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devel op, i npl enent andtest niti gati ontechni ques for their prospectiveuseonl| TER The

current resul tsbringadditional i nfornationontheeffectsof theunnitigatedpl asnadi sruptions
onthe UDPs and are a si gni f cant ext ensi on of work present ed i ngtJg®019 Nucl . Fusi on

59 086009) wher e t he scal e of t he danage af t er t hree operati onal canpai gns onthe Betop
limtersof JETwas highlighted. Inaddition, newdatais presentedonthe danagi ng ef f ect t hat

t he hi gh energeti ¢ runaway el ectrons hadonthe Be | VA i n JET.

Keywords: JET, beryl |i unpl asna di srupt i gnaunavay el ect ronsat eri al danage

(Sone f gur es nay appear i ncol our onlyintheonlinejournal)

1 Introduction for post-nortemanal ysis. The current work conbi nes new
fndings on layer nelting, nolten nmateria novenent and

Future generation t okanaks, including | TER w il strivetfarial | oss fromthe upper dunp pl ates (LUDP), a conti nu-
better confnenent, which neans a hi gher plasna curreationof the fndings present ed] m scussi ngthe frst dam
I p to achi eve high fusion gaij [One of the naj or i ssuesigetypei), al ongw t hnovel dataont he danage causedbyt he
when operating at highIpis apotential for increasedRgampacts onthe Beinner wall limters (IVA) contri but -
age of frst wall conponents due to unmti gated pl asma disgt ot he second danage scenari § ( Newdat a ar e pr esent ed
rupt i ons and product i on of Runaway B ectrons (RE). Two dit i ough var i ous net hods i ncl udi ng i magi ng anal ysi s and near
ect consequences of di sruptions and REs are: (i) hi ghthenfeb-red canera i nagi ng i n vessel , and post - nor t emaccur -
| oadsw thfast nel ti ngandnel t noti onduet oel ect r onagrgté ewei ght neasurenents, surface profling, and eval uations
forces, as previously seenin Joi nt European Tor us ZUEI)f [nor phol ogy and st r uct ur e.
and TEXTAR[ 3] and (ii) localised neltingfromREi npact
as reported in JER]. Aside fromthe damage to plasnap Beryl|iumnel ting under high heat | oads in
faci ng conponent's (PFQ, the production of droplets argifgi gat ed di srupti ons (i)
fromnel ti ng nay act as adust source. This paper del i vers, an
overvi ewof thenel t danagetoberyl | ium(Be) frst wal | c&esul ts presented id] [hi ghlighted nel ti ng and erosi on of
ponents as a direct consequence of unnitigated pl asna the-UCPs i n JET reactor during the frst three experinental
ruptions and REs onthe forner cal | ed JET | TER Li ke Vil ¢anpai gns (I: 2011-2012; |1: 2013-2014; I11: 2015-2016)
[5] i spresent ed. Such Be conponent s provi de auni que sourceh a netal lic wal | confguration. Each WDPis a pol oi dal
of material for characterisingtheinpact of nelt damageamnof ei ght Betiles attachedtothetop of the vacuumves-
conponent s and f or benchnar ki ng nel t danage nodel |1 ngi sel, nunibered DPL (inboard) to DP8 (out board), as shown
| TER infgurel. There are 64 WDP beans toroidal ly. The nai n

