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4. ELM energy/particle fluxes to PFCs

6. Conclusions

A. Loarte 2004 International Sherwood Theory Conference — Missoula — Montana 28-4-2004 2



F U' §8 | O N o E ¥ E L O FP M E N T 4 1 R BE E M E H T

Introduction (1)

BmEFDA
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BEFDA

Introduction (I)

Pedestal plasma experiences quasi-periodic relaxations > ELMs

AW, ,, small fraction of W (<10 %) to divertor/wall in ~ 200 us - Large Energy Flux

plasma

JET —Type | ELM - Saibene Only Pedestal Region of

Main Plasma

Pulse No: 53767
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EBEFDA ' Introduction (|||)

ITER rough estimates
Wgip =350 MJ > W4 = 90 — 150 MJ, AW, =10 - 30 MJ
(Agiy = 3 m?, 1= 300 us)

TmaXELM S Tev,meltC’W > ELM Erosion ITER-Federici PPCF’03
1I'U'I..I.Fm'? 20 mm CFC, 10 MW/m2
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10 time (us)

O, O (MIm-2s-12) < 50 for small ELM erosion ~ 3.5 um/ELM + C-target = 2 cm > 6000 ELMs !!
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Physms of ELM mstablllty (1)

Peeling-Ballooning model of the ELMs (Connor PPCF'98)

» Ballooning modes driven by grad PIDed
» Kink (peeling) modes driven by edge current (large Jyoqstrap)
» Coupled peeling-ballooning modes

JET-Huysmans ‘01
(a) ballooning: n=20 (b) peeling: n=3  (c) ballooning-peeling: n=12

OC‘L jedgeT OCT jedgeT
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Physics of ELM instability (1)

Peeling-Ballooning calculations-experiment comparison

DIlI-D-Snyder NF'04
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PhyS|Cs of ELM instability (III)

Role of edge current on ELM triggering demonstrated

JET-Becoulet EPS 03 JET-JETTO-Lonnroth-Parail '04
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seen in COMPASS-D, MAST, JET
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Physu:s of ELIVI mstablllty (IV)

Scaling of pedestal pressure and peeling-ballooning model

DIlI-D-Snyder NF’04
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JET-Loarte APS’03
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comparison of model with various experiments required to identify physics processes
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Physics of ELM instability (VI)

precursors seen before ELMs in many | . Lt L ac
experiments with n = 1-10 N R .
R T B
N JET-Pérez NF'04 T R . . %
= f 2, u " *
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- .-.:'.:‘ - 4. "
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i . -2
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PhyS|Cs of ELI\/I mstablllty (VII)

Filaments are seen to appear in the plasma boundary prior to
ELMs (n =10, q =4)

MAST-Akers PPCF’03

how much energy flows in the filaments?
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PhyS|Cs of ELI\/I mstablllty (VIII)

Analyses of energy fluxes far from strike point in ASDEX
Upgrade are consistent with n = 8 — 24 modes
ASDEX Upgrade-Eich PRL’04

I |
: =/ | heat fluxes ¥ 15~
sk t__]grgﬂm @
| o
i:_.:: E is = A= Ous
; E — Al=136 8
$ @ — T
£ g
=
E — 10k
: .
x
.-,:--
Waveng Seomety s-drection (me) :
[ 15 v = — =
100 200 300 400 500 GOD R (mm)

energy content in stripes less than 3% of AW,V !!
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Physms of ELM mstablllty (X)

ELM spatial and temporal ballooning character
ASDEX Upgrade-Nunes EPS’03 subm. NF’'04

DIll-D-Petrie NF'03

#1ET76 (IMA/Z 5T, g =4.756, <n >=5.3x10"m")

08 b 7
o —— Inboard diverior |
— caithoard diverlor |

Si<le

T - l - ] II_ j | II
4w &0 oy | . .
similar results on divertor fluxes from o 2 e e aum 40e
ASDEX Upgrade, MAST, JET
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Physics of ELM instability (XI)

Timescale of ELM pedestal collapse/MHD phase timescale :
collapse of pedestal - hot e~ impact on divertor - MHD

JET-Loarte APS’03

T
ELM Pulse No. 52014
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of ELM instability (XI1)
Timescale of ELM pedestal collapse ~ 200 - 300 us for JET Type | ELMs
JET-Loarte APS’03

smEFDA .Ph.ysic.:s

500 —
|[ = 12MAq, =31 | 500
. || & 2mAq, =37 |
o 001] 3MAq,, = 3.1 - 7 400 AA
2 ~ = A -
> 300- i
g S A , = L 2 300 AAr @
s = A AA s =
5, 200 e > 200 X A
e - m 12MAq, =31 |
100- : 100- A 2MAq, =37
- _ * 3MAGq,, = 3.1
0 T T T T T T T T T O T T T T T T T T T
0.3 0.4 0.5 0.6 0.7 0.8 0.3 0.4 0.5 0.6 0.7 0.8
n /n nped/nGreenwaId

ped  Greenwald

Similar timescales in JT-60U, DIII-D, ASDEX Upgrade
MAST
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MEEDA bpysics of ELM instability (XIV)

Physical mechanisms of ELM growth
» Non-linear explosive ballooning (Cowley PPCF’03)
Tem ~ (Te T8
T, ~ QRNV?/B, 12 ?
JET : 1y (Te) ~ 50-100 us but t¢ \, ~ R* with oo ~ 5/3

T~ (1,23 n13) x (P28 n1/6 | 1) ~ | =118 (if p ~ |, P~ ) II

»  Edge Reconnection (lgitkahnov EPS'01)

Teum ~ Ta(Ty/Ta)P (B =[1/3,1])
T m (B=1/2) ~ (RV2 | 112 n14) x (al/2 T34) ~ R |12 (ifn ~ |, T ~|.)

