CICETIT CEODE O] [ ] [ O00 i
o0 O

K. Koo, M. BOmit!, J.0o . CLr?, F. L, G.F. MOmr 3, D, N, V. RO, B. S,
L. GOILII, B. GLIII3, A. HIOO (L1}, P, LML, R.A. P, S. PCIOLY, P VIIIIITLTS,
ASDE-ULLIIT TN, EUROMIIITMST1 TLI0”

IMTE OO IO OO L) 85748 GUITTINT [ ML) GO
2FCIITT T LTI J O GULH, [T TITE T (O KM COTIT - OO (T
52425 JOI) GUIIL
SCHNTT COMIMOFIIINTECTTIL) AL UL U014 3DB, UMK
400 O FOOTT@0AD, 1040 01 A LTI
SICED OO O IO O CL190 046, 13067 [ITLITD JFITTT]

S I CT 0 O O AOCO OOIIII1117782/3, 182 00 UL 18, CLOLLL DT
OO IO T H, MOTTTC 2017 NCTLFCTINTES7 102014

RO (3 CI) 0 E T 0 0 C0) O CO ) (i OO e ) O (ELMD) OO0
(I M ASDE O UL T CCCmT CE ) O E Oy (0 H= 0 CE0) CI ) CO T CE CI I ()
CHTT COI (D MM LT (DIM-IT) O O G D CC ) L CETO O T T O CE I ) (T
(0 (T COC (O 0 MO JET M 0 [2-46) 00 00 CO) A O O O () COE) 00 O AT
[ 1 BOM OIS COIATT ] CEEE A COR T T COOT CEE C) A (0 (T
(T CTET CETCT T COT] T O 0 O COELM O 0 CO M (0 0 CE0 O CETTO 0 CE T
(T T A T E0) f0 C EE T 10 (0 O CCA T CET o [0 (- (0 000 O (@ CCE CET
(IO (1 (O O O C O O CECme ) (00 COCE ) (i OO (00 COAO D CI 0 (I
(T O C (O CR AT C10 ) 10 £ T COm CO M O CEO T O [ O OO O] TED
CIMITITT T O CI0 CTIT ) CTT T T CET T E T (0 ) O T T CIT T A AT E T I
(0 [ O OO [ M MEMOS . O OO CO CE) OV CO) 10 O OO0 COCE) 10 A AT (I ()
CTTIA T T O CE (O (0 OO O O 0s G PO C13 I CT T O T ) (IO e )
(T AT IO I CTE ] O O ET O 0 O T COE 0 (0 O, T EO O COO T O
(O CET T CCTI T LT (T (0 OO T 1 CT 0T T T O O CET T OO (0 CETI T (T (T
LI T T T CIT I ]

KT T CI 1 O (O] CEE,) (T O CTm T

AR RN (1 O 0o CIE [ CO o O ) T O LT

T 0 OO0 CO T 0 O CIOo (T 0 ITER - CIOT T
(T CITT (AT (I fe - C0 OO CE ey o
(T (O] @) TOm O CET £ (i
(T CIy Oy O CE ) O [0 CIT ] AT ] T
(T [ 00 [T AT 0 0 00w 0o
(IO CIC I O I CI ey (CEn)
(I [0 (0 ) o LT o 00 00 O O (0
(LT Oy ) () (e O (ELMD
(50 T O MO O CICE . 00 CEH (I I 0
(IO 0 (T ELMO OO0 CETI T T
CTI T COCTET ) OO0 1) DO OO O O )
0 1 A O N A N A M 1
0 J (I (100 CTTE T T O T ) (T
(1 [ O O T OO [T (O
(T (0 [T 00 CECIE ey o ey CEEm )
(T (1 [0 COO T (T (T (60 ML)
(T ETT Cme O e O CEE ) (O O T e e 1
(T O COC T C T 0 O CHE T T OO i e
LTI (o) ey (O O Oy 0y (I3 oo
O OO O ([ e o en i CE o Ceeerr

