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) MOTIVATION
=

" The pedestal plays a major role

for ITER:

o fusion power will scale as

Pqu"'(pped)z

= Assessing and predicting the
pedestal behavior in ITER-

relevant conditions is essential

[Kinsey IAEA2010,NF2011]
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T MOTIVATION AND GOALS

N4

= |ITER will operate:
o relatively high nP¢4[Garzotti NF2019]
o high n%¢? /nPe®  [Garzotti NF2019]
oin mixed deuterium/tritium plasmas

owith a metal wall
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= Earlier modelling suggests that ITER will be limited 5 ITER
. . aey s LL
by peeling instabilities [Snyder NF2011] 0 range (Groebner IAEA2012]
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) MOTIVATION AND GOALS
&

= |ITER will operate:
o relatively high nPe4[Garzotti NF2019] } = mainly from DIII-D in peeling limited pedestals
o high n%¢? /nPe®  [Garzotti NF2019]
oin mixed deuterium/tritium plasmas > = no experimental results in peeling limited pedestals
owith a metal wall

J
= Earlier modelling suggests that ITER will be limited by peeling instabilities

= More recent modelling [Luda NF2025] suggests that ITER will be limited by ballooning modes
= Goals:
-2 reach peeling limited plasmas

—> assess the role of density, isotope and wall material in the peeling limited pedestals
— validate the Europed pedestal predictions at ITER relevant v.?¢¢, p;7¢? nser jpped

ee )

— understand if ITER will be limited by peeling or ballooning instabilities
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) OUTLINE

=

1. Reaching peeling limited pedestals in JET-ILW, MAST-U and TCV
2. The datasets
Effect in peeling limited pedestals of

4. Pedestal predictions in ITER

Type | ELMs are assumed—>the predictions are an upper bound of ITER pedestals.
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@) OUTLINE

1. Reaching peeling limited pedestals in JET-ILW, MAST-U and TCV
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@) REACHING PEELING LIMITED PEDESTALS

= Key ingredient: low v*P¢2> |ow nP¢? and high TP
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@) REACHING PEELING LIMITED PEDESTALS
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= Key ingredient: low v*P¢2> |ow nP¢? and high TP
TCV:
o high-0 (ITER relevant)

o 155kA/1.4T

o Increase power for high TPee
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= Key ingredient: low v*P¢4-> |ow nP¢? and high TP

JET-ILW: TCV:
o high-0 (ITER relevant)
o 155kA/1.4T

o Increase power for high TP

= Extra ingredient:
o |Increase q95 via Bt increase Optlmlzed elongation [Imada NF2024]
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o 155kA/1.4T

o Increase power for high TP
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o |Increase q95 via Bt increase Optlmlzed elongation [Imada NF2024]
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= Key ingredient: low v > low nP%? and high T
JET-ILW: TCV:
high-0 (ITER relevant) o high-0 (ITER relevant)
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. ed . ed
Increase power for high T? o Increase power for high T?

= Extra ingredient:

o Increase o5 via B, increase Optimized elongation [Imada NF2024]
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Optimized elongation [Imada NF2024]

o Increase qqs Via By increase
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Key ingredient: low v > low nP%? and high T
JET-ILW: TCV:
o high-9o (ITER relevant) high-0 (ITER relevant) o high-9 (ITER relevant)
o 1.4MA/1.7T>3.8T 750kA/0.5T o 155kA/1.4T
— . b . . ed . ed
O Pror = 25MW (max possible power in this scenario) Increase power for high T? o Increase power for high T?

Extra ingredient:

o Increase qqs Via By increase

Optimized elongation [Imada NF2024]
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ﬁ) PEELING LIMITED PEDESTALS REACHED IN JET-ILW, MAST-U AND TCV
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, A 0.05F . » : )A
L "l [ C b
0.0 JET-ILW e L @?‘ 0.00 LAMERARITY L e T <b> ootJCV_ e T ]
w 2 3 4 5 1 2 3 4 5 0 1 2 3 4
meped WOTQ <m73> eped WOWQ <m73> eped WOTQ (me)
. . ed . ed
= Key ingredient: low v*P¢¢> low n?°“ and high T?
JET-ILW: TCV:
o high-0 (ITER relevant) high-0 (ITER relevant) o high-9 (ITER relevant)
o 1.AMA /1.7T->3.8T 750kA/0.5T o 155kA/1.4T
— . b . . ed . ed
O Pror = 25MW (max possible power in this scenario) Increase power for high T? o Increase power for high T?
= Extra ingredient:
o |Increase q95 via Bt increase Optlmlzed elongation [Imada NF2024]
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@) THE DATASETS

