, the EDS measurements were carried out on large areas, which have dimensions 1 x
0.5 mm? for all samples except for ILW1 IWGL outer (0.4 x 0.2 mm?) and white or dark areas which
is characterized by color in the BSE images. Generally the white areas conclude heavier elements
than the dark ones. The energy beam for the EDS measurements was 12.5 keV
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Figure 82: Comparison of the sample morphology after the plasma exposure with the reference.

Figure 82 presents the SEM images with secondary electrons with the same magnification of the
reference and the samples after the plasma exposure. The surfaces of the samples have been
altered and none of them looks like the reference. Additionally, the morphology of each plasma
exposed sample is unique and no similarity between the sample surfaces is observed.

Figure 83 shows the EDS spectrum of the ILW1 IWGL outer (174), where C, O, Ni, Al, W, Ca and Fe
are detected. Figure 84 - Figure 118 present the SEM images of the measured samples with
different magnifications and the quantitative results of the EDS spectra for large and focused areas.
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Figure 83: The EDS spectrum of the IWL1 IWGL outer (174)
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Top region

Figure 84: SEM images of the ILW1 DP (80) different areas using secondary and
backscattered electrons.

Figure 85: SEM image of the ILW1 DP (80) top region and the quantified areas.
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Figure 86: The quantification of the large areas of the ILW1 DP (80) top region shown in

Figure 85.
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Figure 87: The quantification of the dark areas of the ILW1 DP (80) top region shown in
Figure 85.
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Figure 88: The quantification of the white areas of the ILW1 DP (80) top region shown in
Figure 85.

Figure 89: SEM image of the ILW1 DP (80) bottom region and the quantified areas.
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Figure 90: The quantification of the large areas of the ILW1 DP (80) bottom region shown in
Figure 89.
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Figure 91: The quantification of the dark areas of the ILW1 DP (80) bottom region shown in

Figure 89
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Figure 92: The quantification of the white areas of the ILW1 DP (80) bottom region shown in
Figure 89.

Figure 84 depicts the surface of the ILW1 DP (80) where two different areas are observed. The
upper region seems smoother than the bottom one. Comparing the quantitative results of the
large areas, we observe that both regions have the same elements (C, O, Al, W, Mo, Cr, Mn, Fe and
Ni) (Figure 86 and Figure 90) and their concentrations are quite similar for the elements with high
concentration (Ni, O, C and W). The analysis of specific areas of the top region shows that the dark
ones have similar elemental concentration to each other (Figure 87), but lower concentration of
Ni and higher concentration of the rest elements than the large and the white ones. On the other
hand, the white areas have very high Ni concentration and one of them has elements (Zn, Cl, Kand
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Ca) that are absent in the other one. For the chosen areas of the bottom region, the white ones
(Figure 92) have more Ni and greater variety of elements than the large areas (Figure 91).
Combining the morphology of the surface, the quantification of all the areas and the mili-beam
NRA results, we observe that the nickel interlayer is not clear (Figure 68) and particles rich in nickel
are detected on the surface so we conclude that IWL1 DP (80) has suffered intense deposition or
erosion and re-deposition and the white particles are deposited particles consist mainly of nickel.

, 52 SN | Top Region

Figure 94: SEM images of the ILW1 OPL (120) top region and the quantified areas.
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Figure 95: The quantification of the large areas of the ILW1 OPL (120) top region shown in

Figure 94.
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Figure 96: The quantification of the dark areas of the ILW1 OPL (120) top region shown in
Figure 94.
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Figure 97: The quantification of the white areas of the ILW1 OPL (120) top region shown in
Figure 94.
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Figure 98: a) SEM image of the ILW1 OPL (120) bottom region and b) the large area
quantification as determined in the SEM image.

Figure 93 depicts the SEM images of the ILW1 OPL (120) surface where strips with different
composition are detected in the top region, while the bottom one seems homogeneous. The top

103



region has higher Ni concentration ((66.73 — 67.56) at%, the dominant element) and less elements
(C, O, W, Fe, Ni)) (Figure 95) than the bottom one, where the Ni concentration is (8.92 — 9.26) at%,
the detected elements are C, O, Al, W, Mo, Cl, Fe and Ni, while O is the dominant element (Figure
98b). The dark areas (Figure 96) of the top region have less Ni ((13.56 — 15.29) at%) and greater
variety of elements (C, O, Zn, Al, W, Mo, Cl, Fe and Ni) than the white ones, where NI is the
dominant element with concentration of (74.8 — 78.88) at% and the detected elements are C, O,
W, Cl, Fe and Ni (Figure 97). The 2H mili-beam spectrum shows that the top beryllium layer is
thinner than that of the reference (Figure 68). Additionally, Ni was detected on the surface of the
sample and its spatial distribution does not look like deposition but it looks like strips with a specific
orientation, having revealed from the Ni interlayer due to the erosion. The conclusion is that the
IWL1 OPL (120) has undergone erosion of its beryllium layer in the area towards the centre of the
tile and the areas rich in Ni appear from the interlayer of the sample.

Figure 100: SEM images of the backscattered electrons and the quantified areas of the IWL2 OPL
(320).
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Figure 101: The quantification of the large areas of the ILW2 OPL (320) shown in Figure 100.
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Figure 102: The quantification of the dark areas of the ILW2 OPL (320) shown in Figure 100.
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Figure 103: The quantification of the white areas of the ILW2 OPL (320) shown in Figure 100.
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Figure 99 depicts the SEM image of the ILW2 OPL (320) surface with different magnifications where
small white areas homogeneously distributed, with different concentration were detected. The
quantification (Figure 100) shows that Ni, Cand O are the dominant elements in the sample, where
Al, Si, W and Fe were also detected. As Figure 102 presents, the dark areas are very richin O ((47.15
—73.22) at%) which implies high beryllium content, while the white ones have higher Ni ((71.24-
77.69) at%) concentration (Figure 103). The 2H mili-beam spectrum (Figure 68) shows that the
nickel interlayer is missing and the XRF analysis confirms that the Ni is lower than that of the
reference sample. In addition, the surface has only small particles rich in Ni so the conclusion is
that the ILW2 OPL (320) has undergone enhanced erosion of more than 11 um, while the rich in
Ni particles either where deposited or have been left from the Ni interlayer.

itos

Figure 104: SEM images and the quantified areas of the IWL1 IWGL outer (27).
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Figure 105: The quantification of the large areas of the ILW1 IWGL outer (27) shown in Figure
104.
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Figure 106: The quantification of the dark areas of the ILW1 IWGL outer (27) shown in Figure

104.
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Figure 107: The quantification of the white areas of the ILW1 IWGL outer (27) shown in Figure
104.

The SEM images of the ILW1 IWGL outer (27) with different magnifications and the chosen areas
are shown in Figure 104. Ni is the dominant element ((61.72 — 63.89) at%) on the surface of the
sample (Figure 105), while C, O, W and Fe are also detected. For the chosen areas, the dark areas
(Figure 106) are rich in O ((58.37 — 73.48) at%), while the white areas are rich in Ni ((88.66 — 89.37)
at%). C, Si, W and Fe are detected on both areas, while Al, Mo and Cl were detected only on dark
areas. The 2H mili-beam spectrum shows that a part of top beryllium have been left and the Ni
interlayer have been revealed. The SEM images confirm this conclusion as we observed the Ni

interlayer on the surface of the sample. Thus, the conclusion is that Ni interlayer is revealed
through the partial erosion of the top beryllium layer.
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Figure 108: SEM images of ILW2 IWGL outer (191) with different magnifications.
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Figure 109: SEM images and the quantified areas of the IWL2 IWGL outer (191).
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Figure 110: The quantification of the large areas of the ILW2 IWGL outer (191) shown in Figure

109.
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Figure 111: The quantification of the dark areas of the ILW2 IWGL outer (191) shown in Figure
109.
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Figure 112: The quantification of the white areas of the ILW2 IWGL outer (191) shown in Figure
109.

Figure 108 presents the SEM images of the ILW2 IWGL outer (191) with different magnifications.
The analysed areas were presented in Figure 109. A white strip and areas with different
composition are observed on the upper region (Figure 109). The surface has high O ((57.85 —64.07)
at%) concentration while C, N, Al, W, Mo, Cl, Cr, Fe and Ni are also detected (Figure 110). The dark
areas (Figure 111) are rich in O, while the white ones have high concentration of C, Ni or O (Figure
112). The common elements are C, O, Al, W, Cl, Fe and Ni; while Zn, Mo, K, Ca, Cr and Mn are
observed only on some white areas. The NRA technique (Figure 68) shows that the Ni interlayer is
still under the top Be layer and it is confirmed be the XRF results so the conclusion is that particles
rich in Ni, which were detected by SEM technique (Figure 108 and Figure 109) have been deposited
on the surface of the ILW2 IWGL outer (191) and they are not from the Ni interlayer of the sample.

Figure 113: SEM images of ILW1 IWGL centre (174) with different magnifications.
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Figure 114: SEM image and the large areas of the ILW1 IWGL centre (174)
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Figure 115: Quantification of the large areas of the ILW1 IWGL centre (174) shown in Figure 114.