(T T T OO WO OITER . LT
LT OOy GOy AT L) fomm) C0rm
LTI (0] CETTy OO CTOT O O] CETTTm O 0
C O [ (TS 0

TOO DO [0 O O CEmry (0 O Hm OO
(O CIO CIO0 O A (O CECT I [0 I 3D MEMOS
(MM COS I () O 7, 8L TH
CLIITm Iy MEMOS L) OJEEE) ) (e e
LT TIIITT) (T O OO 00 (T O O O O
CJCI) [ coerr) [ TECOTOR 19, 1001 100 [T
(LTI O O (O (O O (O O CO CELE T 0 (0
OO O O 0D O OO0 0 (O O
(LTI O (0 T OO O O 0 o g
COCCC T T 0 O e T e ) C (O T
(MmO O CCLCAAWET ey o
COHTTET T MEMOS O CHTE a1, 120 FOey L
MEMOS [T () (I CEe O E CD O Ce O
I [0 M0 XB - OO0 COITT Mo o
(AT 0 A0 (T CE 0 C) EE ) (T
(0 CETIT T C3E (e I O CEETIITT ) ) CET I

LTI T I O T T @ M O L CT



(0TI A CI () CECEm (O O (O (T (O ASDED

OOy T ICI e 00 0 CET

U A30 0Omm O Oodm 0om O

CIMTIMIT T C10 O A ) C ) O T

CTTIITT AT (T O O CET T (0 O CET O T
(I COTCTO O CETO IO, () (140 MO (O [0
O O (T O CO AT 0 £ EETT) A CT AT ETT T ]
(IITT(OSP) [ [ CETII T CO) C OO S O (0 [
TEOTOR [IIIIWCIN) M0 OO0 OO O C
(IO (O OB 0 CO I T (10

070 TO OO MO TR O 0 O CE0 QT )
O CL AT CErey (00 E () CET o CEre e (-
(T (O 03 G T 0 C ) O CET O (0 (T
(0] Crmm o [ CEECIe) GO [y C e
(T I 0 AT O CEE o ) [ 1 £
(IO () [ e (i e CEEEd

() CITET I CII Ly Ce ) C] e ) CE ey CEE T

LT iy O O COA Ty [ T OO [
CETTI I COETE T T (0 CT oy CO ] CE

(I 18, 190
TO NN [0 [0 OO0 O 0O [0 [0

(OO T T (0T B O] T O C ) COIT T

COMID O O COM (EJET,  CE (T
EEIN LLL) Oy

OO CI ) CEEm COT Iy (0 i

mo U L1

(IO () 0 [ O ey CIeemry 0 e

IO Omn e g g

(I CE CE eyt EEET ] CO O (e ey m o
CIITITTIT (36 DA CEm (0 () CE O o 0
O e fey i o I 10 L)
CIOT IO CO CO T EI CET Ty (0 (0 CE T (e
CCO OO O T ETI T O CE i CEE CIT T [

(I [ [ [T (0 COT i 0 IR
(OO CO O O O (220 0 T C0 COC T ()
(0 O I, 0 CO A COO) CE0 D00 (OO A 9n)
(0 (O CE O C) (G 000 O E Q) ()
L O COCTm (0 O ) [y T COEVET O

(I CEC CECE s () (O ey (e

LELT L 1 T O 0 O 0 (0 (O

OO (O CT T O T ) CE T T ) A T
(] T T O T (14-1610
A T A A (0 O OO0 (O ] (T

[0 O O Ome0 (O O (e CEee [
COT O CO ] IO O T OO0 (0 PO A CII
(TPA), [1) OCO0 M@0 JET [CICIW D (1) [0

O ] CEET A C) O T CE) [

(T (O O O S L

(OO OO T ey e ey CEe Coy e

U IR O I CE IO T CO AT CIE (1

(ITTL) M MEMOS [T CET CET CETO (O (T

(T O 0 (10 ELM0) [ OO0 Wm0 0 O
(OO CEErm C1 (=1 (00 C CIm 10 i

U Oyt O i L UL
U O W U0 L) ey o O
LTI U D (0 [I10 0 [T
(8L DU [ [ [ (I CE Ty (e O

(0 OO CEET T () CET ) Oy e
OO0 OO 00 [ 0 JET e 2, 5010
(O O M TEOTOR CELTm (i A L, 120 W
MEMOS (100 CITEIT O T T () (B ) I T
(T [ (T CTAT T 10 (T 0 A0 O 0 COIT