10.0f o ] (AONCA T
: (0) ] V (b)
3 1.0¢ : 2 1.0¢ :
Ag Ag
T~ . Ny
ITER ] : [ TTER 4
0.001 0.010 0.0 0.2 04 0.6 0.8 1.0
/O*ped m sep / ﬂ ped
JET-ILW: TCV:
o (6)=0.4 (8)=0.5 o (6)=0.5
o 1.4MA/3.8T, gos = 8.5 750kA/0.5T, gos = 6.7 o 155kA/1.4T, gos = 5.0
O PNBI = ZSMW PNBI = 3.2MW O PNBI + PECRH =1.0+ 1.1MW
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) THE DATASETS

10.0F

*xped
O
x

Uee

x
xped

1.0t

Vee

PR ST TR S B

_ Wy
TN
l ITER 1

JET-ILW:
o (6)=0.4
o 1.4MA/3.8T, g9z = 8.5
o Pyg; = 25MW
o Gas scan

(6)=0.5
750kA/0.5T, gos = 6.7
PNBI ES 3.2MW

0.0

0.2 04 06 0.8 1.0
mesep / meped
TCV:
o (6)=0.5
o 155kA/1.4T, g95 = 5.0
o Pyg; + Pgcry = 1.0 + L.IMW
o Gas scan
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O) THE DATASETS ITER ranges approached for JET ILW

10.0f 10.0¢
i (O> i
H 1.0¢ = © 1.0¢
Ag i Ag
: B %
- * JET-ILW
0.1F ™ + - 0.1F
EITER\i TCV ]
0.001 0.010 0.0
p*ped
JET-ILW:
o (6)=0.4 (6)=0.5
o 1.4MA/3.8T, g9z = 8.5 750kA/0.5T, g95 = 6.7
O PNBI = ZSMW PNBI = 32MW
o @as scan Gas scan

> approached ITER v.2°%, p’;ped, nsep /pped

0.2 04 06 08 1.0

mesep / meped
TCV:
o (6)=0.5
o 155kA/1.4T
o Pyg; + Pgcry = 1.0 + L.IMW
o Gas scan
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{O) THE DATASETS: ITER ranges approached for JET-ILW

WOOE‘ WOO L e B S
i ) (a) ] i
= SR ]
I B, s high—06
;‘“ <year 2022
8 1.0F  BaE. ; 8 1.0f
* 8 /::‘ % * 8 L
N i B N
: : B %
.
0.1} \\\ JET-ILW o + . 0.1k
:ITERi : ;
0.007 0.010 0.0
p*ped
JET-ILW:
o (6)=0.4 (6)=0.5 o (6)=0.5
o 1.4MA/3.8T, qos = 8.5 750kA/0.5T, (os = 6.7 o 155kA/1.4T
O PNBI = ZSMW PNBI = 32MW O PNBI+PECRH = 10+11MW
o @as scan Gas scan o @Gas scan

- approached ITER V.2, p:P°?, nsep /pped
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) THED
= 00

FT

() ]

: A AN
I 70, JET—ILW
V .:/ s high=¢
".‘A: <year 2022
?)l 1.0¢ i:\:' A ;
* 0 /‘i‘:}
O i /AN
N i A & %
o ~.. §JET-le 4+
N TCV :
ITER) A
1 1 - T
0.001 0.010
/O*ped
JET-ILW:

approaching ITERv,, ~, p

ATASETS: ITER ranges approache
T 1

xped

Vee

d for JET-ILW
ocof T T

xped *ped
[
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Q) OUTLINE
3. Effect of

. n’;ed on p’e’ed in peeling limited pedestals in JET-ILW, MAST-U and TCV

= and corresponding pedestal predictions with Europed
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((f'\\) . L - i ped
_J) Pedestal pressure increases with increasing n
=7 e
D 0.4 TN TN T T (Ol A A S S S
L g [ N \ AN
15k | N REANNRNENN
: ~ = ~ i ; h \DD ~ - ] 0.8+ \ + AN N 4
I = ~ 16.0kPa | 0»3; \D\ = ~ \D ~ 2.5kP¢ \ \-+-\ * ~ ]
L S r ~ ~ ] N Z i
= ~ >~ _5.0kPo > ~ ~ ] = . N i P 3-5kPo |
o 1.0F - . > - - ~ 2.0kPd . 0.6 -
é/ | ~ é/ r ~ - _: é/ : - > < ~ 3.0RPO:
3 h \gﬁfpo 3 0‘25 TS L 1skPd 3 i T~ 7~ 25kPo ]
" I " ] co 04T T — 2.0kPa |
250 ] 0.1F . :
I ] 0.2_— ]
| JET-ILW (a) | : (b} e (c) ]
1.5 2.0 2.5 3.0 3.5 2 3 4 5 6 1.0 1.5 20 25 30 35 4.0
meped woWg (m—3> meped woWg (m—3> meped woWg (m—3>
el . ed
= With increasing nb°“:

o Teped is not strongly affected (same for Tiped)
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e

o)