More experimental and theoretical work is needed!!!
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MmEFDA Physms of ELM mstablllty (XV)

how filaments evolve
to an edge plasma collapse ?

MAST-Kirk PPCF’04
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Main plasma ELM energy/particle losses (l)

Lk Pk L M

L L g 1 il ™

o E ¥ E

o p Wl E L I
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ELM energy/particle losses depend on pedestal parameters

005 4

Kl &

.
* »
. __ .
ra o L
o m
& e
1 g
ER ‘-'* & .*F B
b A
Bl v* nea) '

Small AWg, /W .4 seen at high n

ITPA-Loarte PPCF’03

10

0.25

0.05 4

0.00

e,ped

# JET 6=0.25 3.5MAS3.0T
& O JET 4=0.33 2.5MARZTT & 1.9M&2.0T
& O JET #=033 bafi@ pallet 2.5MA2TT
JET 6=04125M27Tlow &
B & JET §=0472.5MAZTT
 JET 4=0.55 2.5MA/2.7T QDN
& JT-60U
Oll-D §=0.1
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B B ASDEX-U medium &
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Main plasma ELM energy/particle losses (ll)

Simple picture : small AW ,, €-> small volume of plasma affected by ELM

Peeling/Ballooning Picture : increasing n o4 - V¥ 4

v

n of unstable modes increase < - poloidal width of modes decrease

ELM affected volume (V¢,,,) 2 AWg,,, decreases
DOC-U 2MA g, = 3.7 §=0.32

) 10 T T T 020
c:; Low A i, B ,
\CD/ 0.8- Medium V.., JET-Loarte APS’03 |
S 06| "9 Ve | m" |
= n
o - 0.104 -
£ 041 \ "n [
© _ - _ | -
% 0.2- 0.05- . -
E d

0'8 85 0.90 0.95 1.00 0.00

' rla ' 0.0 0.2 0.4 0.6
v*(neo)
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Maln plasma ELM energy/particle losses (lIl)

AWg y R ELM affected Volume

Vg y from fast ECE

Pulse No.

55973 DOC-U 2MA q,.=3.6 §=0.32

AW, down by ~ 3 at V|, ~ constant !!

2000
.\ JET-Loarte APS’03
K o DOCU2MAq =3.6 6= 032
g Q‘ o, 95
> “‘ s - |
T ou % 1.0 —®—AW_, =028 MJ (lown) m}
21000 Q:I. = +AW = 0.17 MJ (medium n )
“m Before ELM n g 0.8] 4 awg,=011Mnigh n,)
& After ELM A |_°’ — Type lll
1 < 0.6—
0 T T T y T -O 1
0.6 0.7 0.8 0.9 D 04-
r/a L 1
0.5 : : © 0.2 .
5 1 ® Typel ELMs g
2 0.4+ O Type Il ELMs o O. O i
= os] @ Z '
_ 0. 0.9
1 10g
¢ 0.2- ®
1 ® ]
0.1
O O
o | CD decrease of ATg,,, hot of V¢ ,, 2 AWg
0.0 0.5 1.0 similar results in DIII-D (Leonard)
v*(neo)
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Main plasma ELM energy/particle losses (1V)
Variation of AW, €= ELM energy transport (DIII-D, JET)

DIlI-D-Leonard PPCF’02

CHL - ey (@ 024 PP
gotof ¥, N 3 0.20 *4=3112 WA
S 008l - e% ~ : W % ~sn ey
% ; t % 0.16¢ ., ’

. * : L I *, & by
© 0.06 % T . Toaqok e 8 tee
g S® 8012 Pyl o o
i B L - AT
_§ Dlm - :ﬁf * 1 E E'.UE' ..."‘. .'{-l__ ""‘il “: »
5 0.02 ¢ = 3 * S ov 2N ¥ gy
o . . .-El ﬁ“"i | O ﬂ-ﬂd' bl .,'h_- *
D00k erereemenceseesesrerermmses R S 1 P
‘ R S 0.00b——— : e
0.1 020304050607 0809 0.1 0.2 0304 05 0.6 0.7 0.8 0.9
nE-. F'E'E' 'IIIHGW I'IE_ pE{'.'"FIGW

AWg = AWg M (ATg ) + AWg ™ (Ang )