T T A [ C T o0 (e [ LT fm
LI OO [ [ OO I Ty (O
(I Tm

T O LI O CHII COITMEMOS O CEETID T
(T COCI T ) CO T T T COM T T 0 CO ELM)
(0 L O 0 QO COTs) O MJET [

(I COMD O OO0 OO0 (0 OJET OO0 (002, 3, S,
2000 HOOOIL) CHfe COOeImTd o) Oy O 1
(OO OO 0 [ MEMOS 00 () CEO0T
(T M IJET 0 CE OO O i OO Con I
O OO T O MmO Ce CEO CO CC ) (O )
M0 [ (OO CO OO O OO e (e e

L) OO ] C0 () T (I T CIOTmT

ey oo ey o ome eyt [ CErrmm

O[T [2-400 T O CCIT [0 T O

CIOOT Iy 0 [ OO0 (O CETe ) fey (T CEE I

(LT () (e ECEOE T fm COer O [EEr (e

CTET T [T OO CO T i3 0 TO (T O

(T A OO O T CO AT T O O CO A I 0
(T [ (O (0 ey CIeem) s (e
(D O M= 1 00, T OO C OO o [
(10 M ELMO OO0 MITT0 0 O [ (e
(T H-0 T O T OO T O
(T O COE O M MEMOS-3D. TED T T
(T EIT) ECT ) (T T (0 () C T ) C (T
CITE T CT ] ) O E Ty i ) O T O O LTI
(M O (IR) - O (T O A ) TE
O O CET T o 2 ) CI ) CEC T (I T T
O L (00 O CEETE (0 (0 (T () CE T ) )
(T OO [y O e ) (7 CETO ) ) 0 EETm
BT ITIIR . (0 ET CI 10 A CT I O I
(M MO CE CIer ) CEe ) (e () CE T e

(I 0 (T O CEE T T CET T (L) T [
(0 [T O O] M ASDED UL D
(I ) CEO T 0 Gy CIes O Oy L O 01
(T CT T ) ) EO ) (T 1) (O

2. D00 om0
2.1, OO0 OO CE e COoe0) (om0 (O

E COTT 0 O T (O CET T O O O O
O 1T CEE T O ) CE ] E O AT T
M O O O O (e QT G
(T O O ] 10 JET, 0 O 000 [
(T (T 9 ET (0 A (O T A I () T [
() (M oy ey 00 o o ey Ce [y
CITIITT ) T 9 E () Cm CEn CE ) CC ) CE

LTI T I O T T @ M O L0 CT



CITCO) IO O CECmimiTr) 10 () ASDED UL
CCTTm ETTE A E CIT T (e CEE T I (i
DIy MO 1T s (DIM-IT) 0 [0
(I (0 ) CITIT . O () CECT CE0) A0 E1+ LT
(O CITTATT CITCTT) AC AT 0 M FE 1, DIM-I O 0

(00 O 1) T CEAO I O T Cm CEE ] O 0
CIOT) CTOT O (O] Oy O CE (T O (0 (T
(1 70 T 0 O A0 1) F OO OO (0 CE) [0
(MO JET O O OO () 0 IO (T (0 [
L0 IOy O OOy G G C e ] ) Ly

[0 CETET T T E T ) T I C T T (o

(0 OO0 AOD M Mo oo 0 00 G100

() Ay (0 CET ) ) ()
(T [0y CEe) cme O T 0 0 O CETE T C1
COTT) [ CET T CE ) O O (e COe CIe e m
(I ey fo CEEy COiee ) Gy [ [
(T, DO 0 o W O e m o o oo
(I T COT £ [0 A CEeTd, O O CEE T [0
COT O ] CE T C O LT T

Z (m)

Equilibrium in

1.0r #33499 @ 3 5 |

05r

0.0

-1.0r
U=
spectroscopy =
probe head

1.0 15 2.0 25 R(m)

FI 1 PO OO0 0 00 ASDEC) U (T
O (0 (OO0 COMO (D 21 OO0 (00 (0 0
(I H-0 070 CIOC T #33499 (1 (1 (00 (I (1710 [0
C=3 0 000 [0 OO0 00D OO0 (0 [0 (O (I
(0 (I (LT

BO [T [0 O O M O Omm e o
(T W [ [ [ Feo o 00w
CCTTm E0 [ CEm (O 0 (e CETE ()

(T MO O OIET (L) (I (IO F M 3).

flush sample
P2UF
«— current
connector
flush sample : = :
PILF . _-sloped surface
i : - sample :
P4US
leading edge
sample
P3LE