Pedestal pressure increases with increasing n

[

7||| 300 T T T T ] L
6F —# 25F : g _+_ §
| #*# | o gl |
—~ g . 2.0F - S _+_ :
] E ] ] L ] ] C ]
L o4r E k. [ L] : 2 ]
~ ] ~ 1.5 ] ] ~ 2r ]
g 3 £ g : g1
: i ] 1F .
3 E 0.5F ; : ;
- JET-ILW : ] - TCV :
OFE o v v v (d> E 000 .., I [N [ <e>- 0 e [ B <f> .
1.5 2.0 2.5 3.0 5.5 2 3 4 5 6 1.0 1.5 20 25 30 35 4.0
neped 1 019 <m—3> neped 1 019 (m—3> neped 1 019 (m—3>

L : d
= With increasing nb°“:

o TP®“ is not strongly affected (same for Tiped)

ped . ped
o p, increases (same forp;,.)
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X 2
S

[

P (kPa)

Pedestal pressure increases with increasing n,,
7E — T T 1 T T T T T T " T T T T T 30: """"" T T T ]
6F _# E 2.5} :
5E * 3 : RS ]

§ —~ 2.0r ]

£ ] O L 4
4F E % i N ]

E ] o hor = ]
3F ] g ]

: > 1.0F .
2F . [ ]
wé é 0.5F ]

. JET-ILW : :
O S R T (d> E O00L ., I [N [ <e>A
1.5 2.0 2.5 3.0 3.5 2 3 4 5 6

meped WOWQ <m73> meped WOTQ <m73>
L : d
= With increasing nb°
d. d
o Tepe is not strongly affected (same for Tipe ) <
o pP%increases (same for ped) =
Pe Ptot S
» behavior opposite to what observed in ballooning limited pedestals %’
2
D
=]
D
o

ped

(O]
=

“““““““ | TS IS S RS N

() |

20 25 30 35 40
N ped WOTQ <m73>

e

[Snyder NF2015] 1

g

ballooning 1
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© pedestal i ith increasing n?*
. edestal pressure increases with increasing n
= e
75""w""w""x""z 300 T T T ] AT T T T T T )
6* —# % 2.5F ] : _+_ §
—~ f —~ 2.0 ] —~ f _+_ ]
O E ] O L ] O L ]
C 4F 3 5 i [ ] < F :
N ] ~ 1.5¢ ] ] ~ 2r ]
i, 3¢ E g : ] g
= * 1.0} : o
| 5 : ] 1F ;
- JET-ILW [ ] - TCV
0:111(d>: OO0l o [ [P [ <e> O] 111<f>
1.5 2.0 2.5 3.0 3.5 2 3 4 5 $ 1.0 1.5 20 25 30 35 4.0
meped WOWQ <m73> meped WOTQ <m73> eped WOTQ ( 73>

L : d
= With increasing nb°

o Teped is not strongly affected (same for Tiped)

o pged increases (same for pfoetd)
» behavior opposite to what observed in ballooning limited pedestals
= Pedestal predictions:

o Europed [Saarelma PPCF2018] implementing the EPED1 width scaling w, = k /ﬁged (with k = 0.076 for JET-ILW, k = 0.11 for MAST-U, k = 0.15 for TCV)
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(f%\) . iy . ped
_J) Pedestal pressure increases with increasing n
=7 e
75""w""w""x""z BO: """"" [T [T [T ] 4:'"'w"'w"'w"'w""x"":
6% % 25F ] : §
. S - e
~~ g e —~ . L ] —~ r d 1
é 4? E\“Op % § E ] E § : Europé
g, 3¢ 3 g : : g
@ Ty of : <
2F E O : 1k .
i 0.5} ] :
- JET-ILW i ‘ t TCV
0:111<d>: ONON [ [ [P <e> ) 111<f>
1.5 2.0 2.5 3.0 3.5 2 3 4 5 6 1.0 1.5 20 25 30 35 40
meped WOTQ (m73> eped WOTQ (m73> eped WOTQ <m73>
ped