AW, ,,c°"d decreases with Ng ped (OF Vg peq(NEO))

e,ped
Smaller AW ,, € convective ELMs
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Main plasma ELM energy/particle losses (V)

high qg5 + 6 2 small AW, at low v 4 - Ny

B DOC-L§=0.27 * HT38=045

JET-Loarte APS’03 0.50 —
m 2MAq, =37
®m DOC-L§=027 * HT35=045 B O m 2MAQq, =47
0.25 — . : . : S 1 * 25MAq, =36
I 2MA g, =28 t * 25MAq, =45
|
0.204 1 2MA q = 3.7 é 0.25- 1
- | 2MAq, =4.7 s . K
2 ! 2.5MA g, = 3.0 > S
< 015, : 2.5MA q,, = 3.6 : *x & !
=~ ] 1 _ O
= ! 2.5MA q,, -V @ <
w 01049 ,
| 0.00 - : : . . . :
= - moom X * : 00 02 04 06 08
< : *
0054 1 - v*(neo)
1 : | B DOC-L§=0.27 * HT38§=0.45 m 2MAQ_ =37
0.00 +—— . . . . . : 0.20 " 2MAq.=47
0.0 0.2 0.4 0.6 0.8 3 * 25MAq, =36
g * 25MAq, =45
v*  (neo) = 0.15- d
ped = [ * *
AW &> AT Zow) % * g X1
) ] *
ELM N ELM N = ot ¥
0.05 y
k®
g (\0
MHD pedestal stability affects AW, ,, through 0.00 A

00 01 02 03 04 05 06

ELM energy conduction v*(neo)
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Main plasma ELM energy/particle losses (VI)

B DOC-L§=0.27 * HT38=045

effect of high g4 on P-B 0.50 Bl
- . m 2MAq, =37
stability largest at high o 3 - w Mhaoa7 |
ASDEX Upgrade-Saarelma NF’03 tE * 25MAQy =45
1 g1 o 0.25-
= o * O,
E Iz u ’i @.@\QQ
ij_ low—i, low— g low—i,high—gg; @ * \Qo&
i 000+
%’ 0.0 0.2 04 0.6 0.8
B, " v*(neo)
s o ox i 1 Vg y ~ constant  with gg!!
E 3 1.04 +Pulsel No. 59I353 H'I'I32.5M,I°\/2.7TI *-
ﬁ i e high3.high-q l_g 1| % Pulse No. 58112 HT3 2.5MA/3.4T /*
5 gn=a,10W=0Qgj " a5 K, o] /
= & ]
i_,:‘j' S 06 *7#
=0 0 3 ' Yok
0 0.5 1 : 3 044 )
w g o o
€ 021 *}*
g (e} _
P-B stability effect on ELMs > non- 2 o_o_m*,q&&*
linear evolution 06 07 '/ 08 09
r/a
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Main plasma ELM energy/particle losses (VII)

Plasma shape (9, , ...) changes V¢ ,, as expected from P-B analysis

(JET & DIII-D (TTF’'02-Cordoba) not ASDEX Upgrade (Urano PPCF’03))
JET- Loarte APS'03

JET- Loarte PPCF02 I R
0,25 g —=— Pulse 55935 DOC-L 2MA/2.4T
'Y =° —e— Pulse 55955 DOC-U 2MA/2.4T
L Z_ 084 | A Pulse58409 DOC-U2.5MA/2.7T
i, = g | | —w—Pulse 59353 HT3 2.5MA/2.7T
| et J
{3 e .
~. . » o 061
1-.“‘ g ¥ S |
e=050,, =4 ""'.‘ % 0.4 1
D15 iﬂ,-.ﬂ:n_ﬁﬁqﬁ:l C__U ]
; el . L * ..-a-'ﬂ_.,.-,n | % 0.2-
-~ A it 1 .
Z _
0.1 ) - O_OW
G=041g, =3
i 06 07
oS
0.25 : . — m DOC-L 2MA/2.4T q,;=3.7 5=0.27
# DOC-U 2MA/2.4T g, =3.7 6=0.32
| A A DOC-U25MA/2.7T q,=3.15=0.32
! I I I o 0.204 v HT32MA/2.2T q,=3.6 5=0.45
9 L & a1 o v HT325MAR.7T q_=3.6 6=0.45
Funellirsg Rale (1079:") o | %
E 0.15
= 1 = 4.
* : m o w
0.10-
lower AW, /W4 for same v* ., at high o % L DO
] v
but 0.051 v
AW, is larger for higher 6 (higher W ;) !!! 0.00 4
0.0 0.2 0.4 0.6 0.8
v*(neo)
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Main plasma ELM energy/particle losses (VIiI)

Collapse of effect of pedestal plasma at ELM is not ® symmetric

ASDEX Upgrade-Nunes EPS’03 subm. NF'04

-‘ y flux mapped profiles
v | - #14532 - ' B.1cm :
/ 6 | ' pre-ELMA
i 4 5L -
7 I :
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x sl .
Ell |
2k ]
——LFS
1. ——HFS |
| L 3
G L | ' | i " M
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R mapped to the outer midplane [cm]