) thermo-couples

“ceramic
insulators

F 2 CAD [T CO 0 O CCI (O (000 £ CEC 0 [0
DIM-II [T [T 210 OO I (00 O (O
[T COT I T T T O A O CET O CT T

ADOTI0 M Fm 2, [ O C0 m C I [
COT T (T (0 CTCIITIT ) (T () O O (O O CAT CL )
(I O [ (0 ) O e o (00
(I O (0. F OO AT OO CE CE O OO (i
(IO [0 (0 (00 O (0 (00 [0 C [0 T 00 [0
(I I ET ATy (0 () T T 9 CT C Ty () (T
EEERNINEEN

flush edge slope
9 9 9
| 5.5 E:-8
MR =

g 1 S

tile X
surface i \

| S e
FN 3 TOOID OO OO (10 000 (OO0 Q0 00 00

MMM O Omo o) 210

2.2, OO AT

G ICITTTELM CHI0 O CECITE (L) A eese (0 (01

(MFm 2) CO O [0 OO ) (T

(T OO0 Mooy COASDE O UL I AT

(MY (0 0 O CECTIT CEECTT (0 CIET T

(T ELM-MTTCTT M) [T O T

(T T [ O O CET ) O CO T 1) TED
CT T CI () (0 CET ) C ey D C s Ty (e
() CEATT ) C) EE ) CE ) E e e ) O C )
(MMTR200 CHC TOCEEIT [ [ O C CEE T L
O O CEm (O CET T () EEE Oy iy CETy () o

(T CTCIII I T O I (T (0 O (00 (T3 (T
IO @ O RENRRIN ] 10 Ml
ELM O O (00 CEm O (OO CEI T (I
(M [T O CHT) (0] CET I CO AT (103695 Ko [
OO Omm ey oo ) CECImreery e CETe

(I T (T O 10 O CO O T C0 A G CET

O OO AT OV O E0) T (0 01 CHO D0 mm O
(MM 17 200 O OO0 00 O CIO T

(T O M I ELM OO A0 0o H
(Y CETTIE ) CE C A (O C IO () (O] CE T
(I O A o] ey ) CEEer Ty oy e (o) ey

(T (I CET T T 10 (0 O CET T [

(T (T 1 OO CET T T O] F O T T

LTI T I O T T @ M O L0 CT



M 00 0 H-0 000 I [T 000 O 0000 £
T ELM (T M (= 1 GE/02) (00 0
ELM [T (Bem. HEOCTCL) OO0 O COCCC T (10
(10 OO OO0 OO 00 O (0 [0
(0 O CCCOTA) . COO0D [0 (0000 (0 [0 OSP

ROLILIIIOHLIIL(ECRH) (FU 4). TCLLLIIT ECRH
O OOmmm 0o OOmmm O OmWOIm [T
CCTTTTTATTT (O O OO 1 T 00 O [ 0
(5 =~ 4107 [T 00 COTO C O L) (I
(O COMT T T Cm Ty O O O C o] C (0 COAT
(I

AOID (OO0 OO0 000 (0 I 00 COOD
(IO Ewv =72 HY OO0 O CCCOCCCTCIO] (T
(TITSELM (LU0 004 OO AD pow =55 L, (1 (I
I (O O CEC T CET T ] () A0 (I O CO T

(MIELM U CETIOT (I CI O (O e CE

[ T 0 (T O o CI O COT T (1T
(O (T (T
10
8 u a)
3
= 4+ \'M'V\_'._M. -—\.-.._n'.'.,__,__-....l\_ 1
: e 2
0
2 b)
< 1
]
103
0)
104
108 T N U
0 1 2 £} 4 5
Time (s)

FIIl 4 ROITINIIT) H-0O0TT) CITITCINL #33499  (TITT] OSP
OO0 T 0D O IO 000 (6) O WD (0 D
00 Deery, 00 [IID OO0 00 Ogny, 000 0000 000
(IO 00 (000 (D) 00 OO0 (O 0D - (000 CTIT)
[T 00 00 O 0000 (1 (0 ELM O TS (D (]
OO T CTT T O

W, (100 kJ)

-2 0 2 4 6 8 10
Time relative to ELM peak (ms)

FN 5 COTIIT T (OO0 O A CEC (0 CIICT I

(I Fl 5). TOW COAITT T 00 = 12% (0 0 [0
LT T I CT T

14

T T
-2.0--1.0 ms to ELM onset ——

4.0- 5.0ms to ELM onset —
#33499,3.45-3.70s T

12

Pe (kPa)