= With increasing n,
o Teped is not strongly affected (same for Tiped)

o pged increases (same for pfoetd)
» behavior opposite to what observed in ballooning limited pedestals
= Pedestal predictions:

o Europed [Saarelma PPCF2018] implementing the EPED1 width scaling w, = k /ﬁged (with k = 0.076 for JET-ILW, k = 0.11 for MAST-U, k = 0.15 for TCV)

o Good qualitative agreement in all three machines
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e . ped - .
\‘{g‘) Increasing n,  stabilizes peeling modes JET-ILW example

n=2 peeling mode

2.00° |
* The increase of density stabilizes _
peeling modes 1 516
[Snyder PPCF2004], [Frassinetti NF2025] °
3 1.0f &
o : $
>~ St
0.5} y
_ ¢ _
00 T . MsHaA
5.0 5.5 6.0 6.5 /.0

normalized VpPeé4
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®)

Increasin nped stabilizes peeling modes JET-ILW |
) gn, P g -ILW example

n=2 peeling mode

2.00° |
* The increase of density stabilizes _
peeling modes 1 516
[Snyder PPCF2004], [Frassinetti NF2025] °
> VpPethat triggers the peeling i 1.0
instability increases with increasing ™
nped I
€ 0.5
0.0 THm > | MisHa]

5.0 0.0 0.0 0.0 /.0
normalized VpPeé4
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* The increase of density stabilizes

10

2 \})

peeling modes

[Snyder PPCF2004], [Frassinetti NF2025]

> VpPethat triggers the peeling
instability increases with increasing

ved
ne

dia

V/ W

. ed .pe .
Increasing n’e’ stabilizes peeling modes

JET-ILW example
n=2 peeling mode

2.0 |
1.0
B )
/ ~ ?,’\
/‘O__ g@ Q\g m@
N & S
A N N
Q X X
v % S
ty// o /"o
- i% NG 57
0.51 &/ <
_ q)
0.0 = T MISHKA]
0.0 2.0 0.0 0.5 /.0

normalized VpPeé4
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& . . cped *ped
@) Reasonable predictions approaching ITER v*P¢%, p*P€

| ] 100 [T T T T ]
150 - . ' ]
— I ] —~ 80 1
= = O
5o s N
%/ 100 i ] %/ 60 i L i i
S ] S 40f ]
é 50 . é _
I I 20 F -
| JET-ILW ] - 1
O | | | | | | | | | | | | | | | | \<Q>\ O Lo Loy | S R Lovu a1 (\b)‘
1.5 2.0 2.5 5.0 3.5 2 3 4 5 6
meped WOWQ (m—..’)) neped WOWQ (m—3>
JET-ILW:
. . ped . . . ped . .
Theincrease inp,  is due to: The increase inp,  is due to:
o theincrease in the gradient the increase in the gradient
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@) Reasonable predictions approaching ITER v*P¢¢, p*Ped

150 -
<
>~ Europed ]
O
%/ 100 ]
&
= ]
S5 50F -
c |
| JET-ILW :
O L L L L 1 L L L L 1 L L L L 1 L A(Q)A
1.5 2.0 2.5 3.0 3.5
meped WOWQ (m73>
JET-ILW:

The increase in p?% is due to:
o theincrease in the gradient

» effect due to the stabilization of
peeling modes
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WOO vvvvvvvvv L B e L B e L N e

T

80 7

T

60 | & = |

T

40 7

max(Vp,) (kPa/¥y)

T

20 7

The increase in pged is due to:
the increase in the gradient

effect due to the stabilization of peeling
modes



@) Reasonable predictions approaching ITER v*P¢¢, p*Ped

150 T
=
L | Europed ]
O
= 10or ]
=
> i ]
5 50 -
E L d
| JET-ILW ]
O L L L L 1 L L L 1 L L L L 1 L A(Q)A
1.5 2.0 2.5 3.0 3.5
meped WOWQ (m73>
JET-ILW:

The increase in p?% is due to:
o theincrease in the gradient

» effect due to the stabilization of
peeling modes

vvvvvvvvv

100 IARERRAREERRERRERES [T [T 60 :' T T T T T
. 80} | 2% <+ ]
o - PN i
5 5408 :
o 60r " ,_lD ] B g ]
~ ~ 30} e + g
S 40t - a
= = 3 __———1Tturoped E
~ < 20F ]
¢ I ]
201 ] 10 F ]
i 1 : TCV
O L, | IR R SR | IR S SR Loy a0y (b)‘ O :‘ PRI BT S ST S N P R 1 1 <C>
2 4 5 6 1.0 1.5 2.0 25 30 35 4.0
n ped TOW9 (m73> ped WOWQ ( 73)
TCV:

The increase in pged is due to:
the increase in the gradient

effect due to the stabilization of peeling
modes

The increase in p?% is due to:
o NQOT the increase in the gradient

» effect NOT due to the stabilization,
but to pedestal widening
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& . . cped *ped
@) Reasonable predictions approaching ITER v*P¢%, p*P€

100 T T T T 60
150 F . : ;
~ . 8ot - 0 j
S S N s g
} Europed } B } 40 F 3
T 100F - o 60T " - o | é
< = O SN :
ey - » — 30 + :
Q. Q. L | Q.
e | e 40 = of +—Furoped
: 201 ] iof
: JET'"—W | i l F TCV ]
O L L L L | L L L L | L L L L | L \<Q>\ O -\ | | | \\(\b)- O :\ oo | L L Lo | <\C:\>\:
1.5 2.0 2.5 3.0 3.5 2 3 4 5 6 1.0 15 20 25 30 35 40
meped WOW (m—3> meped TOW (m—3> meped “:]19 (m—3>
JET-ILW: TCV:
4 xped x*ped
approaching ITER v, 7, p;

< »

o Good qualitative agreement with Europed

Good qualitative agreement with Europed o No reasonable agreement with Europed

o Good understanding Good understanding o No good understanding yet
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@) OUTLINE

3. Effect of

se

= 15?7 /nP°? on pP°? in peeling limited pedestals in JET-ILW, MAST-U and TCV

= and corresponding pedestal predictions with Europed
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se ed Sep yped |
C) Effect Of n p/np on pedestal pressure nged/ne variation achieved only via

n,  variation=>not discussed here

75" T T é 45"'I"'I"'I"'I"'

++r++

0> (kPa)
N (N D> O O
0> (kPa)
NO
+
-

" JET-LW - TCV

O | L | L | L L E O: L L L | L L L | L L L | L L L | L L L

0.0 0.2 04 0.6 08 1.0 0.0 0.2 04 06 08 1.0
n sep / n ped n sep/n ped

= With increasing ngep/nged (at constant nged)

® Teped is not strongly affected (same for Tiped)

ed . ed
o pP°“ is rather constant (same for p.
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C) Effect of nS b /nped on pedestal pressure

7 % T T T % 45 L B A E

6t = _é_
O : Europed ; @) - ]
an £ E an - 1
~ 4F E ~ : ‘# ‘ @ :
~ g ~ 2_ Europed ]
g 3 : g z
& 5t _ S

‘. ; ‘

T JET-IW TV

O L | L | L | L L E O: L L L | L L L | L L L | L L L | L L L

0.0 0.2 04 06 08 1.0 0.0 0.2 04 06 08 1.0

n sep / n ped n Sep/n ped

= With increasing nsep/nped (at constant nped)

O Tep is not strongly affected (same for Tp d)

d
@ pge is rather constant (same for pfoet

= Pedestal predictions:
o Good qualitative agreement in both JET-ILW and TCV
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C) Effect of nS b /nped on pedestal pressure
S

et

0" (kPa)
N N D> g O

1 E

Europed

O ¢

JET ILW

0.0 0.2 04 0.6 0.8

1.0

4 E T T T T E

3¢ ‘

2 _ Europed _

1F .
TV

O ; L L L | L L L | L L L | L L L | L L L

0.0 0.2 04 0.6 0.8

n > / n P nesep/nepegzl N
= With increasing n, " /nb ¢ (at constant nged) 3
5F
® Teped is not strongly affected (same for Tiped) - 4;
® pfjed is rather constant (same for pfoetd ; .
» behavior opposite to what observed in ballooning limited pedestals 2 7
= Pedestal predictions: 1HJET
) ) ) ol B.al‘lolonlmgl‘lmllt(‘edl nl>2‘O‘ ]
o Good qualitative agreement in both JET-ILW and TCV T ——

sep ped
Me /ﬂe
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/@) Effect of n, " /nped on pedestal pressure

= e
5! — 4
s e _3F :
S 4 o | s | % |
X 4_ E ~ C ]
~— ~ 2 = Europed .
E i |
o 5t : o | ]
2 ITER 1F _;
" E JET-LW range - - TCv '
O E P R E TS S (Nt S B 3 O : M R ST RS
0.0 0.2 04 06 08 1.0 0.0 0.2 04 06 08 1.0
n > / n P NP/ P e
= With increasing nzep/nged (at constant nged) 6
ped . ped SF
o T, " is not strongly affected (same for T, ") G
O pged is rather constant (same for pfoetd ; 3
» behavior opposite to what observed in ballooning limited pedestals 2 ]
= Pedestal predictions: 1HJET
. . . 0 B‘al‘lolonlin‘g I‘imlitt‘edl, nl>2‘O lllllll 3
o Good qualitative agreement in both JET-ILW and TCV oy e T s .
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S