The danage caused by di sruptions and REs resul t i n dirgason for the Be nel ti ng phenonena on t he upper part of
tinct norphol ogi cal and structural changes. These noditftesr eact or was i denti f edas bei ngt heunmti gat ed pl asna di s-
tions canbedirectly correl at ed based on dat a col | ect i uptiuons. The migrati onof the Bel ayer alongthetil e surface
ingandshortly after the damagi ng events, usi ngnear-i nfluaregt he t hernal and current quench phases of unniti gat ed
caner ai nagi ngandt her nocoupl e neasur enent s. | naddi ti amwar d goi ng vertical di spl acenent event s was caused by t he
fol | ow ng sessi ons causi ng danage, i n-vessel i nspectignxeaB forces acting on the nol t en surface, as evi denced by
possi bl ewi t hout t he needt o breach t he vacuum so't her e dteedanages i nduced on t he LDP beamof ti | es and descri bed
vel | - known audi t of danaget oconponents. Thetypeof danin P]. Due to the nelt layer notion in the pol oidal direc-
agewvas al socorrel atedw tht heexperinental ai ns of di ft@centbri dgi ngbet ween nei ghbouri ngcast el | at i onwas obser ved
canpai gn periods. Inthefrst | TERLi ke Vel | (I LW1) carand docunented for thefrst tine. Be | ayer novenent inthe
pai gnfrom2011-2012, t hef ocuswasonthei npact of t he ngaal oi dal directi onwas previ ousl y docunented i n JET for the
val | on pl asna oper ati ons duri ng whi~ehl%of the pul ses inner andouter limter tiles (I VWA and CA.)7] and al so
endedw thunmtigateddi sruptions. | nnost of the casesphideyed for Wnel ting and | ayer propagationin TEXTCR
wer enot heavi | y af f ecti ngt he mai nchaner wal | conponentsactor 3. In the case of all 64 OP8 tiles, it was shown
The second canpai gn (2013-2014) (1 LW2) was dedi catedt ohat thg x B force generates Be struct ures | i ke an i nver sed
hi gh povwer scenari osandi nt egrati onof necessarytool sfonatier-fal | whi ch are di scussed i n setti dt was hi gh-
ruption mtigations. Duringthis period disruptions ahddREedt hat theel ectronagneti cforcesacti ngonthenel t | aye
were intentional |y generated i n dedi cat ed sessi ons. |alsotehused the g ection of droplets fromthe tip of the Be
after three | L\tanpai gns (2011-2016)15%0f the pul ses ‘waterfall’ structures onto the vessel walls inthe proxi mt
ver e cat al ogued as di sruptions, but i nessencej ust afewidrie DP8. Ext ensi ve nodel | i ng usi ng MBMO5- Uand t wo-
heavi | y danagi ngt he mai nchanber PFGs, andthengj ori ty df nensi onal ANSYSH uent Navi er—& okes si mul at i on codes
t hese happened dur i ngt he second canpai gn. Each oper at i arahf r nedt he experi nent al obser vat i ongji nfit er ns of nel t
canpai gn was fol | oned by ani nterventi onwhen, inadditiaper dynamicsal ongthet8]endnateri al ej ecti onfromnt he
tonai ntenanceactivities, conponent s wererenoved/ repl dded 9] .
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Fgurel Qosssectionof JETvessel wthafocusonthe UDPsee)an¢hin-vessel i nages of 2BCdunp pl at e bednfahi ch was
partiallyrenoved (DP1to DP5) for wei ghi ng exerci seduringinterventionafter secondandthird| L\Wecanpai gns, and cl gse-up i nage (
and (d) show ng Be | ayer novenent acr oss DP3 and DF6.

Figure 2. Photographs of dunpplatetileswthclose-upviews show ngberyl |iumdropl etsfoundinthe gaps beaydg2tardes. (
CP3; (b) DP3 and DP4 and ( ¢) DP5 and DP6 wher e nost Be dr opl et s wer e f ound.