From the secondary electron images of the ILW1 IWGL centre (174) (Figure 113) we conclude that
the surface has suffered melting. Figure 114 depicts the quantified areas and Figure 115 the
quantitative results of these areas. C and O were detected in high concentration ((53.34 — 58.57)
at% and (30.49 — 34.67) at%, respectively), the rest elements are Al, W, Ca, Fe and Ni. According
to NRA measurements the Ni interlayer is absent (Figure 68), which is confirmed with the XRF
(Figure 81) and the surface has only some small areas of Ni. The conclusion is that the ILW1 IWGL

centre (174) has been eroded for depths larger than 11 um in agreement with the results of the
[155].
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Figure 116: SEM images and the quantified areas of the IWL1 IWGL wing (76).
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Figure 117: The quantification of the large areas of the ILW1 IWGL wing (76) shown in Figure 116.

112



Chosen Areas

100

1
0.1 |||| ||| “ |||‘ “ “||
C 0 Al w Mo Cr Mn Fe Ni

Element

o

Concentration (at%)

[

Figure 118: The quantification of the chosen areas of the ILW1 IWGL wing (76) shown in Figure
116.

Figure 116 depicts the SEM images of surface of the ILW1 IWGL wing (76) with different
magnifications and Figure 117 the quantification of the large areas. The sample seems to have
undergone melting. C and O are the dominant elements ((33.36 — 33.56) at% and (41.08 — 41.86)
at%, respectively), and Ni is also present at high concentration ((16.64 — 16.75) at%). Al, W, Mo, Cl,
Cr, Mn and Fe were also detected. Chosen areas has same elements and similar concentrations
with the large areas. The Ni interlayer still exists and is under the Be top layer (Figure 68) no areas
rich in Ni are observed (Figure 116) so there is no indication of erosion.

Figure 119 presents the average values of the large areas of all samples. C, O, Fe, Ni and W were
detected in all samples. C, O and Ni are the elements with the highest concentration. The
concentration of the Ni is correlated with the erosion and the Ni deposition. Specifically, on IWL1
IWGL centre (174) and ILW2 IWGL outer (191) low Ni concentration was detected, the former
sample has suffered strong erosion, while for the latter one no erosion or Ni deposition was
observed. On the other hand, ILW1 OPL (120) and ILW1 IWGL outer (27) have the highest Ni
concentration as the Be top layer has suffered erosion and the Ni interlayer was detected.
Additionally, the ILW2 OPL (320) has suffered enhanced erosion but the high Ni concentration was
observed as same particles rich in Ni were detected, either they are remains form the interlayer
or they were deposited after the erosion. As the concentrations of the elements are relative we
cannot draw any other conclusion, for example the IWL IWGL centre (174) has high relative C
concentration according to EDS measurements (Figure 119) but its amount is quiet small according
to the NRA results (Table 9) comparing with the rest samples.
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Figure 119: The average quantitative results of all samples.

5.1.7 X-ray Diffraction Results
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Figure 120: XRD spectra of the samples in logarithmic scale and the detected phases.

The XRD spectra (Figure 120) show the presence of BeO in all samples including the reference one.
BeO is crystallized in the hexagonal system with Space Group 186. The oxidation of beryllium is a
common phenomenon and the increase of the temperature enhances the oxidation [156].
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Furthermore, the BeNi alloy and Ni were detected in all samples except for ILW-2 OPL (320) and
ILW-1 IWGL centre (174). This finding agrees with the NRA and XRF results and shows that in these
two samples the Be top layer and the Ni interlayer have been eroded. BeNi is crystallized in the
cubic system with Space Group 221.

5.1.8 Summary and Conclusions

Different samples from the beryllium limiter tiles retrieved after the first and the second
campaigns of the JET-ILW main chamber were investigated by a set of material analysis techniques.
The C amount on the PFS ranges from (0.35 + 0.07) x 10Y7 at/cm? to (11.8 + 0.6) x 107 at/cm?;
while for the castellation sides near the PFS of the samples the C amount is between (3.2 £ 0.2) x
10Y7 at/cm?and (59 + 4) x 10% at/cm?. For all samples except for ILW1 IWGL centre (174), the C
amount behaviour with the depth in the grooves for different castellation sides of each sample is
similar. The C maps from the castellation sides and an area up to 1.5 mm from the PFS show that,
in general, the carbon amount on the investigated castellation sides either stays constant or
reduces with depth from the edge of the PFS. No systematic difference is observed in carbon
deposition on the front side facing, the ion drift and the other ones.

Concerning deuterium, the PFS of the majority of the samples has retained less amount than that
detected on the castellation sides. From the first to the second campaign the deuterium amount
of the PFS decreases, while on the castellation sides it increases. The deuterium distribution on
the PFS is homogeneous while on the castellation sides it decreases with depth for the large
majority of the samples. Additionally, the carbon amount is, in general, higher than the deuterium
one. No systematic correlation between the carbon and the deuterium amount has been
observed.

The spatial distribution investigation of the heavy element deposition on the castellation sides
shows the formation of a zone rich in Al, Cl, Ca, Mo and W at depths up to about 200 um from the
PFS. Ni is inhomogeneously distributed on the PFS and its distribution agrees with SEM images.

Combining all experimental techniques the following conclusion can be drawn. Regarding the
samples from the same area and different ILW campaign, it is found that the right hand OPL area
during the ILW2 campaign has undergone complete erosion of the Be top layer and the Ni
interlayer, whereas during the ILW1 campaign the Be top layer and the Ni interlayer have been
partially eroded. Furthermore the surface C content in the right hand OPL area is higher during the
first ILW campaign then the second one. In the IWGL area no significant differences were found
concerning the C content and the erosion of Be and Ni. Moreover, the areas with the lowest carbon
content show the highest erosion. Cr, Mn, Fe, Ni, Ti and W are detected by XRF spectroscopy in
both the plasma exposed samples and the reference one. The higher content of Cr, Fe, Mn and Ti
in the plasma exposed samples compared to the reference one is attributed to the erosion of the
Inconel parts present in the JET main chamber. A much higher Fe:Cr ratio is found than that
expected from an Inconel alloy, whereas the Fe:Mn and Fe:Ti ratios are close to those expected.
W may originate from either the divertor and/or the W coated inconel in the main tokamak
chamber. XRD measurements demonstrate the formation of BeNi intermetallic compound.

5.2 JET Tokamak Main Chamber After ILW1-3 and ILW3

In the current subchapter, the results of investigation of the samples from the JET tokamak main
chamber after the three or the third experimental campaigns are presented. Specifically, the
samples 23 and 38 form the ILW1-3 IWC 412, the samples 390 and 418 ILW1-3 DP 2A8 and ILW3
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DP 449 and 451 (Table 7) were analysed using the NRA, SEM with EDS, XRF and XRD techniques.
The aim of the analysis is to determine the material deposition (C, O or heavier elements), to depict
changes on the surface morphology (areas with melting, erosion or deposition), to quantify the
elemental concentration of deeper layers and determine the compounds and the crystallography.

5.2.1 Carbon and Oxygen Quantification

The NRA measurements were carried out with 2H milli-beam and the conditions that are described
in Section 2.1.4.1. Figure 121 shows the representative experimental and simulated spectra of the
ILW1-3 IWC 412 23 sample. The C and O amounts as determined using NRA measurements are
presented in Table 10. The ILW1-3 IWC 412 23 sample has the highest C and O amount, with (8 *
2) x 10Y7 at/cm? and (28 + 8) x 107 at/cm?, respectively. On the other hand, the ILW1-3 3A8 418
sample has the lowest C content, of (0.9 + 0.3) x 107 at/cm? while the O amount is under detection
limit. Comparing the samples from the same tile, the sample from the region A of IWL1-3 IWC 412
has more carbon and oxygen ((8 + 2) x 10Y7 at/cm? and (28 + 2) x 107 at/cm?, respectively) than
the region B ((4.5 + 1.0) x 10% at/cm?and 15 x 107 at/cm?, respectively). This result agrees with
the work [27] that the region A is richer in C and O than region B. Regarding the tile ILW1-3 3A8,
sample 390 has four times more carbon ((3.6 + 0.7) x 107 at/cm?) than sample 418 ((0.9 + 0.3) x
107 at/cm?) whereas O is under detection limit on sample 418. The samples from the ILW3 2B2C
have similar C amount of (2.3 + 0.2) x 107 at/cm?, while the O content of the sample 449 is 2.5
larger than that of the sample 451. The samples from the IWC-412 and the ILW3 2B2C 390 has
similar O/C ratio (3.33 — 3.54) (Table 10), while the samples from the 2B2C have lower ratios (1.04
and 2.61). Comparing the C deposition of the ILW1 DP (80) with the ILW3 DP (449) which are from
the same place but different periods, we observe that the C content have been reduced from the
first ((11.8 £ 0.6) x 10Y” at/cm?) to the third campaign ((2.3 + 0.2) x 107 at/cm?).

Figure 122 presents the C and O depth profiles of the analysed samples. The C concentration is
reduced drastically after the first layer. The carbon concentration of the first layer ranges from 1.2
at% (ILW1-3 3A8 418) to 4 at% (ILW1-3 IWC412 23), while the maximum depth where carbon was
detected is more than 5 um in ILW1-3 IWC412 23. It is difficult to assess the O depth profile so we
assume that there is a layer with constant O concentration, with the layer thickness varying
between 0.5 um and 1 um.
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Figure 121: The experimental (black) and simulated (red) spectra of the ILW1-3 IWC412 23
sample.