Yy

Similar results in JT-60U (Oyama NF’03 & NF’04) & MAST (Kirk PPCF’04)
ballooning structure is maintained to the end of the ELM collapse
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Main plasma ELM energy/particle losses (IX)

Collapse of pedestal plasma during ELMs is not

simultaneous at all ®

#16776 (IMA/2.5T, g, =4.756, <n >=5.3x10"m) ?;DEX Upgrade-Nunes EPS'03 subm. NF'04
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time {s) Delay scales with LFS-HFS ion transit time!
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Main plasma ELM energy/particle losses (X)

ELMs are triggered at precise values of n, .4 and T, 4
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ELM crash has a much wider scatter for same n, .4 and T, 4
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ELM energy/particle fluxes to PFCs (l)

ELMs lead to fluxes both at the divertor and main chamber PFCs
ASDEX Upgrade-Eich PRL’04 ASDEX Upgrade-Herrmann EPS’'03

;| |

| SR

midplans probe

p|qlﬁ-‘—.||m| I|:RH
i ter (pictre framea
" [imiter

o

IR camera

AW, =2 divertor and main chamber

hex /T m =

Parameters to be determined & understood :

> timescales and areas

» transport mechanisms (extrapolation)
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ELM energy/particle fluxes to PFCs (ll)

divertor ELM fluxes are toroidally symmetric near separatrix (long L /high S)

DIII-D Leonard JNM’97 (Loarte PPCF’03) ASDEX Upgrade-Eich PRL’04
18 ———— il ]
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but ELM currents in DIII-D?
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ELM energy/particle fluxes to PFCs (III)

ELM, FWHM (mm)

divertor ELM energy wetted area = divertor wetted area between ELMs

JET-Eich PSI'04 ASDEX Upgrade-Herrmann PPCF’02 (Loarte PPCF’03)

70 Y Y r r r r "
11 - S i '
&0k - E E
+ ‘**" _-?:--1 [ ]
aT = a7l ]
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20t f;’ o _
10p r’* * I -l-
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D.- » » » B B B
i 10 20 30 40 50 @l 70

Inter—ELM.FWHM [mm)

1 B &Il B are enhanced in a similar way during ELMs
Similar results in MAST (Kirk PPCF’04) and DIII-D (Fenstermacher PPCF’03)

A. Loarte 2004 International Sherwood Theory Conference — Missoula — Montana 28 -4-2004 30



E.- W B & PPE AN F I £2E 1 O B E WY E L OF M EHT A O R EEMEHNT

BIEFDA
ELM energy/particle fluxes to PFCs (IV)

Time history of divertor ELM energy is complex
Tmax JET-Eich PSI'02, Matthews NF’03

\_ SO Ao
=== Heat flux 1 B

— Temperature | »fi

1300
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8

1100
0 | L i) i I .
3000 2000 1000 O 1000 2000 3000

Time (us)

Significant fraction of AW %" arrives after Tmax_ .
ELM erosion in ITER determined by Tmax_ > TevapC
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BELEFDA
ELM energy/particle fluxes to PFCs (V)

N,eq OF V*(Neo) * > ELMs more convective > more of AW, 4" after Tmex .
JET-Loarte APS'03, Eich PSI'04
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. v 1300 =% 0 12MAq95—31 ]
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o N E—— 2 00—
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Time (s} < . N
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0.40 > AW, @ (0<t<tR) AW, @, > 0.15

conductive ELM convective ELM
28 -4 -2004 32
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ELM energy/particle fluxes to PFCs (VI)

Timescale of ELM heat flux on divertor correlated with 1, ~ L/c

JET- Eich, ASDEX Upgrade-Herrmann,
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ELM energy/particle fluxes to PFCs (VII)

% @@ R E E M E

* AWg /W, decreases with 1,
ITPA-Loarte PPCF'03

(a) ELM region

Eetwaan ELMS ELM region connacls

o diverior

Physics Model :
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1) Pedestal connects to divertor for t¢ ,,MHP

2) Energy flow restricted by sheath (1) > AWg /W o4

~ (1-exp(-TELMMHD/ })
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ELM energy/particle fluxes to PFCs (VIll)

separation of e flux (tg \M"P) & ion flux inner divertor

ft X-ray hot e~ inner dhfé

JET-Loarte, PPCF’'02, PPCF’'03, APS’03
%” Pulse No. 58809
mw Soft X-ray Pedestal - a0 D0CL 920.27 | Empty symbols Type I
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Similar results from DIII-D (Fenstermacher PPCF’03, Boedo APS’03)
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ELM energy/particle fluxes to PFCs (IX)

Aty ~ O for finite 7, : @) main plasma collapse (tg VP # 0) ?
b) change of ELM start X-point - midplane ?