2.1 Melt | ayer noverrent and material | oss as showninfgure2(c). Inbothlocations, many Be dropl ets

of various sizes can be seen in the spaces clearly indicat-
An additional photographi c survey was conducted on tilgy that | ayer migration occurs. Inaddition, bridgi ngacros
entire beamof tiles of the UDPs. Theresults of the swastel | ation previously reported wthinasingletile, is al
shownewevi dence t hat nol ten nmaterial cantravel suffcobserved across nei ghbouringtiles despitethelarger gaps. A
distancestopotentially create bridges bet ween adj acesi gnil fesant nunber of resol i di fed beryl | i umdropl et s has been
F gurel(a) highlights the cross section of JET vessel fupdifd i n gaps between DPtiles towards the [ owfel d side.
the focus on the UDP sector. Detail ed evi dence of Be n@hi s shows t hat | ong range pat hways for the gradual mgra-
| ayer novenent and castel | ation bridging is highlighttédnmof nelted naterial fromthe highfeld sidetothe |l ow
fguresl(b)—d) for tiles DP3 to DP6. ne can observe ahel d si de of the UDP beami s possi bl e al t hough sone evi d-
enhancenent of the nelt | ayer novenent, towards the | @nce of bridgi ng betweentil es may have been| ost duringthe
fel d si de generat ed by tihex B forces i nthe pol oi dal ditri-l e renoval actions necessary during i nter-canpai gn inter-
ection. Tilebridgingis al so observed towards the | owéetidons. It isquitelikelythat nolten Be naterial migrate
side. However, due to the larger gaps between tiles, Eoomonetil eto another once a bridge betweentilesisbuilt,
Be droplets were foundinbetweenthetiles. Svall anoumitsonly i f the gap betweentilesis not toolargeto prevent
of Be dropl ets can be seenonthe DP2 tile, they are shewnhbri dgi ng. Basedonthecurrent i nagi ngassessnent it was
infgure2(a). The anount of Be di scovered in the formafhown that nore nelt inthe formof resolidifeddropletsis
dropletsisreducedrel ativetothe other til es becauseftduirgltiolar dst hel owf el dsi deinthegaps of eachtile. A this
i sreplaced w th a brand newone f ol | ow ng each operati shalge, thereis noclear evidencethat nateria nobilizedfron
canpaigninthe netallic wall confguration. Thereforet hetie ghf el dsi deof t he UDPbeam nanel y DP1, cantravel as
danmage on it results froma singl e canpai gn, not fronfarlastothel owfel dside, nanelyonthe DP8. However, it is
three. Mredropl ets are evident betweentil es DP3 and BPghl y | i kel y for t hi stohappeni ndesi gns wher e gaps bet ween
infgure2(b), and even nore between tiles DP5 and DP6,til es aresnal | er t onards t he | owf el d si de.
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Beryllium
“waterfall-like”
flake ATTACHED

Figure3. (a) Photographof Beinversed‘waterfall’ structureat t he endxpfabP@r ¢ he Be f ake was r enoved—wi t h evi dence t hat
neltedandsolidifedBeisstill attachedonthenaintile, alongwthmultipledropletsindifferent shipks anewiafeshe(Be
‘waterfall’.

Asreportedir?] and describedinsectRdrhel owfeld for thetileneighbouringit, nanel y DP1 and DP3, since OP2
sidetileof each of the 64 beans of upper |initersis chasaxposedonl yduringasingl ecanpai gn. Hwever, thenel t
terizedbythepresenceof aninvertedBe‘waterfal |’ fordatgaandcrack f ornati ononthe DP2ti | es frombot h exper -
as depictedinfgurd&)—C). Thisstructureis fornedwhémental canpai gns (2011-2012 and 2013-2014) was docu-
the nol ten | ayer travel s upwards, defying gravity intheepbkdin [L1] and profling neasurenents of each DP2tile
oidal directionfromthe highfeldside (inner wall) thsiaie and after (fgul@)) the canpai gn was per f or ned.
thelowfeldside (outer wall), whichis clearly attri bilteedttiumly esti nat ed150-200 mof nateri al t hi ckness was
nelted naterial nigrationandre-solidifcationprinaridghtued fromthe top apex of thetile after the second cam
tothe el ectronagnetic forces acti ng onthe nel t | ayer garigng(fgureg(b) and €)). Extrapolationfor theentiretile
atypical plasnadisruption. The effect was earlier founddimit es t hat around 0. 0359 of Bewas | ost. Furt her extrapol -
expl ai ned for nol tentungstenin TEXTCHR[. ationfor all the UDPtil esacrossthe 64 UDPbeansinthe JET