Table 10: Main chamber sample description and the determined C and O content and ratio by

NRA.
Exp. Campaign Tile Sample C content O content o/c
No (107 at/cm?) | (107 at/cm?)
ILW1-3 IWC 412 23 79+%2 2812 3.54
ILW1-3 IWC 412 38 45+1 15+2 3.33
ILW1-3 3A8 390 3.61£0.7 12+1 3.33
ILW1-3 3A8 418 09+0.3 - -
ILW3 2B2C 449 23+0.2 61 2.61
ILW3 2B2C 451 2.3+0.2 2.4+0.6 1.04
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Figure 122: Carbon and oxygen depth profile of the analyzed samples.

5.2.2 X-ray fluorescence spectroscopy results
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Figure 123: The XRF experimental spectrum and the peak identification of the ILW1-3 IWC 412
23
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Figure 124: The XRF quantitative results of a) ILW1-3 IWC 412, b) ILW1-3 3A8 and c) ILW3 2B2C

Figure 123 presents the experimental spectrum and the peak identification of the ILW1-3 IWC 412
23 using the XRF measurement. Ti, Cr, Fe and Ni are detected in all samples. Figure 124 shows the
quantitative results of analysis of the XRF spectra. Samples from the same area have also same
elements with similar concentrations. Ni (73 wt%), Cr (16 wt%) and Fe (10 wt%) are the dominant
element in the samples from the IWC412 and their concentrations are similar to the Inconel (Ni
>72 wt%, Cr (14 — 17) wt%, Fe (6 — 10) wt%). This result indicates that the detected elements are
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from the substrate of the samples, which means that the samples have not suffered material
deposition. In the ILW1-3 3A8 samples apart from the common elements with the rest samples,
Mn, Cu and Zr were detected. Mn and Cu are also observed in samples from the ILW3 2B2C.

5.2.3 Surface Morphology and Stoichiometry

The analysis of the SEM with EDS was carried out using electron beam with energy of 25 keV. The
EDS were carried out on large areas with dimensions of about 2mm x 1mm. The chosen are
characterized by the color in the BSE image.

BSE

Figure 125: a) The BSE image with low magnification and the large areas and b) the BSE image
with higher magnification and the selected white areas of the ILW1-3 IWC412 23
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Figure 126: The quantification of the large areas of the ILW1-3 IWC412 23 shown in Figure 125.
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Figure 127: The quantification of the dark area of the ILW1-3 IWC412 23 shown in Figure 125.
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Figure 128: The quantification of the white areas of the ILW1-3 IWC412 23 shown in Figure 125.

Figure 125 present the BSE images of the ILW1-3 IWC412 23 with different magnifications and the
quantified areas. The surface is quite rough and homogeneous which implies mild interaction with
plasma. O is the dominant element on the large analysed areas ((67.17 — 68.44) at%), while high
concentration of C ((20.12 —21.08) at%) was also detected. The high O concentration confirms the
results of the NRA measurements. The presence of N, Al, Cl, Cr, Fe, Ni and W is also observed
(Figure 126). The dark areas (Figure 127) have similar composition as the large areas. On the white

areas the detected elements are: C, O, F, Na, Al, Si, W, C, Ti, Cr, Fe and Ni. Each white areas have
different dominant element (O, Ni and Fe) (Figure 128).
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Figure 129: a) The BSE image with low magnification and the large areas and b) the BSE image
with higher magnification and the selected white areas of the ILW1-3 IWC420 38.
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Figure 130: The quantification of the large areas of the ILW1-3 IWC412 38 shown in Figure 129.
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Figure 131: The quantification of the dark area of the ILW1-3 IWC412 38 shown in Figure 129.
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Figure 132: The quantification of the white areas of the ILW1-3 IWC412 38 shown in Figure 129.

Figure 129 shows the BSE images of the ILW1-3 IWC420 38 with different magnifications and the
quantified areas. The surface of the sample is quite similar to the ILW1-3 IWC420 23. On the large
areas (Figure 130) the dominant element is also the O ((67.2 — 67.5) at%) (as ILW1-3 IWC420 23)
in agreement with NRA results, but much more impurities were detected (the extra elements are:
Na, Si, P, Mo, Ca, Mn). The dark area has similar composition as large areas (Figure 131); however
Si, P, Mo and C are not detected. Two of the white areas are rich in O with concentration of 81.9
at% and 51.7 at%, while the other is rich in C (62.3 at%) (Figure 132).

a)

Figure 133: a) The BSE image with low magnification and the large areas and b) the BSE image
with higher magnification and the chosen areas of the ILW1-3 3A8 390
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Figure 134: The quantification of the large areas of the ILW1-3 3A8 390 shown in Figure 133.
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Figure 135: The quantification of the chosen areas of the ILW1-3 3A8 390 shown in Figure 133.

Figure 133 depicts the BSE images of the ILW1-3 3A8 390 with different magnifications and the
quantified areas. The surface is quite smooth with some local melts (chosen areas) so the
interaction between the sample and the plasma was intense. O is the dominant element ((46.73 —
48.63) at%), while C has also high concentration ((25.81 — 27.68) at%), as a confirmation of the
NRA results. Other detected elements are: N, Al, P, Ca, Cr, Fe, Ni, Cuand W (Figure 134). The chosen
areas have similar composition to each other and to the large ones (Figure 135). The Areas 1, 2
and 3 have different morphology as they have suffered melting.
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Figure 136: a) The BSE image with low magnification, the large and the white areas and b) the
BSE image with higher magnification of the ILW1-3 3A8 418.
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Figure 137: The quantification of the large areas of the ILW1-3 3A8 418 shown in Figure 136.
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Figure 138: The quantification of the dark area of the ILW1-3 3A8 418 shown in Figure 136.
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Figure 139: The quantification of the white areas of the ILW1-3 3A8 418 shown in Figure 136.

Figure 136 illustrates the BSE images of the ILW1-3 3A8 418 with different magnifications and the
quantified areas. The sample has suffered melting in macroscopic scale (Figure 64a) and the SEM
images confirm this observation. Large (Figure 137) and dark (Figure 138) areas have similar
composition with high C ((33.25 —33.31) at% and 47.1 at%, respectively) and O ((38.89 — 40.6) at%
and 32.9 at%, respectively) concentrations and many elements with lower concentration: N, Al, Si,
Cr, Fe Ni, Cu, Mo and W. The white areas has more element than the large and the dark ones: C,
N, O, Na, Mg, Al, Si, Mo, Cl, K, Ca, Ti, Cr, Fe, Ni, Cuand W. C or O is the dominant element, while
high N and Ni was detected on one area (16.9 at% and 7.05 at%, respectively)

Figure 140: a) The BSE image with low magnification and the large areas and b) the BSE image
with higher magnification and the selected white areas of the ILW3 2B2C 449.

126



Large Areas

>
o
c
e
=
m©
s
c
19
o
c
s
.ol l I 1
ONaMgAIS|PMoCIKCa|CrFe|
M Area A 49.8 43.5 0.52 0.840.71 0.16 0.16 0.42 0.21 0.88 0.12 0.23 0.82 0.9 0.67
W AreaB 49.7 41.80.580.79 1.6 1 0.120.220.350.16 1 0.29/0.84 0.910.63
Element

Figure 141: The quantification of the large areas of the ILW3 2B2C 449 shown in Figure 140.
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Figure 142: The quantification of the dark area of the ILW3 2B2C 449 shown in Figure 140.
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Figure 143: The quantification of the white areas of the ILW3 2B2Cc 449 shown in Figure 140.

Figure 140 presents the BSE images of the ILW3 2B2C 449 with different magnifications and the
quantified areas. White lines with two different directions are observed with the low magnification
(Figure 140a). The higher magnification (Figure 140b) shows that the surface has suffered melting.
The large areas have high concentration of C ((49.7 — 49.8) at%) and O ((41.8 —43.5) at%) and a lot
of elements with lower concentration: Na, Mg, Al S, Si, P, Mo, Cl, K, Ca, Ti, Cr, Fe, Ni and W. The
dark area has also high C and O concentration (40.56 at% and 55.75 at%, respectively) but much
fewer other elements (Cr, Fe, Ni and W). The white areas have also high concentration of C ((21 —
86) at%) and O ((9 — 45) at%) but in one of them Al (45 at%) is the dominant element (white area
2). Many other elements (F, Na, Mg, Al, Si, P, Mo, Cl, K, Ca, Ti Cr, Mn, Fe, Ni, Cu, W) were detected.
On some areas, the detected elements, other than C and O, have significant concentration: Na (2.7
at%) and Cl (4.1 at%) on White 1, Ca (11 at%) on white 3 and Mg (12 at%), Si (15 at%) and Ca (11
at%) on White 4.

a)

b)

Figure 144: a) The BSE image with small magnification and the large areas and b) the BSE image
with higher magnification and the selected white areas of the ILW3 2B2C 451.
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Figure 145: The quantification of the large areas of the ILW3 2B2C 451 shown in Figure 144.
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Figure 146: The quantification of the dark area of the ILW3 2B2C 451 shown in Figure 144.
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Figure 147: The quantification of the white areas of the ILW3 2B2C 451 shown in Figure 144.
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Figure 144 shows the BSE image of the ILW3 2B2C 451 with different magnifications and the
quantified areas. White oriented strips are observed on the surface. C ((48.1 — 51.9) at%) and O
((35.6 — 37.5) at%) are the dominant elements of the large areas (Figure 145) while a lot of
elements: N, Na, Al, S, Cl, K, Ca, Ti, Cr, Fe, Ni, Cu and W were detected, some of which: N ((1.6 —
2.75) at%), Al ((1.32 — 2.68) at%), Ca ((1.31 — 1.37) at%), Ni ((2.7 — 3.25) at%) and W ((1.03 —1.12)
at%) have significant (>1% at) concentration. The dark areas (Figure 146) are also rich in C (43.9
at%) and O (46.68 at%) concentration , while the rest detected elements are N, Fe, Ni and W. C
((35—81) at%) and O ((11 — 45) at%) are the dominant elements of the white areas (Figure 147), a
lot of elements were detected (N, Na, Mg, Al, Si, P, Mo, Cl, K, Ca, Ti, Cr, Fe, Ni, Cu, W), while white
1 and 2 have high concentration of Ca ((6 — 8.1) at%) and Ni ((3.8 — 6.4) at%).