7

0" (kPa)
N N D> g O

0

1 o

Effect of n2? /nPe?

e

- JET-ILW

s

+ 4

Europed

ITER
rang

se
N
e

/0

= With increasing nzep/nged (at constant nged)

® Teped is not strongly affected (same for Tiped)

O pged is rather constant (same for p

ped
tot

0.0 0.2 04 06 08 1.0

on pedestal pressure

Good news for ITER

3F

C):

- Europed || @

- TCV

» behavior opposite to what observed in ballooning limited pedestals

= Pedestal predictions:

o Good qualitative agreement in both JET-ILW and TCV
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@) Increasing i, © /nb°" can effects on the global pedestal stability

. se ed . :
= Increasingn, © /nL°" destabilizes ballooning
modes [Dunne PPCF2017, Frassinetti NF2021]
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©) Increasing n, ' / n'e’ed can effects on the global pedestal stability

. se ed . .
= Increasing n,"" /nL°" destabilizes ballooning 10—
modes [Dunne PPCF2017, Frassinetti NF2021] -

Buluoojjeq

o The pestal moves from being peeling
limited to ballooning limited

»Very clear for JET-ILW and TCV

ncrlt
O
[
“
\\«,“\
=]
(@]
::5>
Buiuoojeq-buijead
pajdnod

Buijead

0.0 02 04 06 08 1.0
- Sep/n ped
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©) Increasing n, ' / nged can effects on the global pedestal stability

. se ed . .
= Increasing n,"" /nL°" destabilizes ballooning 10—
modes [Dunne PPCF2017, Frassinetti NF2021] -

Buluoojjeq

o The pestal moves from being peeling
limited to ballooning limited

> Very clear for JET-ILW and TCV . 10k \«5'\\‘\“ a E:é
- AV/\ §

0.0 02 04 06 08 1.0
n<sep/n ped

14 L. Frassinetti | IAEA FEC 2025 | 18-Oct-2025



@) Increasing n,, © /n’e’ed can effects on the global pedestal stability

. se ed -1 .
= Increasing n, © /nY" destabilizes ballooning 10—
modes [Dunne PPCF2017, Frassinetti NF2021] -

Buiuoojeq

o The pestal moves from being peeling
limited to ballooning limited

»Very clear for JET-ILW and TCV

ncrit
Buiuoojeq-buijead
pajdnod

Buljsad

0.0 02 04 06 08 1.0
- Sep//n ped
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@) Increasing n,, © /n’e’ed can effects on the global pedestal stability

ITER

A
\

. se ed -1 .
= Increasing n, © /nY" destabilizes ballooning 10—
modes [Dunne PPCF2017, Frassinetti NF2021] -

Buiuoojeq

o The pestal moves from being peeling
limited to ballooning limited

»>Very clear for JET-ILW and TCV _ 1ok \6"‘@ ] é ;
= TC g
= ITER will operate at high nzep/nged 1| )

-2 this issue must be investigated

0.0 02 04 06 08 1.0
n<sep/n ped

14 L. Frassinetti | IAEA FEC 2025 | 18-Oct-2025



) OUTLINE

=

3. Effect of

= the isotope mass in peeling limited pedestals in JET-ILW
and corresponding pedestal predictions with Europed
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@) INCREASING THE ISOTOPE MASS INCREASES THE PEDESTAL PRESSURE

" A unique dataset in JET-ILW low vzged/peeling
limited pedestal has been obtained:

o pure deuterium, A ¢r = 2.0
O

o tritium-rich, Apr = 2.9

= Key results:

0.0

JET-ILW

1.5 2.0

N

e

2.5 3.0 3.0 4.0
ped 1019 <m—3>
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) OUTLINE

W=t

4. Pedestal predictions in ITER
= will ITER be limited by peeling or ballooning instabilites?
" is this an issue?
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@ ITER predictions

" Europed has been used to predict the limiting
pedestal instability in the ITER Q=10 scenario at

ol, = 15MA, B, = 5.3T, By = 2

o shape before the new baseline
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@) ITER predictions: pedestal instabilities very sensitive to n, profile

&
= Europed has been used to predict the limiting ” ITER, Izlo — 15,Mf4' ].3t — 5,'3T,'ﬁIN =2 o
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= = = 7% . i
ol, =15MA,B; = 5.3T, fy = 2 9 1‘/00, region ]
o shape before the new baseline % 1
= Predicted pedestal instabilities: 2