These structures were created prinarily duringthe seesseél woul d account ferl8.2 g of Be | oss—whi ch can be
oper at i on canpai gn bet ween 2013-2014 whi ch was dedi cat edonsi der ed as t he ni ni numanount (1 ower |inmit) of Benater-
to hi gh power scenarios wth energy confnenent opti maal | ost fromthe UDR | n conparison, the wei ghi ng exerci se
tionand | TER rel evant studies such as disruptionnitigerifonned inZ] reportedl gof Belost for the DP2til e,
by nassi ve gas i njection (M3)0]. Wsing a preci sionbalwth an estination of 129 g fromthe entire WCP set-up. It
ance, themass of theBe ‘waterfal |’ structurewas det erngred essed t hat t he mini numval ue-GB. 2 g esti nat ed by
t00.66grans. Extrapol ati ngtoal | 64 UDPbeans, atotal mrsd| i ng, consi ders neasurenents of only 2mminlengthin
of 42 gwas partially renoved fromt he DPs, the val ue beitihg t oroi dal directi ononthetopedge castel |l atidh 6f gure
of the sane order of magnitude as the nass reported]in PP2til eafter t hesecondoperational canpai gn, whi | et hedam
The main point i s that tjhex B forces responsible for thgetoit wasextrapol atedfor theentire UDPs. These net hods
Be nol t en | ayer novenent acrossthe DPtilesinpol oi dal di e+epresentativefor thel ower and upper esti nati ons of nass
ecti on was capabl e of mass di sl ocationinthe range of U@sgintheUPtilesduetohighheat | oads duringunniti gated
for the entire JET vessel . H 8ualeong with the Be fake pl asna di srupti ons based ont he avai | abl e dat a and ext r apol a-
nass det ermnationhi ghl i ght sagai nthat Benel ti ng, andtliayeassunpt i ons.
novenent i st he nai n nechani smt hr ough whi ch Be was | ost
froAngahzetLiJ?:}\as remvedaft er each experi nental carpai g2ri 2. Besplashingondiagnosticmrrors, wall, and probes
andrepl acedw thanewtilebeforethestart of the nextHcghiresol uti on phot ogr aphi ¢ docunent ati on of the upper
pai gn, sothat t heaccurat enmass| oss quanti f cati onfrom i e JET has provi ded a cl ear evi dence of spl ashed natt er
coul dbe per f or ned]] . The danage was not as obvi ous ast hai nt hevi ci ni ty of t he UDPs and nushrooml i miters (M), both
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Figure7 (a)—f) \arious forns of Be spl ashes found ontheinner and out er wal | dust noni tors.

the quantitative share of Beevaporationtothetotal nass Mbssoscopy exaninationof upper outer divertor Tiles 8, B
fromthedunp pl ates of 129gin|LW2reported2jn[Wth and Chas beencarriedout for thefrst tineever. The appear-
the naxi numneasured Be concentration of ¥ 10'® Be ance of thetiles after ILW3 is shown in f@{@e while
atons cnT 2 and assum ng a uni f or mcover age of the enti peher franes of t hat fgurepresent adropl et andvari ous shapes
JETwal | (200 m) by Be evapor at ed fromUDP one obt ai ns of beryl | i umspl ashes on t he t ungst en coati ng, 8(hr-es
1 x 10?* atons correspondi ng to 30 g of Be. Thi s val ue (& and an EDXspectrumw thacl ear Befeature, fgB(fg.
judgedtobe an overestinate; therefore, it can be consiaiédr types of obj ects have al so been foundi n sanpl es col -
as the upper linit. Wentakingintoaccount the Be contented on sticky pads fromTiles Band C |t shoul d be not ed
(3% 10 cm~2) ont he undanaged mirror surface the | ondrhat the spl ashes at the top of Tile 8 and protection Til es B
limtisaround1lg. Insunmary, thedatafromtheKY6nramd Cdi dnot i npact t he pl asmaoperati ons, astheouter strike
(awtness plate for depositiononthe upper JET wal | ) pbont does not reacht hi sregi on. As aconsequence of mnini nal
t hat evaporati on nay be consi dered as a cont ri buti ng buplastina i nt eracti on, Be anal ysi s by EDXi s possi bl e because
t he maj or nechani smf or Be | osses. Nonet hel ess, t her e itshaespl ashes that col | ect there are not coat ed by co-deposits
cl ear evidence at thi s stagethat the vaporisedBeinthebbeaght her ewerenany particles, theywerequitesnal | and
assessnent cones purely fromthe UDPs, andit coul d be moveredanini nal areathereforethetilesurfacesarestill pre
accumul at i onof bot hdanmage ont he UDPs duri ngunniti gat edbni nant | y t ungst en.
pl asna di srupti ons and danage i nduced t o ot her upper wal Il n sunmary, the presence of Be dropl ets, inaformof cir-
conponent s | i ke Be nushr oons and Be sausages ti | es whi cbul ar or el ongat ed spl ashes (1-56Q has beendetectedin
wereintheproximtyof thenrrors. nost sanpl es fromwal | conponents. Thei r conmon f eat ure
isafrmadherencetosurfacesinthelocati onwheretheyini-
2. 3. Spl ashes on passi ve di agnosticsandtile corrponem QJ l y_I and. _SJCh gopd adner gncei s aposi tivefeaF urefromthe
operationpoi nt of viewand, it of fers anexpl anati onwhy onl y
I n-vessel hi gh-resol uti onphot ographi ¢ survey carri ed catsaft Eranount of | oose Be dust particl esis present i nthe dust
each canpai gn has shown t he presence of netal spl ashes sanpl e col | ect ed by vacuumcl eani ng f r omt he di vel6pr [
various wal | conponents. It was not possibl e to carryHméver, t he good adher ence nakes it diffcult toassess pre-
their el enental anal ysi s, however, Be has been cl earl ydidahy t he erosi onof linmters by nelti ngand spl ashingasit i
tifedas the mai n constituent of spl ashes on surfaces ohatipessi bl etotake mul tipl e sanpl es to quantify t he nass of
ror sanpl es exposed at the out er wal | mdpl ane i n JET wi triin en nat eri al spread ar ound t he vessel .
thefrst mirror tes4, [L5]. | nages i nfgure¥a)—(f) show
various forns of Be spl ashes and dropl ets on dust noni tor . . Co
fromthe i nner and outper wal |. Both tphei r size and thi &'nés'ssBe mass [ oss estimationduetoBe’rain phenoena
vary w thinabroadrange. | nmany cases t hese are fat ci@mrof the consequences of the unmitigated pl asma di srup-
lar (or onlyslightly el ongated) obj ects withthethi ckhessswhs the Be ‘rain’ phenonenon happeni ng f romt he t op
exceedi ngsever al hundr eds of nm as showni nfgé(@sand of the LDPright after sone disruptions. Using theflata [
(d), and al so descri bed1®,[L7] . The presence of winkl eandstartingfromthe29di sruptiontriggeringpul seswhi chare
resenbl i ngcapi | | aritywaves hi ghl i ght edi dfeyurmpl i es consi dered nai nl y responsi bl e for t he UDPdanage, afurther
that the re-solidifcation of |arger dropl e)sdiBDnot anal ysi s was perfornedtodeternneinwhichof these pul ses
occur instantaneously. S mlar patterns have been previ badgrai n phenonenon occurred. TheBerai nwas i denti fed
i denti fedduringdust surveysi nTEXTCH]] . | nsone cases, usi ng a near-i nfrared canera vi ew ng awel | -def ned fracti on
thenaterial was cracked, asinf@gfg. of the torus (JET canera nane KL7, view ng3l degrees
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Figure8. (a)—€) \arious forns of Besplashes foundonthedivertor tiles BandfCameEXspectrumw thacl ear Befeature.
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Figure9. Post disruptionBe‘rain phenonenainthreeindividual pul ses as seen by t he | Rcaner as.