Figure 148 presents the average elemental concentration of the samples from the IWC and the DP.
C, O, Al, Cr, Fe, Ni and W were detected on all samples. N were detected on all samples apart from
ILW3 2B2C 451. The samples from the IWC have the highest O concentration ((67.3 — 67.8) at%) in
agreement with NRA results (Section 5.2.1). Samples from the ILW3 2B2C has the highest C
concentration ((49.8 —50.0) at%). The samples from the DP 3A8 present the highest concentration
of most of the rest elements. Specifically, the ILW1-3 3A8 390 has the highest concentration of P,
Mo, Cr Fe, Ni and W, while the highest concentration of N, Al and Si is detected on ILW1-3 3A8
418. The high concentration of these elements might be attribute to the low C and O amount as
presented in the NRA results (Section 5.2.1).

Large Areas

100

X

% 10 T =

< = ¥ I

9 T « 7k TE

-~

©

b= ¥ -

c

(]

E . ] I I ll

o

O

0.01
C N O Na Mg Al Si P Mo C K Ca Ti Cr Fe Ni Cu W
mSample 23 20.6 3.57 67.8 1.13 0.2 135 2.3 426 059
mSample 38 24.6 1.69 67.3 0.7 0.980.680.180.120.23  0.14  0.620.110.642.13 0.3
Sample 390 26.7 4.55 47.7 166  0.24055 0.38  2.133.937.83164 2.7
Sample 418 33.3 11.3 39.7 0 5.092.95 0.832.342.72 1.08 0.68

mSample 449 49.8  42.70.550.79 1.22 0.86 0.14 0.19 0.39 0.190.94 0.12 0.26 0.83 0.91  0.65
mSample 451 50 2.1836.5 0.5 2 0.2310.530.13 1.340.16 0.64 1.24 2.98 0.8 1.08

Element

Figure 148: The average elemental concentration of large areas for all samples from IWC and DP.
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5.2.4 X-ray Diffraction Results
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Figure 149: XRD spectra of the Be samples from (a) the IWC and (b) the DP.

Beryllium crystallizes in P63/mmc space group. Regarding the Be samples from IWC which are
deposited on inconel, the NiCrFe Bragg peaks were detected (Figure 149a). In the samples from
the DP BeO bromellite crystallizing in hexagonal P63mc space group and graphite were detected
(Figure 149b).

5.2.5 Summary and Conclusions

Samples from different areas (IWC and DP) of the JET tokamak divertor main chamber after ILW3
or ILW1-3 campaigns were investigated using NRA, XRF, SEM with EDS and XRD techniques. The
samples from the IWC have the highest carbon amount (7.9 + 2 x 10 at/cm? and 4.5 + 1 x 10/
at/cm?). Additionally, their surfaces seem unchanged and the Inconel substrate was found to have
the initial composition. X-ray diffraction revealed the formation of NiCrFe. The samples from the
IWL1-3 3A8 present large variation in carbon deposition and both samples have suffered melting.
the sample 390 has suffered melting in microscopic scale. The C amount on the samples from the
ILW3 2B2C is similar and oriented strips have been formed on the surface of both of them. On the
surface of all samples, the dominant elements are C and O, but plenty of elements (N, Na, Mg, Al,
Si, P, Mo, Cl, K, Ca, Ti, Cr, Fe, Ni Cu and W) were detected, with significant concentration in some

areas.
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Chapter 6: JET Tokamak Divertor Lamellae

In this chapter the results of the investigation of samples from W lamellae of the ILW JET tokamak
divertor tile 5 using NRA, SEM with EDS, XRF and XRD are presented. The aim of the investigation
is to quantify the material deposition (Be, C, O and heavier elements), determine the surface
morphology changes after plasma exposure and the deposition areas, assess the stoichiometry
from deeper layers and the formation of any compounds.

6.1 Carbon, Beryllium and Oxygen Deposition

The samples from the W lamellae presented in section 4.2 were measured with 2H milli-beam with
the condition described in section 2.1.4.1. Figure 150 presents representative NRA experimental
and simulated spectra from the ILW-1 C14 15. From higher to lower energy we observe the peaks
of °Be(d,po)'°Be, the °Be(d,an,1)’Li, the 2C(d,po)'?C and *60(d,po)'’O nuclear reactions, the pile up
and the backscattered deuteron from the W(d,d)W. The determined C, Be and O amounts and
their ratios are presented in Table 11. ILW1 C3 12 sample presents the highest C ((25.5 + 3) x 10%7
at/cm?) and O (18.0 x 10% at/cm?) amount. The second highest C amount ((10.1 + 0.5) x 10%7
at/cm?) was detected on ILW2 C23 72, where the highest Be content (16.4 x 107 at/cm?). The
lowest C amount (1.4 + 0.2 x 10% at/cm?) was detected on ILW2 C13 61, the lowest Be amount
(2.1 x 10 at/cm?) on ILW2 A23 51 and the lowest O amount (1.9 x 10%” at/cm?) on ILW2 C22 70.

Regarding the Be/C ratio (Table 11) the sample can be classified in three groups: sample with ratio
below 1.0 (ILW1 A23 1 and C3 12), between 1.0 and 1.5 (ILW1 C14 15, ILW2 A23 48 and 51, IWL2
C22 and ILW3 A23 93) and between 1.6 and 2.0 (ILW1 A23 7, ILW2 C13 ILW 2 C14 63 and 67 and
ILW2 C23 72). Additionally, samples from the same lamellae: ILW2 A23 and C14 have similar ratio
(1.12-1.18 and 1.79 — 2.0, respectively), however the samples from the lamella ILW1 A23 have
different ratios, where sample 1 has 0.56 while sample 7 has 1.58. For the O/Be ratio, the samples
from the second campaign and the stack C have a ratio between 0.3 and 0.8, while the rest lamellae
have ratio between 2 and 3.3.The O/C ratio ranges between 0.5 and 3.7. Samples from ILW2 A23
present similar O/C ratios.

The C and Be amounts of samples from the same lamella lines are presented relative to the strike
point time as a function of S coordinate in Figure 151. The strike point evolution versus S
coordinate is taken from Pintsuk et al [157]. For the three different lines the C and Be amounts
increase with the increase of the strike point time. For example, the ILW2 A23 51 with S coordinate
1085 mm which is characterized by low strike point time has Be amount of 2.1 x 107 at/cm? and
C amount of 1.7 x 107 at/cm?, while the ILW2 A23 72 with S coordinate 1249 mm and high strike
point time (around 200 s/mm) has eight times higher Be amount and six times higher C amount.
In Figure 152 the Be, C and O amounts of samples from the same positions and different
experimental campaigns are shows. From the first to the second campaign, the Be deposition
increases by 30% (from 3 x 107 at/cm? to 3.9 x 107 at/cm?) for A23 lamella and by 57% (from 7 x
10Y7 at/cm? to 11 x 10Y at/cm?) for C14 lamella. C deposition either decreases, from 5.3 x 10
at/cm? to 3.5 x 107 at/cm? for A23, or remains almost constant (6.3 — 6.2 x 107 at/cm?) for C14.
O amount either increases (from 8.1 x 107 at/cm? to 10 x 107 at/cm?) for A23 or decreases (13.8
x 107 at/cm? to 4.9 x 10% at/cm?) for C14. From ILW2 to IWL3, the content of C and Be become
more than double (from (1.7 £ 0.2) x 10'7 at/cm2 to (4.0 + 0.4) x 107 at/cm? and from 2.1 x 10Y7
at/cm? to 4.3 x 107 at/cm?, respectively), while the O content increases by about 1.5 times.

Figure 153 presents the comparison of the C and Be content of the current work with the results
of M. Mayer et al [158] for the common samples. Generally, the absolute values of the current

132



work are higher than that of the previous one, however there is an agreement that the Be amount
is higher than the carbon one. Additionally, we observe that there is an agreement in classification
as for lines 13 and 14 (Figure 153b), ILW2 C14 63 has the most C ((6.2 + 0.3) x 107 at/cm?) and Be
(11.0 x 107 at/cm?) amount, ILW2 C13 61 has the less content ((1.4 £ 0.2) x 10'7 at/cm? and 2.5 x
107 at/cm?, respectively), while the results for ILW2 C14 67 are between them ((4.1 + 0.4) x 10Y
at/cm? and 8.3 x 10" at/cm?, respectively). For lines 23 and 24, in Figure 153b the C and Be content
of ILW2 A23 48, ILW2 A23 51 and ILW2 C22 70 are similar while the values for ILW2 C23 72 are
higher.