0 L L
0.85 0.90 0.95 1.00 1.05
Ppol
FN 6 PO (T 00 (0 O COTC) COE0 (00 070 OO T
H- O 0 AT T OO [T Oy OO 0 T
[TIMELM [T (O LT prrm

O [0 O COO O O I (0= 5.6 CPO(CIDF L 6)
() (T (00 COMME ) (00 (24, 25 OO OO (O
(00 [0 00 0 M0 COImd ELM 000 OO0 (0
enMJ/02= 6n Do IMPLOx O x [bs = 0.8 MJ/02
M0 M0 00 OO0 D000 (00 (ASDED
U0 O OIOI L) D= 1,62 0). TOWI60% (0
QOO 000 M Mo JET  Om O
(er= 133 MJ/0? D00 Om=5.6 (PO 0m=2910,
Cbs=2.9) (1] [ (10 [0 ASDEL UL (10 JET
(IO (0 O CIm O () (O O CID [T CET
(T (0.6-0.7 MJ[172) [TTTITT T [(TTTELM-[MT]1 0.5 (10

COTTCT ) ) CC TR T CHH O O I (QSPA)
(1 [26-28 ) ST [ OO D [ 0

33499 [TTTOTELM DT T [0 O T 0 2.6-4.4 OO CIT
NBI LT T OO O 7.5 MO . TEC AT T ELM
(T O CO O CIT T OO O CI T T T ) (0] O E T £

(IO O CT CE (0 CT D [0 ELM CE 0 ([0
OO 0 0 O (0 00 ELME OO0 (COAE - 0
[ITT).

TO IMID [0 000G 00 OO0 OO 0D 00
(O (10 o) COH- O CCEO COI ) e COC
(D) (TN O ELM CIOETT (22, 2301000 O (1000
(T (0 70= 0.8 MA, (] (T (000 (1B=-2.5 T,
(Lbs=4.6) (111 [ [LIIMI] [I1IC00 (117.5 ML) NLLIIIL

CCOMOOC O CECEO (00 O COC0 (0 00 (I
(0 (10 O e O CO0C0) COOD) CO00 (00 D0
(I (00 (OO O OO0 (O (I (T O
[0 COC0 COMD 0 FOOO MO (16 = 1800
(M1 ASDE[] UL (10 (150 QT + =3 0 [ [T
[TTI0) emm= 0.24 MJ/02, [LTCIL) (I (00 CITCET LD
[ OO0 COCC) (0 C CCD (L) (0T (70 (T (0
O IO (24 4) IO OO0 (I (O ELM O O (0 (00
(O O (O m A T AT TO O IET, [
(TMTELM (I CO0m (1 ASDE O U LT (0 I

BT TCOOmr) (NBI) (01 2 MO E M) CECITTT

(I MO O AT (T (O (1.1 MJO2,
(280 [0 M0 0 CECE0 CIE ) O () (T

LTI T I O T T @ M O L0 CT



(OO O CImem 1 i 0 CE T (]
ASDE[1 U ELM A

FOOMMO I O I H-0 000 OO O [
OSP [ IO (0] CECE) () (T () [
T OO T 0 T T T COET T (0
(IO (T CETAmT ) T O O [ [ O
(T CEm () CEem C e CEC T e
CHMIT ) [ OSP O OO (i O [
(I 0 A CAET ) () - CE ] Eem IOy Cm 1
() I ) (0 £ CO e 1 ey EE T CE ey C e
T O T 0 ) [OSP O EH T C O
Moy [ o om  cemoey -t mem e o
LI e oo ey 0y O eerny Core e mrd
CLTIOO T CE T (O C] CTO] CE ey CET o] CECCT I o
(0 O OO0 COT T (0 ([ A F 7).