toroidal ly). H dupeesent s near-i nf rar ed phot ogr aphi ¢ evhd-vel oci ty of the dropl et swas esti natedtobeintherange of
ence of the thernal radiation enitted by heated Be drofi-di0sms ~X. Asummary of al | pul sesfor whichthereis evi d-
fallingfromthe LDPs, capturedw thanexposuredurati enok of Be‘rain’ is presentedinfalbietotal nine pul ses
20 ns. Usi ng anot her canera w th a 600s exposure tine, wereidentifedand for each of these pul ses, dropl ets visible
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Tabl e 2. Post disruptionBe‘rain’ phenonena.

TOAL no. of dropl ets

No. of count ed Tor oi dal extrapol ation
Pul se no. dropl ets of counteddropl ets
84675 11 128
84 832 6 70
85 386 4 46
85 805 0 0
85 806 4 46
85 807 2 23
85857 5 58
85 858 5 58
87 507 7 81
TOAL 44 511

inthe toroidal viewwere counted. Based on the pi xel coaotdnot reachwhencol | ectingd@st,[i.e. inrenoteareas

per dropl et andthe canera’ sresol ution, it isestinatedftdmaf tdmt he heat of any pl asna; (ii) dropl etsarewel| adhered
aver age di anet er of the Be dropl et s observed fal | s bet weers8r f aces wherethey | and, as not edi ns€cti andt her e-