Figure 154 presents the depth profile of Be, Cand O of the analysed samples. O cannot be detected
in depth higher than about 1 um due to the pile up effect as shown in Figure 150. The maximum
depth of C deposition is also not distinct as the end of the >C(d,po)*3C is overlapped with the
160(d,po)1”0 and the pile up. The C and Be concentrations are reduced with depth in a similar way,
namely either abruptly as in ILW1 A23 1 (Figure 154a), ILW2 A23 51 (Figure 154f), ILW2 C13 61
(Figure 154g), ILW2 C22 70 (Figure 154j) and ILW3 A23 93 (Figure 154l) or smoothly as in ILW1 A23
7 (Figure 154b), ILW1 C3 12 (Figure 154c), ILW1-C14-15 (Figure 154d), ILW2 A23 48 (Figure 154e),
ILW2 C14 63 (Figure 154g), ILW2 C14 67 (Figure 154i) and ILW2 C23 72 (Figure 154k). ILW1 C3 12
has the highest surface C concentration with more than 30 at% with a layer thickness of about 0.6
pum, while the next highest C concentration is on ILW3-A23-93 with 25 at% but in a very thin layer
of around 0.1 um. The highest Be concentration was detected on the surface of the ILW1 C14 15
with 15 at%.
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Figure 150: the experimental (black) and simulated (red) spectra of the ILW1 C14 15.

Table 11: W lamella sample description and elemental content determined by NRA.

Exp. w Sample N S- C Be 0]
Period | Lamella No Posttion coordinate (10Y7 at/cm?) BelC| O/C (0/8e
A23 1 as 48 1120 53+0.5 | 3.0 | 81 | 0.56| 1.52|2.70
ILW1 A23 7 1064 22+03 | 3.5 | 82 | 1.58| 3.71| 2.34
C3 12 1191 255+3.0| 5.5 |18.0| 0.22| 0.71| 3.27
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Cl4 15 as 63 1248 6.3+0.3 | 7.0 {13.8| 1.12| 2.19| 1.96
A23 48 as1l 1248 3.5+0.2 | 3.9 |10.0| 1.12| 2.90| 2.60
A23 51 as 93 1085 1.7+0.2 | 2.1 | 6.1 | 1.18| 3.53| 2.98
C13 61 1248 14+0.2 | 25 | 2.0 | 1.75| 1.40| 0.80
ILW?2 Cl14 63 as 15 1248 6.2+0.3 |11.0| 49 | 1.79] 0.80| 0.44
Cl4 67 1201 41+04 | 83 | 5.5 | 2.00{ 1.33| 0.67
C22 70 1248 1.8+0.2 | 23 | 1.9 | 1.30| 1.06| 0.82
C23 72 1248 10.1+05|16.4| 5.3 | 1.62| 0.52(0.32
ILW3 A23 93 as 51 1084 40+£04 | 43 | 9.1 |1.05]|2.25(2.14
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Figure 151: C and Be amount of samples from the a) ILW1 Line 23, b) ILW2 Line 14 and c) ILW2
Line 23 as a function of S coordinate position relative to the strike point time. The strike point
evolution is taken from Pintsuk et al [157].
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Figure 152: The element amount of the same positions and different experiment campaigns
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Figure 153: Comparison between the results of the current work with the results of the M.
Mayer [158]. The red numbers are the name of the samples and the black ones the values of the
current work. or a) line 13 and 14 and b) lines 22 and 23.
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Figure 154: The depth profile of the Be, C and O of the ILW JET tokamak divertor tile 5 as
determined with NRA measurement.

6.2 X-ray Fluorescence Spectroscopy Results
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Figure 155: The XRF experimental spectrum and the peak characterization of the ILW1 C14 15.
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XRF Results

WILW1A231
100.000 ILW1 C3 12
mILW1C14 15
10.000
— mILW2 A23 48
§
© mILW2 A23 51
c 1.000
RS T mILW2 C1361
©
b= mILW2 C14 63
S 0100 = T
o ILW2 C14 67
c I 1
(@]
o E mILW2 C22 70
0.010
mILW2 C2372
i i i I mILW3 A23 93
0.001
Ca Cr Mn Fe Mo

Element

Figure 156: The results of the SEM analysis for all exposed samples except for ILW1-A23-7. The
concentration of W is not presented.

Figure 155 shows the experimental spectrum and the peak identification. W is the dominant
element as structural material. The other elements detected by XRF in the samples under
investigation are: Ca, Cr, Mn, Fe and Mo. Cr, Fe and W are present in all samples. Figure 156 shows
the quantitative results of all samples apart from ILW1 A23 7, which has surface smaller than the
spot beam. W is not presented as its concentration is near 100%. Ca is observed in all samples
except for ILW2 C22 70, Mo in all samples apart from ILW2 C14 67 and Mn ted in ILW1 A23 1, ILW?2
A23 48, 1LW2 A23 51, ILW2 C14 63 and ILW2 C22 70. ILW2 C13 61 and ILW2 C22 70 are the marker
samples which have a Ni interlayer of 6 um between the top W layer (6um) and the bulk W. The
high Mo concentration can be attitude to the interlayer which means that these samples have not
suffer erosion higher than 12 um. The ILW1 C14 15 has the highest Cr and Fe concentration (0.2
at%, 0.1 at%, respectively), a result that agrees with the EDS results (see below, section 6.3). The
ILW1 C3 12 has high Ca concentration (0.4 at%) in agreement with the EDS results. No correlation
between the elements is observed.

6.3 Surface Morphology and Stoichiometry

Figure 157 presents the backscattered electron (BSE) images of the reference and plasma exposed
samples. On the non-exposed sample, a micro-crack network is apparent (Figure 157a). Similar
networks were detected on the surface of all samples from the Lamella A23 after the three
campaigns, on the ILW1 C3 12 and the ILW1 C14 15. Additionally, the roughness of their surfaces
is similar to the reference one, so the interaction between these samples and the plasma can be
characterized as mild. On the other hand, the width and the density of the micro-cracks have been
reduced on ILW2 C14 63, ILW2 C14 67, ILW2 C22 70 and ILW2 C32 72. Furthermore, the surface of
these samples is smoother than the reference one which suggests significant heat transfer to these
areas of the divertor. No micro-crack was detected on ILW2 C13 61 which indicates that the surface
of this sample had suffered melting.
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Figure 157: The BSE images of reference and the analysed exposed samples using the same
magnification.

In the next Figures the surface morphology via SE and different phases via BSE images and the
quantification of different areas via EDS analysis are presented for each sample. EDS analysis was

140



carried out in two large areas of about 1 x 2 mm? and in chosen areas with different phases, rich
in either low Z elements (“dark” areas) or high Z elements (“white” areas).

Figure 158: The secondary and backscattered electron images of the ILW1 A23 1 sample using
different magnifications.

Figure 159: The BSE image and large and dark areas of the ILW1 A23 1.
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Figure 160: The quantification of a) large and b) white areas of ILW1 A23 1 shown in Figure 159.
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Figure 161: The quantification of the dark areas of ILW1 A23 1 shown in Figure 159.

Figure 158 presents the SE and BSE images of ILW1 A23 1 with different magnifications. Figure 159
shows the large and dark areas selected to be investigated. The cracks are intense and the surface
rough. The quantification of large and white areas is presented in Figure 160. C, O and W are the
only three elements detected on these areas. Higher C ((57.36 — 60.69) at%) and O ((5.76 — 7.59)
at%) concentration is detected on large areas than on white one (44.11 at% and 4.17 at%) as there
is a contribution of the dark areas. Figure 161 presents the quantitative results of the dark areas.
The common elements are C, O, Na, Mg, Mo, Cl, Ca, Ti, Fe, W. On one of the areas Al (Dark 2), K,
Cr and Ni (Dark 1) were detected. On both dark areas the dominant element is C ((77.8 — 80.3)
at%). Additionally, high O concentration ((10.4 — 14.0) at%) is also observed. For the common
elements large area has higher concentration of Na, Mg, Ti, Fe and W.
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Figure 162: The SE and BSE electron images of the ILW1 A23 7 sample using different
magnifications.

Figure 163: The BSE image and the quantified areas of the ILW1 A23 7.
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Figure 164: The quantification of the a) large and b) white areas of the ILW1 A23 7 shown in
Figure 163.
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Figure 165: The quantification of the dark areas of ILW1 A23 7 shown in Figure 163.

Figure 162 shows the SE and BSE images of ILW1 A23 7 with different magnifications. Figure 163
shows the BSE image and areas selected for the quantitative measurements. The surface is rough
and the micro-cracks are intense. Additionally, we observe that the deposition areas are inside the
caves of the surface (Figure 162c and f). Figure 164 presents the quantification of the large and
white areas. C, O and W are the only elements that were detected on both areas. The large areas
present higher C ((52.04 — 63.62) at%) and O ((7.96 — 8.89) at%) concentration than white ones
(40.14 at% and 5.9 at%, respectively) as include the dark ones. The quantitative results of darks
areas are shown in Figure 165. The common elements are C, O, Na, Mo, Cl K, Ca and W. Al was
detected only on dark are 2. The two areas have similar elemental concentration. C has by far the
highest concentration and only O and W have concentration higher than 1%.