1.20 T

#33509 f
#33511 |

ST PR PP TEETITL PSSR I,

0 1 2 3
Time (s)

Fm 7 TOOO IO (O OSP M (0 (0 (0 [
0 OO0 MO W P1LF, O (10 T OMP3LE) T
(10 O (M0 0 0 P2UF, O O (00 11
P4AUS) [T T OO OO B O (O (0
MM 00 010 010 O 00 OO0 [0 [m - SO Fm 2 0
(0 O ) f ) CEL T

TO O OO CECTm [ (0 (T
(I O I T O (I ) Oy EE T (T o o ey
(MY [ O COT OO O CH T
(T TOO OO0 (0 0O 000 O OO (1
CTTTTI A O CTAT C T 00 CT T 0 ) (T (T
(I T CE ) Cn o ) i m (OO Fim e 1
ST S). ECCTTHT COT AT COE0 I W P3LE
(O O 0 O CET) (10,2 00 M0 M OSP M M T
(IO T 0 CET) VS e [ [ o.5 0 0.6 O
(T [0 0.9 0 10 O f CEETTy OO (1
(T O ey fe o O £ ey (e
(OO0 M O I 3.95 O174.4 0) COT Ce
(T O O CIm) (0 O e COE ]t (e
(1] 10 O 0 A0 FE on Ot (00 C10 - 070 A
(IO T O CO CO T O (0 00,5 O T
O O I 1 5 1.5 O D 00 i)
OO0 0 0 [ O 00 (1 2 6 MO O
OO O EE ) CEE e COET ) C T e 1
VIO O (O (0 0 O (00 (O )
(T (0] (O () CEer) CEEy (o O (e
(IO CEE O O T O OO T
(T [ O CO AT CE T CEO T (0 ECT T C0 O

(. Ot o oo I T LI [T
(D) - 00 [ O e o) CCCEIm ey ) i
COTT T CETIC T (O CE T

3. ORI O OO T
3.1, OO (0 O 0 00 O i

A DT 0 COm ) O OO CE ) () e e
OO0 O s M0 O OT0 0 OO [ O 0m
(I CIIO O (O CEEm) A O () COI e ) (T
(M S 3.2, 0 O CI O OO O A0 O
[0 OB OO OO0 OO0 10
IO [0 0 COOIED (00 [0 OO0 O OO0 O 0
CCTIITT (O (O () Ceery O (- o e
[T O] LI T COrmy 0 OIS Ty
(SLLIIILI4).

F 8 [0 [ COCTm O O CET ) (] [ e
(0 100 CE 0 1) DEm CO i CTo O CEC T 1)
(D]]D]]DD]D]]]HHHHIHIHOSP CTTIOII] (O (1 [
[Ty O I ) [ [0 IO
10 Mmorn o Mo ooy T
CTOMITOT T O (O (T (OO A (] CTOI T T
CITITTT Y CE O (OO OOy CTT O O O CETe e O]
[ [ CIE T O CEC T (O (0 CE ) (OO T
COID(SCOM6). 10 0 COMD (I (00 CI(F I 86)
(O OO0y CE ET Ty CETI ) CO T C 10
[ (3 O O 00 HOO O O 00 O 000 D
(I (D 00 [0 00 {00 (0 (0 [0 000 00 O
(FD]] SD) OO OO OO0 O oy mr
OO0 (0 00 (0 O 013 O CTD (O (0
(I OI0 (0 (000 [0 00 00 000 00 (00 0 O D
O [0 [0 [0 00 (0 OO0 C0 00 (L
[II( O IO Fm 90). T 00 O 000 0 O [0 0 MO
D 00 OION] OO0 OO0 O OO
COMII D (0 O OO0 (B O (00 (0 000 (I
(D0 (00 (D C0) (D MO [0 O O
[0 (M0 0 OO (D @0 T 00D 00 MO0 00 [0
COIIID [0 [0 OO OJET [MITONCELM O (I
I (102-5 0 1 0T 00 OO0 (OO ASDE D
U OO0 (OO0 0 (00 O (0 CIMICI I (0 (000 (0
[0 MO JET OO0 010 MOO00 (FO 80), [
IO 0 [0 [0 O 000 O 00 00 (00 [0 0
I (0 00 000 O 0 OO

LTI T I O T T @ M O L0 CT



b outwards from separatrix

Sloped ridge sample

Fig. 8 Post exposure melt patterns of the ASDEX Upgrade
sloped melt sample (a) and leading edge melt sample (b). For
comparison the melt pattern after the JET leading edge lamella
melt study [4] is shown with identical length scale (c).

As mentioned in Section 1, the melt motion observed in
the JET experiment could be well reproduced by
MEMOS simulations [3] with the thermionic emission
current as the main melt motion driver.  Further
validation of the MEMOS model assumptions will be
possible by the combined data set of melt motion
morphology and direct current measurements of the
ASDEX Upgrade melt study. Corresponding studies
have already begun with first results published in [29].