and 4 nrm The canera usedto estinate the dropl et si ze Hawe, cannot be vacuuned and, by this, do not contribute to
adepthof feldof5m extendi ng fromthe far wal | arounthe dust count; (iii) thevast najority of droplets that doen
6mawayto ~1minfront of thecanera. A thecl oselimtupindivertor surfaces areeasily cl eaned and evaporat edw t h
t he caneradept hof fel d, thepi xel resol utidmidgpi xel . the fol | ow ng pul ses, bei ng transported to various regi ons of
Front hi s perspectivethepixel resol utionisthelimtiniéastssel as co-deposits. There were very fewcases of big
for the proper accountancy of snall droplets. It isinmroplngts bei ng found duri ng t he shut down i nt er veth] pn [

to highlight that sincethe observed dropl ets are cl osesiont hebecause of t he reasons gi ven above, but one of those

pi xel resolutionlimt, this coul dbe a possiblereason hstdrwes i s shown i n fgut@ where a Be dropl et, fol | ow
caneradat abei nganover-esti nate, hencethedifferenceéwnptBe rai nin pul se no. #84832 was found on Til e Bof the

t he physi cal observation fromdropl ets foundinthe diweteordi vertor (fguiégd) and € ). Aschenatic incl udi ng
areapresentedindetail i nse2t8ohthi swork, wherethethe position of the UDPsinrelationto the positionof this
si ze of Be spl ashes are | ess than 1 nm As nenti oned predr opl et i shi ghlightedi nf @@3—€). Togui det heeye, the
ously, theBeinverted‘waterfall’ structure shown Bn f gurea wher e dropl ets coul d have fal l enfromthe LDPintothe
ispresent onall the 64 lowfeld sidetiles, nanel y deBgr divertor ishighlightedi niGfa)e The near | Ri nage

vhi ch suggests that at least for the nain g ecting poi ntf géirelO(b) supports the statenent that the | arge dropl et
thesefallingdroplets, thedanageis evenl ytoroidal | ydistetids i n fgure)(d) and €) is a direct consequence of

uted. Therefore, the nunber of dropl ets observed by eachheRdi sruption event in pul se no. #34832. The area of the
canerainthe 31fel dviewis extrapol ated t 0°360 gi ve dropl et i nfgurk(e) i s~55 nm 2. Nevert hel ess, one needs

an upper limt for the nunber of droplets produced dutiaake i nto consi derationthat the di nensions of this dropl ef
the nine di sruptionevents. Alower Iimt can be est ablnsshbdve suf f ered nany changes fol | ow ng 3126 pul ses in

by consi dering the asymrmetry inatypi cal disruption as ldesecond canpai gn, i ncl udi ng cl eani ng pul ses, whi ch coul d
cussedin?] whereinthelack of uniformtyintoroidal reve affectedits overall shape and di nensi on. Based ont he
ingdistributionduetosucheventswas highlighted. Basedoant |imtations of in-vessel inaging, no estination car
t hese assunpt i ons of symrmet ri c andasymmetricnel ti ngfrimennade of its actual thi ckness, nonet hel ess even the hi gh-
theunmtigateddisruptionevents, the upper and | ower cesnot ution i nage i s suffcient evidence of the size of this
are sunmari sed i ntabPe Fromt hi s datathe nass | oss frodnopl et .

the DPs in the formof Be rai n phenonena fol | ow ng ni ne

unmtigated pl asna di sruptions events is estinated to be in

therange 3g-31gwherethel ower fgurerepresents the @l Runavay el ect ron damage on beryl | i umpl asna

cul ated Be nass for only the 44 dropl ets observed fromtée ng conponents ( i)

fel d of viewof the caneras, while the upper val ue repres-

ents the nass extrapol ation for the entire vessel . NotEnhéaher ati onof hi ghl yenergeti c REori gi nati ngfromunnit -
thi s amount of Be was not found when vacuuni ng t he di verigat ed pl asna di sruptions poses serious threats to PFCin
tor after the canpai gns. The reasons may i ncl ude: (i) ifitkebn devices |like |l TER DBMD Inthe |l TERcase, REcan

fall, thedropl ets end upin pl aces where t he vacuumcl émneccel erated to energies inthe MV range. Due to their
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Figure 10. (a) JET cross-sectionw thprojecti onfromthe UDPtothepossiblelocationof Be‘rain' dropletsoncethenagneticfeldis
after adisrupti dn); fear | Ri nage post pul se no. #84832 hi ghli ghti ngthel argedropl et i nthe out &) di veossr sdcti on of the
divertor wthanindicationto Tidedl € acl ose-upvi ewof thedropl et found after t he second canpai gn.