DIlI-D-Fenstermacher PPCF’03 ASDEX Upgrade-Nunes EPS’03 subm. NF’'04

g 110388407 110483-500 HFS-LFS main plasma
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Relative Probability

F M E N T T | R BE E M E N T

energy/particle fluxes to PFCs (X)

AWg @V < AWy, but Ag 9V~

A div
inter-ELM
JET-Loarte APS’03, Eich PSI'04

ASDEX U de H EPS’97 (Loarte PPCF’03 - =
pgrade Herrmann (Loarte ) 15 DO'C Lo I 0.27' = 12MAq, =3.1
TP S PR _ A 2MAgq =37
10{ _ 4 v 2MAq, =46
: ¥~ * 3MA g, =3.1
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ELM ped

larger AWg /W g = smaller AWg, @V /AW, \,
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ELM energy/partlcle fluxes to PFCs (XI)

large particle fluxes measured far from separatrix at ELMs
DIll-D-Boedo+Zeng APS'03/PPCF’04 MAST-Counsell PPCF’02
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v, (km/s): JET (0.5-1.2, Gongalves PPCF’03, Fundamenski’'04), MAST (0.2-1.7,
Counsell PPCF’02, Kirk PPCF’04), DIII-D (0.2-0.6, Zeng PPCF’'03, Boedo APS’3)
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ELM energy/partlcle fluxes to PFCs (XII)

significant energy fluxes measured on main chamber PFCs

averaged ELM

ASDEX Upgrade
Herrmann EPS’03
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Energy on PFCs on large area of limiter (most ELMS)
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ELM energy/particle fluxes to PFCs (XIll)

F U £ | O ¥ B E ¥ E L O F M E W T

BEBEFDA

4 1 R BE E M E H T

What do we know about radial ELM fluxes ?
DIlI-D-Boedo-Fenstermacher APS’03 /PPCF’03

Dlll-D-Boedo APS’03

w o b Skl |
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ELM energy/partlcle fluxes to PFCs (XIV)

decrease of v, with n, (and AW, ,,?) compatible with
AW ™AW

JET-Loarte APS’03, Eich PSI'04

Dlll-D-Zeng PPCF’04
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ELM energy/partlcle fluxes to PFCs (XV)

What determines v,?
1.Non-linear ballooning explosive mode dependence on (n,, Te, V¥,e4)

S.Cowley-PPCF’03

ELM B, “amplitude” decreases with Nped
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ELM energy/partlcle fluxes to PFCs (XVI)

2. Dynamics of ELM pressure blob radial transport (Krasheninnikov, D’Ippolito,....)
V, = C, 2p?L/Rr,?
»JET : T oy ~1.5keV, ifr,~20cm 2 v, ~ 1 km/s

» DII-D : T oy~ 0.5 keV, ifr,~13cm 2 v, ~ 1 km/s
Scaling of v, ~ T 21,2 ~n 321,72

ASDEX Upgrade-Nunes EPS’03 subm. NF'04
20

’ﬁ | dependence of r, on n .4, Ty, 2 hypothesis :
A HFS
il . -1 » Empirical ANg ~ N4 (DlI-D, JET, ASDEX Upgrade)
}i =l l'|-'|'.l" 11 Eransitian i |
g /" v v ¥ l
Y
z 5 T . r, ~ constant
'-.-i- / O PR L
"MJ I-.-p-e'-h L M= .
b | >y~ P-Bmode width > ry~n
45 S0 X3 ) &l 65 fu
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Extrapolatlon of Type | ELMs to ITER

W, TER = 350 MJ > Wy < 0.4 W, [TER =140 MJ (n_,~8 101° m3 T__~4.3 keV/)

ped ped

TrE-M ~ 300 ps

ITER = ITER = 2 idpl —
AELM =A S.S =3m (}“powermI plane = 5 mm)

Convective ELMs / \ Conductive ELMs

AW,/ TER (MJ) 10 28
AWy, TER. div(MJ) 80% 50%
AW, TERIV (0 <t <15) (MJ)  20% 40%
®p, [ TER (MIm2s-112) 20 72

C-ablation in ITER ~ 50 MJm-2s-1/2
AWELMITER,waII (MJ) 20% 50%

ELM erosion less critical than previously believed even for conservative assumptions
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Conclusions (1)

1 Peeling-Ballooning model provides a reasonable description of
pedestal pressure limitation by Type | ELMs

» Detailed multi-machine comparison (& pedestal width scaling) in progress
» Which is the ELM triggering mechanism ?

» Non-linear evolution of ELM and timescales

d Type | ELM energy losses determined by ng o4 & T, o4, dgs, 0
Small ELMs <—-> Convective ELMs

» What determines V¢ ,, ?

» Physical process that produce convective ELMs (v* .4 and high 8/qg5) ?
(link between MHD stability <-> ELM energy transport ?)

» What determines the ELM variability ?
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Conclusions (II)

O ELM energy fluxes determined by determined by n & T

e,ped e,ped

» timescale of ELM energy flux on divertor by 1, and not tg,,"HP
(role of sheath/IIB transport on divertor ELM energy Flux ?)