. se ed ed -
o peeling at low n,°? /nb°“ and low n?

o ballooning at high n3P /n?*? and high n?**

peeling
—>sharp transition region region

—result strongly dependent on the details of
the density profiles consistent with [Maget
NF2013]
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@) ITER predictions: no major degradation expected if P-B limited
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ITER predictions: no major degradation expected if P-B limited
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ITER predictions: no major degradation expected if P-B limited
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Positive result for ITER
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CONCLUSIONS

—

[

" Low vzged/peeling limited pedestals reached in JET-ILW, MAST-U, TCV
No major qualitative difference observed between metal wall and carbon wall machines

Some promising results in view of ITER:

ped

opP?? does not degrade with increasing n, © /n,

opPe? increases with increasing isotope mass

xped xped se ed
p _P n D 7£9

= Reasonable Europed predictions in the ITER range of v, , p;" ", N, o

= |ITER pedestal predictions:
0 Q=10 scenario will have coupled peeling-ballooning instabilities
o However, no pedestal degradation expected

= The work increases the relevance for ITER of small/no ELMs regimes [Giroud IAEA2025,
Dunne IAEA2025] which have been achieved in ballooning limited pedestals.
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) INTRODUCTION
=

: : : 2
= Fusion power in ITER will scale as Pfus~(pped) [Kinsey IAEA2010,NF2011]

o Itis crucial to:
»understand the pedestal behavior in present days machines.
» validate our pedestal predictive codes
» improve ITER pedestal predictions

= Pedestal predictions for ITER have been done already for many
years. Some examples:

o EPED model
»|TER pedestal is likely limited by peeling instabilities 2
pPe? increases with increasing nP? [Snyder NF2011]
o Pedestal stability

»ITER pedestal might be close to the transition between
peeling and ballooning instabilities [Saarelma NF2012]

»The result is very sensitive to the exact J, in the pedestal
[Maget NF2013]

o IMEP model

»ITER pedestal might be limited by ballooning instabilities
[Luda NF2025]
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@) Effect of n, " /n’e’ed on pedestal pressure

[ LI A B — T T ] 60g — T 1 T T T T T T " T " " T T T T T ]
/2 1507 - /2 é E
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] | 30}
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0.0 02 04 06 08 1.0 0.0 0.2 04 06 08 1.0

n sep / n ped n sep/n ped

= With increasingnzep/nged (at constant nged)
o Teped is not strongly affected (same for Tiped)
o pged is rather constant (same for ptpoetd)
» behavior opposite to what observed in ballooning limited pedestals

= Pedestal predictions:
o Good qualitative agreement in both JET-ILW and TCV
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can effects on the global pedestal stability
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= The transition to ballooning limited pedestals occurs at already high n,
ped

ITER predictions: no major degradation expected if ballooning limited

8@ e
i - ped _ 19/, -3 1
: \.\1‘ nP? =10 x 10%(m™3) A
60‘t —//L ~| |
~~ - T ; ______ )
O EPED1 nb® =4 x109(m™3)
(U [Snyder NF2011]
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o the degrading effects of nzep/n

e

1.0

is negligible.

ed .- - . ed
o pb“ still incrases with increasing n}

= Results consistent with earlier predictions
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) INTRODUCTION
=

= The pedestal plays a major role for ITER:

. . 2
o fusion power will scale as Prys~(p?e?)

= |ITER pedestal predictions have been done
already for many years. Examples:

o EPED model

150 pryr=r

EPED1 Pedestal Height (kPa)
o S o

o

[Snyder NF2011]

ITER 15MA, 3,=2

baHooning limited

O
o
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Pedestal Density (1019 m-3)
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: T e
already for many years. Examples: = s Q ballooning limited
o EPED model 0
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o fusion power will scale as Prys~(p?e?)
= |ITER pedestal predictions have been done
already for many years. Examples:
o EPED model

»|TER pedestal is likely limited by peeling
instabilities [Snyder NF2011]

o Pedestal stability

»|TER pedestal might be close to the
transition between peeling and ballooning
instabilities [Saarelma NF2012]