unpredi ctabl e nature and the l ack of afully reliabl e theigaadi ti ons for di sruptionsandultinatelyto produce REs.
tion systemto suppress their effects on fusi on react oAbehbl nunber of sessi ons dedi catedtoREsignifcantlylim
viour, andul ti nat el ytot he conmponent st hat canbe af f eci ¢é@byt he damage caused by t hese event s thus al | owi ng for an
them aseriesof studieswereperfornedindifferent tokaoskateidentifcationof theaffectedconponents.

envi ronnent s 19-21]. The focus of this sectionis to high-
Iight the danage t hat was produced ont he Be conponent s 5”1
the JET reactor fol | ow ng such events. It is worth nention-
ingthat sincetheinstallationof the netallic wall idhiElrigt signs of the effect of REs on the PFCwere repor-
2011, REs have not been produced during typi cal di schardes) in4, 6]. UWsing the I n-\éssel |nspection System(IMV 9

t hough t hey wer e cormoni nthe JETw thcarbonwal 122]. caneras i n JET fol | ow ng dedi cat ed REs experinents, it was
Duri ng t he second canpai gn (2013-2014), t here wer e dediannfrned t hat danage occurred to the IV@A tiles. Further

at ed experinents for studyi ng such events i n JET. REs wargh-resol utioninagi ngi nspections, carriedout after t he can
intentional I yi nducedusi ngM3 withArgon (4} triggerpai gnin 2014, reinforced and clarifed the resul ts regarding

Vi sual observationviainmagi ng, OMand 3Dprofling
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Figure 14. (a) Representati onof x-ray neasurenent patté)ndifracti onpatternsfor al| anal ysed rpgtamsar( son of Be 101
relativeintensity.

surfaceregion, theextinctionof theBe 101 scatt eri ngeenhraesong grai ns per pendi cul ar t ot he exposed surface. The
by ~60%conpar ed wi t ht he 24 ar eas and a peak br oad- | engt hs of t hese grai ns of t en equal tothe dept h of t he nel t ed-
eni ng suggest s atransi tionto an anorphous state of Berresal i di fed | ayer. Inthe area deeper than the nelted | ayer,
the surface. The overal | neasurenent was perforned usithg base nat eri al has uni axi al grai ns (avg. diatft &)
aRgakuUtinalVdiffractoneter using a Qutadi ationtypical |y observed i n vacuumhot - pressed beryl | i umgr ades
source (0.154nm andaDteXUtralDsiliconstrip det §@6pr Many non- cubi ¢ net al s i ncl udi ng beryl | i umhave st rong
w t h a graphi t e nonochr onat or. Measur enent s wer e done iami sot r opy of t her nal expansi on, t her ef or e can be def or ned by
the —2 geonetry rangi ng from33to 100 with a step of heating and cool i ng. During cool i ng of a pol ycrystal li ne Be,
0.05. i tsani sotropy | eads t o devel opnent of a conpressivei nternal
El ectron backscattering diffracti on (EBSD)sta@msbiahedg tke> axi s of grains andatensil e stress al ong
wi t h Scanni ng El ectron M cr ¢SElgpyere perforned the<a> axis of grains. A high tenperatures these inter-
tovisual i ze t he t opogr aphy and cryst al | ogr aphi ¢ st r uognameubbr stresses nay rel ax by naterial defornati onintrodu-
the RE danaged regi on. H guré5(a) depicts the second<i ngdi sl ocations and nmicro-tw ns and al so creationof nicro-
ary el ectron i nage of the anal ysed castel | ati on. Thevoi dkt The nicro-tw ns and degradation in the BB pat -
sideis the pl asna faci ng surface affect ed by the REs, tbrhequal ity, which are a sign of a hi gher di sl ocation dens-
fgure15(b) highlights the surface nornal - proj ected i nveyseve been detectedintheresolidifedgrai ns. Mcro-voids
pol e fgure orientati on nmap of t he near- surface regi on afet @@bser ved bothinas recei vedandre-solidifednaterial s.
pl asna-affected Be. The results denonstrate that natlemeler, visual |y, nore voi ds were observed in the nel ted
nel tedandt henre-solidifedinthe 83i ck near surfaceareas wth occasional |ineal aggloneration around grain
region. The re-solidifed phase has col umar grai n strusbumdari es.
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