> AWg, @V < AWg,,, and fluxes to main chamber PFCs
(convective radial ion transport versus IIB losses ?)
» spatial distribution of ELM heat loads

(toroidal symmetry ?, main chamber fluxes ?, in/out divertor balance ?)
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Conclusions (II)

O ELM energy fluxes determined by determined by n & T

e,ped e,ped

» timescale of ELM energy flux on divertor by 1, and not tg,,"HP
(role of sheath/IIB transport on divertor ELM energy Flux ?)
> AWg, @V < AWg,,, and fluxes to main chamber PFCs
(convective radial ion transport versus IIB losses ?)
» spatial distribution of ELM heat loads

(toroidal symmetry ?, main chamber fluxes ?, in/out divertor balance ? )

L Regimes with small/no Type |l ELMs/good confinement exist but:

» operational space is narrow and not well characterised
(reproducibility in various experiments ?)

» extrapolability to next step devices/compatibilty with other requirements ?

(low v* o4, low qgs, high P dverer, pellet fuelling, He pumping, ....)

» operation close to double null required ?
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ReglmeS with hlgh Poeq + small/no ELMs (1)

Regimes with small or no ELMs and high P4

a) Regimes with high P, and small ELMs (Type Il ELMs : JT-60U, AUG)

modification of edge MHD plasma stability

b) Regimes with no (or infrequent) ELMs and quasi-continuous losses
(EDA, QH-mode, “mixed Type I-lIl ELMs” in JET)

triggering of transport losses “between ELMs” P, _4 < Pped“mit

ped
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Regimes with high P4 + small/no ELMs (Il)

Mixed Type I-Il in JET €= increased broadband MHD fluctuation at low f
T eq reaches steady state between type | ELMs with increased fluctuations but
does NOT saturate in the Type Il phases (= end in Type I)

JET-Saibene JET 57697 SN
EPS’'03

ped

1600
= HT3{SN) 2 8MA2.TT g -3.6 8.7
® o« HT3(SN)25MAD4T g 46 aal ]
: o b, o =
Eﬂﬂ y 1 W ¥
1200{ ¥ » = a,q
%_ : L ] | . ..- 5.3 - 5 5?&9? EN Tﬂi‘ﬁ_'__
""{i ¥ = % gl 59237 QDN mixed Type 1l
= "" -; ' ‘ _—

|+ amzsmnTTe a0 O o8 | Zaa
b O0OMZ2IMAZTT g_~36
v 0N 1TSMAZTT g —4.1

4 "3 IE 1'0 0.00 0,08 0,10
|-|_ {1 Uﬁ' m':"] Alimiz {5}
peal

I5.'|-

Increased Inter-ELM transport (+ washboard modes)
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Regimes with high P4 + small/no ELMs (11l)

QH (and EDA) no-ELM regimes are associated with coherent MHD modes at
the edge which lead to enhanced transport

bl WY o o et
0.4 ' : y . , _(a) DIlI-D Doyle 7.
m:rn.rer:nr D, (AU) PPCF’02, Burrell ;
- — b PPCF’03
- T; (O keV) s
A — €,
Hm;.-"'fr .............................. i 7 T :
TPED(keV)
reproduced o B ™ iy oy
. i | . . TJQ;'IZEeX “ l -]w }lM .
max |V F', (hF’ﬂ.l'mJ | ‘ #\E
"'L-q-._...f . g ik F,H.,. Llﬁwﬁq Suttrop PPCF’ 04 t h”“ IHII ‘ “I’L * :i
10.0 B. I'Tllﬁ'b L.H.I-:c-lnl SN deemty k| -
" I lq % v a8 : Lk .-r.tl | | i
10,0 Pg (MW, | w‘% 5. 5 r‘:.. L:i EJ'I:i—,I/I;{kI‘*:-'--! L
e ik

potentially interesting for next step devices but triggering of mode?
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BLEFDA Regimes with high P ., + small/no ELMs (IV)

JT-60 Type Il ELM (= Grassy ELM) discharges are obtained at high 9,
high 3, and high qgs (low v*.4) .

JT-60U — Kamada PPCF’02

JT60-U

EI2N8H, 2.0 T, que = 1.5, EIZEIH, 1.0 T qog = £.1, K211, 48 T, ges = A1,
2 b5, By = 1713 MW S 04T, = LT, 1L MW e = 10 1S MW 1
E (1] Csinnt i Sliziwre (1] Larmsny .
?:. i i i [ S
x5 Wi 5 T4 HY EX2E, LA T, que = %9, id
=132, fiy, = 15 131 VW 0.1 4
E O, 8 Typel (high Bpand H-mode)
EIZI24 21 T, pps = 3.9 1 r: i r {1 ® , O Type ll and mix (high Bp)
_ =031, by = 1.5, 127 W E I e AT oon | O Dpelilimede)
:: n olam “F e 1 2ikasd 0.5 1.0 1.5 2.0 25
s b R B,
alt. - S SRt 0.8
0.5
= 0.4 F
change of ELM Type because of edge % 0.3 s
| stability change due to Shafranov-shift & 0.2f @
T g4 F IMA (2T, 3T, 3.6T)
"t 58m?
reproduced at JET saibene EPS'04 o st Sebmbond
Qs
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MmEFDA Regimes with high P4 + small/no ELMs (V)