Figure 166: The SE and BSE images of the ILW1 C3 12 sample using different magnification.
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a)

Figure 167: The BSE images and the a) large and b) dark areas of ILW1 C3 12.
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Figure 168: The quantification of a) large and b) white areas of ILW1 C3 12 shown in Figure 167.
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Figure 169: The quantification of dark areas of ILW1 C3 12 shown in Figure 167.

Figure 166 shows the BSE and SE images of ILW1 C3 12 with different magnification Figure 167
shows the chosen areas for quantification in the BSE images. The cracks are intense and the
surface rough. On the centre of the sample intensive carbon deposition is observed (Figure
166a and e), explaining the results of the NRA measurements (Table 11). The upper part of the
sample have larger deposition areas than the bottom on (Figure 166a and e). The quantitative
results of large and white areas are presented in Figure 168. C, O and W are the only elements
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detected on large and white areas. The large areas have higher C concentration ((53.67 —
67.06) at%) than white one (38.28 at%) due to the dark areas. Figure 169 shows the
quantification of the large dark areas (Figure 167b). Both of them consist of C ((98.13 — 98.30)
at%) with low O ((1.51 — 1.65) at%) concentration and impurities of Mo, Cl, K, Ca and W.

Figure 171: BSE image and quantified areas of ILW1 C14 15.
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Figure 172: The quantification of a) large and b) white areas of ILW1 C14 15 shown in Figure 171.
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Figure 173: The quantification of dark areas of ILW1 C14 15 shown in Figure 171.

Figure 170 shows the SE and BSE images of ILW1 C14 15 with different magnifications. Figure 171
presents the BSE image and the quantified areas. The cracks and morphology are similar to the
reference sample. The deposition spots prefers the flat areas surrounded by the bumps. The
quantification of large and white areas is presented in Figure 172. The common elements of both
areas are C, O and W. Only on large areas (Figure 172a) Ni, Al, Cr and Fe were also detected. Their
concentration are close (Ni) or less (Al, Cr and Fe) than 1 at%. Figure 173 presents the quantitative
results of dark areas. C, O, Mo, Cl, Ca and W were detected on all areas. N, Na, Mg, Al, K and Fe
were detected on two of them, while Cr and Zn were detected only on Dark area 3. C has by far

the higher concentration. O has also high concentration. For the rest elements the concentration
is near 1 at% or lower.
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Figure 175: BSE image and quantified areas of ILW2 A23 48.
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Figure 176: The quantification of a) large and b) white areas of ILW2 A23 48 shows in Figure 175.
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Figure 177: The quantification of dark areas of ILW2 A23 48 shown in Figure 175.

Figure 174 shows the SE and BSE images of ILW2 A23 48 with different magnifications. Depositions
near to surface edges are observes (Figure 174b and e). Figure 175 presents the quantified areas
on the BSE image. The cracks are intense and the surface rough. The deposited elements
accumulate near the surface bumps. Figure 176 presents the quantification of large and white
areas defined in Figure 175. The only detected elements are C, O and W. The large areas have more
C and O due to dark areas contribution. The quantitative results of dark areas are shown In Figure
177. C, O, Mo, Ca and W were detected on all areas. K was detected on three of them with very
low concentration ((0.05 — 0.08) at%). N, Na and Cl were detected on two of them (Dark 2 and Dark
4). Al and Ti were detected only on Dark 3 and Cr and Fe only Dark 1. Generally, Dark 1 has the
highest C concentration (95.1 at%) and is the only area with Cr (0.12 at%) and Fe (0.32 at%). Dark
2 and 4 are similar. On the other hand Dark 3 is unique as high Ti (9.14 at%) and O (16.3 AT%
concentration was detected.

149



Figure 179: BSE images and a) large, b) white and dark areas of ILW2 A23 51.
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Figure 180: The quantification of large and white areas of ILW2 A23 51 shown in Figure 179.

150



Dark Area

100
x
©
— 10
C
Ke!
S
T
s
C
IS 1
C
o
o
01 [
C (0] Mo Ca W
W Dark 44,79 35.2 0.16 16.9 2.94
Element

Figure 181: The quantification of dark area of ILW2 A23 51 shown in Figure 179.

Figure 178 shows the SE and BSE images of ILW2 A23 51 with different magnifications. The
deposition is near the edges of the surface (Figure 178b and e). Figure 179 present the large, white
and dark areas on the BSE image where the elemental quantification was performed. We observe
that the deposition areas accumulate near the bumps. The cracks and morphology are similar to
this of the reference sample. The quantitative results of the large and the white areas are shown
in Figure 180. The C, O and W were detected on large and white areas, while on large area Ni (0.67
at%) was also detected. On large area the C (41.7 at%) and O (5.34 et%) concentration is higher
than on white one (37.62 at% and 3.98 at%, respectively). Figure 181 presents the quantification
of dark area. C, O, Mo, Ca and W are observed. C (44.76 at%) and O (35.2 at%) have the highest
concentration, while high Ca concentration (16.9 at%) was also detected.
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Figure 182: The SE and BSE images of the ILW2 C13 61 using different magnification.
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Figure 183: BSE image and quantified areas of ILW2 C13 61.
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Figure 184: The quantification of a) large and b) white areas of ILW2 C13 61 shown in Figure 183.
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Figure 185: The quantification of dark areas of ILW2 C13 61 shown in Figure 183.

Figure 182 shows the SE and BSE images of ILW2 C13 61 with different magnifications. The surface
seems quite clear with rare and small deposition areas. Figure 183 presents the quantified areas
on the BSE image. The surface is smooth and there are on initial cracks. The quantification of large
and white areas is presented in Figure 184. C, O and W were detected on large and white areas. It
is remarkable that on white area we observe less W (46.14 at%) than on large areas ((51.57 — 54.3)
at%). Figure 185 shows the quantitative results of dark areas defined in Figure 183. C, O, F, Zr, Mo,
K, Fe and W were detected on all areas. Na, Al, Ca and Ti were detected on two of them, while Mg
Cl, Ar, Cr, Mn and Ni were observed on only one. Dark areas 1 and 3 have similar concentration of
the most of the element with very high C concentration ((88 —90) at%). On the other hand O is the
dominant element (47 at%) of Dark area 2, while F, Zr Mo, K, Fe and W have higher concentration
than the other areas. Additionally, Mg and Ar were detected only on this area.

Figure 186: The SE and BSE images of the ILW2 C14 63 using different magnifications.
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Figure 187: BSE image and the quantified areas of the ILW2 C14 63
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Figure 188: The quantification of large areas of the ILW2 C14 63 shown in Figure 187.
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Figure 189: The quantification of dark areas of the ILW2 C14 63 shown in Figure 187.
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Figure 186 shows the SE and BSE images of ILW2 C14 63 with different magnifications. Figure 187
presents the BES image and the quantified places. The surface is smoother than that of the
reference sample and the micro-cracks have been partially covered with surface material. The
deposition areas are concentrated in a small area (down left Figure 187), while the rest surface
seems quite clean. The common elements between large (Figure 188a) and white areas (Figure
188b) are C, O and W, while Al (1.8 at%) was detected on one large area. The large areas have
similar elemental concentrations with higher C ((41.2 — 43.22) at%) and O ((4.87 — 5.62) at%)
concentration than white one due (35.99 at% and 4.22 at%, respectively) to the deposition areas.
Figure 189 presents the quantification of the dark areas. C, O, Al and W are observed on all areas.
Mg, Cl, Ar, K and Ca were detected on two of them, while Na, Mo and Mn were detected on one
area. It is remarkable that Al is the dominant element on two areas (dark 1 and 3) (65.7 at% and
78.4 at%, respectively), while C is the dominant (87.8 at%) on the third one (dark 2). Dark 1 and 3
have similar concentrations of the common elements.

d) e) mm f)

Figure 190: The SE and BSE images of the ILW2 C14 67 using different magnifications.

Figure 191: BSE image and quantified areas of the ILW2 C14 67.

155



Large Areas White Area

X X
= 100 % 100
s 5
) )
©
b=} 10 I g 10
c c
(] [J]
o [8)
g [ :
© 1 S 1 o
C o] W C (o] W
B Area A 39.86 4.8 55.34 B White 29 1.94 68.78
Area B 37.19 5.8 57.01 Element

Element

Figure 192: The quantification of large and white areas of the ILW2 C14 67 shown in Figure 191.
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Figure 193: The quantification of dark areas of the ILW2 C14 67 in Figure 191.

Figure 190 shows the SE and BSE images of ILW C14 67 with different magnifications. Figure 191
presents the BSE image and the quantified areas. The surface is smooth and the micro-cracks have
been partially covered by surface material. The surface looks quite clean with same small
deposition spots. Figure 192 presents the large and white areas. C, O and W were detected on
large and white areas. The C ((37.19 — 39.86 at%) and O (4.8 — 5.8 at%) concentration is higher on
large areas than on white one (29 at% and 1.94 at% respectively) due to the deposition spots.
Figure 193 shows the quantitative results of the dark areas. C, O and W are the only elements
detected on all areas. Dark 1 and 2 have similar composition, where O is the dominant element
(50.91 at% and 48.45 at%, respectively), while high concentration of Mg (17.06 at% and 14.73 at%,
respectively), Si (23.64 at% and 18.42 at, respectively) and C (9.31 at% and 10.24 at%, respectively)
were detected. On the dark 3 the C has by far the highest concentration (88.63 at%).
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Figure 194: The SE and BSE images of the ILW2 C22 70 using different magnifications.