3.2. Quantitative analysis by 3D profilometry

Comparison of predicted melt motion with the
simulations requires a quantitative mapping of the post-
exposure surface morphology. This was determined for
both samples using a confocal 3D laser scanning
microscope (Olympus OLS4000). As a consequence of
the high reflectivity, particularly in the re-solidified
surface areas, the samples were coated by spraying
graphite powder immersed in a liquid onto the surface.
Fig. 9b and ¢ show the surface scans across the plasma
exposed parts of the leading edge sample from the side
facing the parallel power flux (b) and from the top side
receiving the projected power flux (c). By integration
over the recessed surface fractions below the virgin
surface level after melting, the melt surface area may be
calculated as = 12mm?. The volume of melt moved
away from the melt zone may be estimated at 6.8 mm®
from the top view (c) and 7.8 mm® from the side view

(b).

a) P4US
top view

d) P4US
top view

Fig. 9 Post-exposure surface morphology measured by a 3D
laser scan in a confocal microscope. a) Molten area of sloped
sample scanned from top (plasma side). b) Molten area of
leading edge sample scanned from side at leading edge surface.
¢) Leading edge sample scanned from top (plasma side). d)
Photo of resolidified melt and debris spilled over to
surrounding frame tile.

Similarly the volume of melt residue piled up above the
original surface level outside the melt zone was
determined at 6.1 mm?>. This yields a net loss of melt in
the range of 0.7-1.7 mm’, equivalent to a mass of 13.5—
32.7 mg. The mass of the collected melt debris spilled
over across the 0.5 mm gap to the surrounding frame tile
surface (Fig. 9d), was determined by weighing to
15.9 mg. The bridge of tungsten melt between sample
and frame tile was still in place at the end of the
experiment. Due to the electrical short produced by the
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Fig. 11 SEM raster images of the re-solidfied melt debris at the
lower part of the leading edge sample. The magnified images
show the location and detailed view of a FIB cross-section at
the interface between melt residue and original bulk tungsten
surface.

Following SEM and FIB analysis, the leading edge
sample was finally cut for metallographic analysis of the
grain structure at cross-section surfaces. After cutting,
the cross-sections were first polished and then etched to
enhance the visibility of the grain structure. Fig. 12
shows the cross-sections with the position of the cuts.
Shallow melting can already been seen on the cross-
section near the upper poloidal edge of the sample (Fig.
12a) with the largest distance to the OSP during
exposure. The two cross-sections below from the actual
melt zone (Fig. 12b and ¢), show an approximately linear
increase of the melt erosion depth with increasing height
above the surrounding tile level. Fig. 12b shows that
melting began actually at =1.2 mm below the top surface
of the sample. Since the height of the leading edge is
1.1 mm, this indicates that the plasma flux penetrates
into the =1 mm wide gap between the main tile and the
sample. Such gap edge loading is expected as a
consequence of magnetic field line inclination coupled
with finite ion Larmor radius and possibly the effects of
sheath potential structure across the gap [31].

Fig. 12 Cross-sections through the leading edge sample along
the toroidal coordinate with the plasma exposed edge at the
left. The position of the cross-sections is marked by the yellow
lines in the photo of the sample top surface. The dashed red
lines indicate the approximate extent of recrystallization into
the bulk material below the melt zone. The arrow shows the
direction of magnetic field and of incident plasma flux.

The two cross-sections in Fig. 12d,e were made in the
part of the sample which resided in the private flux
region (PFR) during the melt exposures. The melt
residue cross-section confirms the results of the FIB
analysis, clearly showing the columnar structure of
tungsten crystallites, interpreted as the result of zonal
growth at the melt-solid interface, i.e. re-solidifying melt
taking over the crystal structure and orientation of the
substrate crystal grains. The high temperature of the
sample also leads to significant re-crystallization of the
original tungsten structure to depths of up to =3 mm in
the melt zone with depth decreasing towards locations,
which were exposed to lower overall power flux. This
highlights that damage by repeated power transients may
already occur below the melt damage threshold because
the re-crystallization will lead to corresponding
deterioration of the mechanical strength and ultimately
to increased risk of crack formation. The latter might

author’s email: krieger@ipp.mpg.de
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