Type |l ELMs in ASDEX Upgrade occur at high nj .4 (V*peq)

ASDEX-Upgrade-Stober NF’02

~, ®@Typell @ Typelll (0.35<3<0.42, 0.8<Ip(MA)<1) ASDEX-Upgrade-Sips NF'02
1000 Pulss 14521
+ Typi | ELWS | . | ’
Tvpo B ELMs | I'I'IEIdELH'I"I '3 ? "
B0l > Elhibwe i Y
& Lo . f Ip =1 Ma
Vi limi =4
%m p limit : _ GIES
5 S
ol 2T i o
é_ 00 o .;_.| .r. b
o type IELMs .____.
i H-mode - ' [ O
. 2 ASDEX Upgrade
R LS R e

L=]
M g e [ o'® m's]

T | ~ T Il iti
> Poeg P ~ PLeg "YPe U transition

» attributed to change in edge P-B stability
» compatible with high B (By , v*,eq interplay?)
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B E W E L O F M E

gt small/no ELMs (VI)

3 R E E M

mLEFDA Reglmes Wlth hlgh Poe

Type Il in ASDEX-U : Quasi DN configuration

0.50 0.50
d,, VS average 9 ASDEX-U
0.45 - 0.45 -
’O
? . ¥ a7
0.40 - O Q 0.40 - D:jg
—— o t/é od
A v
V' 0.35- - & 0.35 - -
0.30 0.30
R CT) | © O Typel o Typelll
1 0 Typel ype O Type I+l ® Typell
O Typelll @ Typell ASDEX-U
0.25 ype. . P . : 0 S —
3.0 35 40 45 5.0 35 -30 25 20 -15 -1.0 -05 0.0
q, AX separatrices midplane (cm)
5

> Type |l require medium/high ¢ and ne

» Proximity to DN configuration is essential (no type Il for AXmp>2cm)
+ Trade-off 8/(3]95 ?

» High B not required, but compatible with the regime! (BN~3 obtained)
not reproduced at JET saibene EPS03
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BIEFDA Regimes with high P, + small/no ELMs (VII)

% @1 R BE E M E N T

radial displacement

radial displacemeant

ASDEX Upgrade-Saarelma NF’03

1
1 . I
. £15865, type | ELM
. . 98T = — w15863 type Il ELM
low—i,low—ggg low—i,high—gqs
0 0.5 1 0 0.5 1
.1
high—5,low— gys high—3&, high—qgz
{:l Ij 1 1 1 1
0 0.5 10 0.5 1 0.9 n.g2 0.94 0.96 0.98 1
¥ L v

proximity to DN (#15863) leads to a sharp decrease of eigenmode width
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Physms of ELI\/I mstablllty (V)

Normalized Growth Rate (y'wA)

Growth of linear mode coincident con ELM crash (low n,)
DIII-D-Snyder APS’01 v v .

D, (a.u.) 97887 ;
| e 08
1800 2000 2200 2400 i |
0.15 : : '
| ELITE Analysis
L n=10
0.10} - ¥
[ ] __ D5,
[ ] 3
005} -' i
| ® .-'[2_::1}&!__ ; 2 03
! - E 5
0.00 0.2
; - S
Y| T T E- .
1800 2000 2200 2400 e
Time (ms) W

Similar results for giant ELMs in JET - Huysmans
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Physms of ELM mstablllty (IX)

Analyses of particle impact patterns on JET main wall are
consistent with ballooning mode n =12, m =50

Between ELMs JET-Ghendrih JNM’03 At ELMs
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BmEFDA Physms of ELM mstablllty (XIII)

JT60U-Oyama PPCF 01 DIII-D-Fenstermacher PPCF'03

e 0.6 o

3 (f) i FIR1 ] (a) 30 Bidt |

= o o ' 0 e

5 0.2 L . 4t

PR (N FIR2 |

E L : -0, hd _

% DW “:'} ﬂ_E— “ldplﬂnﬂ uu # : = 3 _

E-Cl.d- . i L ] ?- — e : T i .._;;

o A S 04 N

‘;Ugf 0 o uv*w\\.-'iulJ M“\\ u-n E—__F#H‘! :

j I (c) 1.4] Soft X-ray |

& 40 R i '

: i |

g aof” j”'\w Sk mm R o

Y m W

@ Dw"’“"“’!u v]"\ 06 [

G o il i e " ad | N

- -40 C;AIBESPGS’E?H;—J#EGWEW phase {d] 1.1 -EEE |

3° v i | .f."“-'l""':' o e :

Eﬂi 2 i 1.0 IWW
0 - 0.9L. : sy : : \ :
6.451 6.452 6.453 -3 -2 - 0 1 2 3 4

Time (s) Time (ms)
Tem ~ 200 us Tem ~ 200 us
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Main plasma ELM energy/particle losses (XI)

ELM perturbation into edge plasma much broader than P-B modes
Dlll-D-Leonard APS’02