Figure 195: BSE image and quantified areas of the ILW2 C22 70.
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Figure 196: The quantification of a) large and b) white areas of the ILW2 C22 70 shown in Figure

194.
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Figure 197: The quantification of dark areas of ILW2 C22 70 in Figure 194.

Figure 194 shows the SE and BSE images of ILW2 C22 70 with different magnifications. Figure 195
presents the BSE image and the quantified areas. The surface is smooth and only few micro-cracks
are observed. Moreover the surface is clean with only same small deposition areas. Figure 196
presents the quantification of the large and white areas. The detected elements on these areas
are C, O and W. Large and white areas has similar composition which means that the deposition
spots are too small to change the elemental concentration of the large areas. The quantitative
results of the dark areas are presented in Figure 197. C, O, Na, Kand W were detected on all areas.
On Dark 1 and 3 the concentrations of the common elements have similar values and C has by far
the highest concentration (88.65 at% and 88.23 at%, respectively). On Dark 2 the dominant
element is Al (64.95 at%). Mg (0.88 at%), Mn (0.3 at%) and Fe (0.18 at%) were detected only on
this area. On dark 4 the highest Na (1.2 at%), Cl (5.01 at%), K (2.78 at%), Ca (0.89 at%) and W (6.88
at%) concentrations are observed.
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Figure 199: BSE image and quantified areas of ILW2 C23 72.
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Figure 200: The quantification of large areas of the ILW2 C23 72 shown in Figure 199.
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Figure 201: The quantification of dark areas of the ILW2 C23 72 in Figure 199.

Figure 198 shows the BSE and SE images of ILW2 C23 72 with different magnifications. Figure 199
presents the BSE image and the quantified areas. The surface of the samples looks quite smooth
and the micro-cracks have almost been covered. Additionally, it looks very clear with only few
deposition spots. Figure 200 presents the quantification of large and white areas. C, O and W were
the only elements detected on these areas. The large areas have higher C ((45.8 — 51.09) at%) and
O ((4.65 —5.12) at%) concentration than the white one (32.12 at% and 4.47 at%, respectively) due
to the deposition spots. The quantitative results of the dark areas are presented in Figure 201. C,
0, Na, Mo, Cl, K and W were detected on both areas, while Ca (0.17 at%) was detected only on the

second area. Dark area 1 has more O (11.02 at%), Na (4 at%), Cl (2.67 at%) and K (0.7 at%) than
the other one.

Figure 202: The SE and BSE images of the ILW3 A23 93 using different magnifications.

160



Figure 203: BS image and quantified areas of the ILW3 A23 93.
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Figure 204: The quantitative analysis of large areas of the ILW3 A23 93 shown in Figure 203.
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Figure 205: The quantitative analysis of dark areas of the ILW3 A23 93 shown in Figure 203.
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Figure 202 shows the SE and BSE images of ILW2 A23 with different magnification. Figure 203
presents the BSE image and the quantified areas. The surface is rough and the micro-cracks
are distinguishable. Deposition spots are observed throughout the surface. Figure 204
presents the quantification of the large and the white areas. The quantitative results of the
dark areas are presented in Figure 205. C, O, Na and W were detected on all areas. Al, Cl, K,
and Ca on two of them. N and Zr were detected only on dark area 3 and Mg only on dark area
1. Dark area 1 has lower C (48.24 at%) than the other two ((85.42 — 86.28) at%) but it has high
0 (31.81 at%) and Ca (16.87 at%) concentration. On the other hand, on dark areas 1 and 2 the
C has by far the highest concentration.
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Figure 206: The average of the large areas of Stack A

Figure 206 shows the average quantitative results of the large areas from the samples of Stack A.
C, O and W were detected on all samples, while Ni was detected only on ILW2 A23 51. This sample
has also the lowest C (41.7 at%) and O (along with ILW A23 48) (5.3 a%) concentration. The C
concentration of the rest samples ranges between 50.1 at% (ILW3 A23 93) and 59 at% (LW1 A23
1). ILW A23 7 and ILW3 A23 93 have the highest O concentration (8.4 at%).
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Figure 207: The average of the large areas of Stack C

Figure 207 presents the average quantitative results of the large areas of samples from Stack C. C,
O and W were detected on all samples. Al was detected on ILW1 C14 15 and ILW2 C14 63. In, Cr
and Fe were detected only on ILW1 C14 15. ILW1 C3 12 has the highest C (60.4 at%) and the lowest
O (3.1 at%) concentration. ILW2 C14 67 has the lowest C concentration (38.5 at%) and ILW1 C14
15 has the highest O concentration (11.0 at%).

Table 12: Changes in the surface morphology and the C/W, O/W and O/C ratios of the large areas

of the samples from tile 5 W lamellae.

EXp. W Sample Surface Large Area Range EDS
Period | Lamella No morphology c/w | o/w 0/C
A23 1 Intact 1.72 0.19 | 0.11
A23 7 Intact 1.71 0.25 | 0.15
ILW1
C3 12 Intact 1.65 0.09 0.05
Ci4 15 Intact 1.09 0.27 0.24
A23 48 Intact 1.31 0.13 0.10
A23 51 Intact 0.80 | 0.10 | 0.13
C13 61 No cracks 0.82 0.07 0.08
Reduction of cracks
Cc14 63 0.81 0.10 | 0.12
ILw2 density and width
Reduction of cracks
Ci4 67 . . 0.67 0.09 0.14
density and width
Reduction of cracks
C22 70 . . 0.71 0.06 0.08
density and width
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Reduction of crack
c23 72 eduction of cracks | 1 510 | 0.09

density and width

ILW3 A23 93 Intact 1.20 | 0.20 | 0.17

Table 12 presents the C/W, O/W and O/C ratios of the large area analysis. It is observed that the
C/W ratio is reduced significantly in most of the samples in which the crack density and crack width
has been decreased after plasma exposure, which means that on areas where we have melting the

Cis reduced.

6.4 X-ray Diffraction Results

The XRD spectra showed that W reference lamella crystallizes in bcc structure (Figure 208). No
extra compound formation were detected.
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Figure 208: XRD spectra of the W lamellae samples from (a) stack A and (b) C.

6.5 Conclusions

Samples from different lamellae of the JET divertor tile 5 after ILW1, 2 or 3 experimental period
were analysed using d-NRA, SEM with EDS, XRF and XRD. With the NRA measurements, Be, C and
O amount and depth profile were determined. The C content of the different samples presents a
wide range varying from (1.4 + 0.2) x 10 at/cm? to (25.5 * 3) x 107 at/cm?. The Be amount
presents values between 2.05 x 10'7 at/cm? and 16.4 x 10'7 at/cm? and the O content ranges from
1.9 x 10Y at/cm? to 13.8 x 10Y at/cm?. The C and Be amount increases with the strike point time.
Be deposition increases from the first to the second campaign and from the second to the third
campaign. C deposition decreases from the first to the second campaign and increases from the
second to the third campaign. Comparing the C and Be amounts of the current work with those of
Maver et al [158] there is general agreement. The C and Be concentration is reduced similarly with
depth, either smoothly or abruptly. The O depth profile is difficult to be determined and only two
layers were detected.

The reference sample surface is rough with a network of micro-cracks. The samples from the A23
lamella and from the stack C after the first campaign present similar surface morphology as the
reference. On the other hand, the micro-cracks of the samples from the stack C after the second
campaign have been partially or totally covered by the melted W from the surface. Additionally,
the surface of these samples is smoother than that of the reference one. On most of the surfaces
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only O, Cand W were detected -exception constitutes ILW1 C 15 where Ni, Al, Cr and Fe were also
detected. However, focusing on the deposition areas plenty elements are observed: C, N, O, F, Na,
Mg, Al, Si, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Zn, Zr, Mo and W. In some areas one or more of these
elements have significantly high concentration (for example Ti on ILW2 A23 48, Ca on ILW23 A23
51 and Al on ILW2 C14 63). The marker tiles have not suffered erosion higher than 6 um as W top
layer and the Ni interlayer were detected.
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Chapter 7: Summary, Conclusions and Future
Perspectives

The aim of the work is to investigate the effect of the interaction between the plasma and the
PFMs at the JET tokamak having an ITER-like metallic wall (ILW), i.e. Be in the main chamber and
W in the divertor. Be have been chosen due to the low Z in order to limit the dilution and the
cooling of the plasma core. Additionally, Be presents low fuel retention —the main advantage over
C, the previous wall material. Moreover, Be constitutes a good O getter reducing the O impurities
in the plasma core. On the other hand, tungsten because of its attractive properties, such as high
melting point, high thermal conductivity, low swelling, thermal stress and shock resistance, and
high-temperature strength, is the prime candidate material for the first wall of the future fusion
reactors. The interaction of the plasma — PFMs causes the erosion of the surface of the first wall.
Physical and chemical sputtering as well as sublimation are the main mechanisms which cause the
Be erosion, while tungsten is resilient against erosion due to a high threshold energy for physical
sputtering. W is mainly eroded by impinging impurities such as C, Be and seeding gases, however
it is still the optimum material choice to withstand erosion. The eroded atoms can be
deposited/co-deposited on the same area or migrate via SOL and be deposited/co-deposited on
different parts of the tokamak. The co-deposition may include materials from the first wall or the
fuel itself (fuel retention). Retention can also be caused by the fuel implantation. Additionally, a
part of eroded material can potentially enter the center plasma, diluting and cooling the plasma.
Other results of the interaction are the melting of the surfaces and the formation of compounds.