(a) & | n, (10'¥m3) | , ,
4.0 Mg, Ryx ) i bl Y NepedMa = 0.30 () ;
& e Mo g Mo g g N .-n=4ﬂ.nmdm =0.45 ;
e 30 xPreELM Sy ] 08| ol i
mE g diokaes s - . = - N=B5, Ng peyNigy = 0.70
= 201 ®Post-ELM A 3
= . 06 [
& 1.0 i
04
00— E 13 10
15 - ,
(b) % T. kW 02}
T
10 RLTE 09
AT bl ] ) '
: e 3 - ;
g PP
o5l *PreELM o M
¥ Post-=LM @ -
0ol - : . :II Relation between AW,
] B 0. 0
Minor Radius (r/a) and P-B modes ?
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ELM energy/particle fluxes to PFCs (XVII)

% @@ R E E M E

* AWg /W, decreases with 1,
ITPA-Loarte PPCF'03

(a) ELM region

Eetwaan ELMS ELM region connacls

o diverior

Physics Model :

JET Delim_0.28_3 SMAS OT
JET_Dwlta=0.33 2 5MAZTT
JET_Delta_033_Befors_Pallel_2SMARTT
JET Dwlta_ 033 A1 Fallal 2 SMARTT
JET LT Ar_2.5MASE 4T

JET Daoltm_0.35 1 SkAZOT

0.2%

JET Dofta_0.41_2 SMA2 TT_Sguaresnass
JET_Delln_0)50 2 SMASLTT

JET HT #r_2 SRAA AT

JT BOLI

ik He & _ 809

I

02 e '--a..l
®

I

I

z 015 o
:‘ ' I ASDEX U
L
w
0.05
0 1o 200 300 400 500 £

Front 27R0gs
Il - CS, ped

1) Pedestal connects to divertor for t¢ ,,MHP

2) Energy flow restricted by sheath (1) > AWg /W o4

~ (1-exp(-TELMMHD/ })
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ELM energy/particle fluxes to PFCs (XVII)

In/Out ELM energy balance changes at ELM and with divertor/main
plasma conditions

Inter-ELM
in out ) ;
Ngiv' = Naiy DIlI-D-Leonard PSI'02, Fenstermacher PPCF’03
T.n< T, out
div div Energy fluxes at ELMs
q_ln<q_OUt | 380 — — ——
div div J ia
in out P Mo
1_‘div > 1_‘div ] ,
r 3 o e :IE —— 1 I..n .-:D'L
Hesl Flux Belwesn ELMs Din-0 ] 5ok
—ELM Enargy H
005 :
18 E
< " =
i bl = ‘:'1-:-.0 -
-— m E
[+
E 10 o.a3 % ]
2 i E
¥ ] 2
T ooz ; LR
0.8 -
0. ’ :
J 0.0 = - 1 .
(il ] = 0,0 LN 108 120 1,30 1.4 1.50 LD
.8 14 12 13 14 15 18 17 14 Major Radius (m)

Major Radius (m)

consistent with N, /" > N, °“ + sheath or changes in with energy flow with n,
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BIEFDA  ELMénefgy/partcle flixes to PFCS |
(XVIII)

EELM > 1MJ/m?2 can lead to F > 1023 C-atom/ELM Poor C Retention in Divertor @ ELM
(Plasma flows out of the Divertor)

ND-T .- ~ 1023 particles

30 : : : . - . . 2
us — 23
- 500 s _ 3.5x10 o
1 ms 3.0x10° 3 L
20 1
% 2.5x1 o23 S
' >
'-'\EJ 2.0x10% & I
1 3 it | . | Out
3. 23 = g Ll
0l [111.5x10% 5 : 1 | T
2 Y 1 | | i
1.0x10% Z i | ol i 1
5.0X1022 ! : I ,:,..‘ gyl ’Mj - l In
0.0 0.5 1.0 1.5 2.0 - —— i

Energy,,,, (MJ/m?)

Large Proportion of I'; may get into Core Plasma - increase of Z at edge
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ELM energy/particle qux S to PFCs (XIX)

> E

Energy loss by Carbon Transient Radiation - Probably small

ADAS — M. O’'Mullane
Carbon into a 3 ke and Bx10" m ™ plasma

JET MkKIl: 1 MJ ELMs

v

Eg yRAD ~ 16 MJ << W

plasma (

1634 §
A =20
810
£
750 - i (N
= { 12F
) —
- s i 2 11}
2 - P
u AN - | 133 10}
g g
& I .-'I
? A &30
r Q
L11] i ) ) N
2580 - rIl ! G
& ™ - —
.-"l' .-_.-' I:
- J“?‘. i . L:-’ I
I}'.: T 1 1
T 1o 1o Tk e 107
Insagratian ime {sec)
C-radiation 19
transient (3 keV, 8 1 0

m-3) ~ 1 keV/atom

~ 350 MJ)

Ec 20 ~ 0.5 MJ
(C. Ingesson)

W~ 11 MJ
AWy~ 1 MJ

Npeg ~ 8 1019 M3
Toeg ~ 3 — 5 keV

» JET Results agree qualitatively : Modelling/Extrapolation to ITER necessary
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