In order to achieve our aim, samples from different areas of the ILW JET tokamak main chamber
and divertor and after the various experimental campaigns were investigated using a suite of
experimental techniques. 2H micro- and milli-beam were used in order to determine the C amount,
depth profile and spatial distribution as the 2C(*H,po)*3C is the most suitable reaction for the C
determination. Additionally, the Be and O amounts and depth profile were determine via
9Be(2H,po)'°Be and ®0(%H,po)'’0 reactions, respectively. 3H micro-beam was chosen to determine
the D amount and spatial distribution via the D(*He,po)*He reaction. With the same beam the
spatial distribution of the heavier detected elements was performed. The SEM technique was used
to depict the morphology and the different phases on the surface of the investigated samples. The
detection and the quantification of the elements on different phases were performed using the
EDS technique. The quantification of elements in deeper layers was performed using XRF. The XRD
was used to determine the compounds that have been formed during the plasma — PFMs
interaction. Moreover, the differential cross sections of the 2H reactions on Be were measured in
order to have reliable quantitative results.

The differential cross sections of °Be(?H,po)'°Be, °Be(?H,po)'°Be, °Be(?H,a0)’Li and °Be(?H,a1)’Li
reactions were determined in the energy range of 0.75-2.2 MeV and at detection angles of 120°,
140°, 150°, 160° and 170°. The target of the measurements was a SizN4s membrane coated with a
Be layer. P and O beam measurements were carried out in order to determine the thickness of the
target and the cross section of the "Si(d,d)"®'Si to determine the cross sections of the deuteron
reactions on Be. From the results, it is clear that the B excitation level with energy of 16.4 MeV
affects the cross sections. Additionally, we observe an agreement between the current results and
those of A. S. Deineko et al [143] as far as the cross sections of the °Be(d,po,1)'°Be reactions are
concerned, while for the °Be(d,a,1)’Li reactions the current results agree with those of A. Saganek
et al [152]. For the validity of the results, the benchmarking was carried out using a sample
consisting of bulk Be coated with a thin Au layer. The benchmarking shows that the energy
dependence of the differential cross section is consistent with the acquired thick target spectra for
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all the detection angles with the difference between the experimental and the simulated spectra
not exceeding 10%.

Samples from the Be marker tiles (Ni interlayer between top beryllium layer and bulk beryllium) of
the limiters of the JET tokamak main chamber exposed to the ILW1 or ILW2 campaigns were
investigated. The C deposition and D retention and their spatial distribution on the PFSs and the
castellation sides were determined. The C amount throughout the castellation sides from the PFS
edge up to around 6 mm was determined with milli-beam. For each sample the C amount changes
with the depth in the same way for the different castellation sides. Additionally, for the majority
of the samples the C amount is higher on the castellation sides than on the PFS. The C spatial
distribution -determined using micro-beam- on the castellation sides near the edge of the PFS (up
to 1.5 mm) either stays constant or decreases with the depth. Moreover, C agglomerates were
detected on two of the samples. No systematic differences are observed among castellation sides
with different orientations to ion drift direction. The D retention is higher on the castellation sides
than on the PFS for the majority of the samples. From ILW1 to ILW2 campaign the deuterium
retention on the PFSs increases, while on the castellation sides decreases. The D distribution on
the PFS is homogeneous while on the castellation sides decreases with depth for the large majority
of the samples. Additionally, the carbon amount is, in general, higher than the deuterium one. No
systematic correlation between the C and the D amount has been observed. The distribution of
heavier elements was depicted using the PIXE technique. On the PFSs only Ni presents
inhomogeneous distribution where an agreement between the PIXE maps and the SEM images is
observed. On the castellation sides a strip rich in Al, Cl, Ca, Mo and W were detected at depths up
to about 200 um. Combining the NRA spectra, the XRF results and the SEM images and EDS
quantification, the erosion and the deposition areas were assessed. We conclude that the
deposition increases with the decrease of the erosion. BeO was detected on all samples, while
BeNi was not detected on samples that have suffered enhanced erosion.

Samples from the IWC and DP of the JET tokamak main chamber after ILW3 or ILW1-3 were
investigated. The highest C and O amount s are observed on the surface of the ILW3 IWC samples.
Their surfaces are rough and unchanged from the interaction with plasma. Moreover the Inconel
substrate of ILW3 IWC was detected unchanged. Sample from the DP exposed to three
experimental campaign have the lowest C and O amount and have suffered melting on a
macroscopic scale. The samples from the DP after the third campaign present oriented strips on
their surface.

W samples from tile 5 of the JET tokamak divertor exposed to ILW1, ILW2 or ILW3 campaign were
investigated. Two of the investigated lamellae consist of a molybdenum interlayer between top
tungsten and bulk tungsten in order to assess the surface erosion. In the majority of the samples
the C amount is lower than the Be and the O one. On all the samples from A23 lamellae and from
stack C after the first campaign the O amount is higher than that of Be, while the opposite is true
for the stack C after the second campaign. Additionally, the C and Be amounts increase with the
strike point time. The C amount decreases from ILW1 to ILW2 but increases from ILW2 to ILW3.
The Be amount increases from the first to the second campaign and from the second to the third
one. The amount of O does not present any pattern throughout the different campaigns. The
unexposed sample presents a rough surface with a network of micro-cracks. Similar morphology
is observed on the surface of the samples from the A23 lamellae and the stack C after the ILW1
campaign. On the other hand, the surfaces of the samples from the stack C and the second
campaign have suffered melting due to plasma interaction as they are smoother and the density
and width of micro-cracks have been reduced. C, O and W are the detected elements on the
macroscopic areas of the majority of the samples. Focusing on the deposition areas, plenty of
elements were detected (C, N,O, F, Na, Mg, Al, Si, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Zn, Zr, Mo and W)
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some of which (Mg, Al, Si, Ca and Ti) have significantly high concentration (>10 at%). With the XRF
measurements, the Mo interlayer in the marker samples was detected indicating that these
lamellae have not suffered enhanced erosion.

The current work constitutes the completion of a more general investigation of PFMs after the
plasma exposure which started in 2014 with analysis of samples from the divertor of the ILW JET
tokamak [159]. This investigation offers a comprehensive view of material deposition, fuel
retention, erosion and changes of the surface morphology from different areas and campaigns of
the ILW JET tokamak. Knowing that C retains high amounts of fuel, we decided to measure it with
accuracy in different areas and correlate it with the deuterium retention. The sources of the C in
the ILW JET tokamak are the C residuals from the C-wall and the CFC substrates of the W tiles from
the divertor. So, C amount was quantified with accuracy, additionally its depth profile and spatial
distribution were determined. The D amount and spatial distribution were also assessed. The
correlation between the C deposition and D retention was investigated for first time in samples
from the main chamber of ILW JET tokamak. The correlation of the light detected element amount
(D, Be, C and O) with different conditions inside the tokamak -different experimental campaign,
ion drift and strike point time- was also investigated. The relative concentration of all detected
elements was assessed, focusing on the deposition areas. Additionally, the changes of the surface
morphology were assessed and the compound formation due to plasma exposure was
determined. The differential cross sections of the deuteron reactions on Be were measured and
checked with benchmarking in order to obtain reliable Be quantification with the NRA technique.

The NRA technique employing 2H is suitable to quantify light elements: N, Be and C amounts are
determined with high accuracy, while the determination of D and O amounts is difficult. *3He beam
has accuracy in D and Be, while Cand O can be also detected and quantified but with less accuracy.
Moreover the use of the micro-beam provides information about the spatial distribution. SEM with
EDS depicted the surface morphology, the areas with the different phases and the relative
concentration of the detected elements. XRF measures the relative concentration of heavy
elements with accuracy in deeper layers. Moreover, the thickness of thin layers on samples with
rough surface can be assessed. XRD presents the compound on the surface. It is clear that this set
of complementary experimental techniques is a powerful tool to investigate PFMs not only from
the JET tokamak but from any fusion device as well. Of course these techniques are not limited to
material from fusion devices but they have also a widespread use.

According to the current study, the presence of C does not affect the D retention in the
investigated samples. This investigation should be extended to samples from other areas of the
JET tokamak. In this direction, investigation in controlled conditions simulating the conditions of a
fusion machine should also be performed and complement the literature. Moreover, the other
mechanisms of fuel retention namely co-deposition with beryllium or implantation should be also
investigated. The current set of techniques is not appropriate to determine Be deposition on Be or
to distinguish whether the detected elements have been implanted. Different experiments and
techniques should be used for this investigation.

The different cross sections used in this work are reliable. However, it would be useful to measure
the differential cross section of D(?H,p)3He reaction as the data in the literature are not reliable
and it would be very interesting to determine the C and D simultaneously with 2H beam.
Additionally, the research on the different cross section measurements for NRA and RBS
techniques continues.
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