»The result is very sensitive to the pedestal
Jos [IMaget NF2013]
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{© nTRODUCTION il [Snyder NF2015]
= Different pedestal behavior expected = 4t gi ﬁ } i :
depending on the limiting instability: 2 3} )
oballooning instabilities: % 2t .
L : @ 1t 1
> pPe? decreases with increasing nP¢? = ,{DIII-D high v*/ballooning |
00 05 '*p'd' 10 15
Vv* Pe
20 7 v r .. r ;
opeeling instabilities: o . “;f* """" :
S 15[ o 2. % _-
> pP€d increases with increasing nP¢% = - ,gx?ié g
< X
o 10[ .
T -
2 5| _
2 |
0 D"lI-D | | |0W.v*/pecleling
3 4 5

Pedestal Density (1019 m_3)
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() INTRODUCTION | [Snyder NF2015];
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= Different pedestal behavior expected = 4t i :
depending on the limiting instability: 2 3} )
oballooning instabilities: % 2t .
ped . . . ped @ 1L -
» pP¢? decreases with increasing n o .{DHI-D high v*/ballooning -
00 05 10 15
V*eped
20 1 T r v R r .
opeeling instabilities: o N
: L : T 15} Y VD" ]
> pP? increases with increasing n?¢¢ = F ’g"fﬂ
S xR _
-:?_:) 10fm .
s |
S 5} i
2 |
0 'DIII-D low v*/peeling
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/@) INTRODUCTION ] [Snyder NF2015]:
= Different pedestal behavior expected = 4t i -_
depending on the limiting instability: 2 3} -
oballooning instabilities: g °r |
> pPe? decreases with increasing nP¢? = ;-DIII-D high v* /ballooning
00 05 10 15
V*eped
20 ; : .
opeeling instabilities: o
S 15}
> pPe? increases with increasing nP¢? < |
2 10}
T
g s| -
2 |
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) INTRODUCTION

=
= Different pedestal behavior expected
depending on the limiting instability:

oballooning instabilities:
> pPe? decreases with increasing nP¢?

> pPe? decraeses with increasing
nsep/nped

opeeling instabilities:
> pP€d increases with increasing nP¢%
»>pPe? versus nSeP /nPed ?

p.”ed (kPa)

OO B N W A~ U1 O N

~ [Frassinetti NF2021]3

w
3 ol _
3 O =
JET | highv*/ballooning:
O 02 04 06 038
nesep/neped

1.0
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@) INTRODUCTION
= Different pedestal behavior expected
depending on the limiting instability:
oballooning instabilities:
> pPe? decreases with increasing nP¢?

> pPe? decraeses with increasing
nsep/nped

opeeling instabilities:
> pP€d increases with increasing nP¢%
»>pPe? versus nSeP /nPed ?

p.”ed (kPa)

CO KR, N W H U1 O

~ "[Frassinetti NF2021]]
JET .. high IV"f/ballloloninlgg
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nesep/neped
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Different mechanisms explain the increase in p’e’e

=7
008~~~ T T T T T T T T T .08 T T T T O.ZOV"H‘HH‘HH‘HH‘HH
O‘O6f + . 0.0b6 ] . Q.15
—~ i h —~ - d
= I Europed > - n = N gurope
~ 0.04F . T 0.04F . T 0.10F .
ga k ga | ga +
0.02 . 0.02 . 0.05; ‘ .
[ JET-ILW (d) ] i (e)] TCV (f)
OOO P S IS T S S S S S RO ST ST S OOO “““““ Lvv v v 01 Lvv v v 01 Lo v v 00y OOO o b e by | |
1.5 2.0 2.0 3.0 3.5 2 3 4 5 6 1.0 1.5 20 25 30 35 4.0
meped TOWQ <m73> meped WOWQ (md) eped TOWQ <m73>
JET-ILW: TCV:

. . d . . . d. . . ed .
The increase in p2°“ is due to: The increase in p2°“ is due to: The increase in p?°“ is due to:

o NQOT the increase in the gradient
» effect NOT due to the stabilization

o theincrease in the gradient the increase in the gradient

» effect due to the stabilization of
peeling modes

effect due to the stabilization of peeling
modes

o NOT an increase in the pedestal width the increase in the pedestal width

o theincrease in the pedestal width
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@) Opacity
= Opacity defined as in [Mordijc NF2020]:

(2" + )

2

X a

o The TCV dataset has opacity much
lower than JET-ILW and MAST-U,
mainly due to the lower size
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) PEELING LIMITED PEDESTALS REACHED IN JET-ILW, MAST-U AND TCV

=

=
1.0 o T T IR 250 ‘ o] 251 ‘ BEREIEEERE
~ [ JET-ILW ‘ ! EEEEEEEEEE P :
5 L ] I WTWW%JQQJLQ%Q ] [
scosrn=1 | 2.0F EEEEEERSSE I 2.0F |
© I ] ) ' P s *b . I
E o R 5 o
2 06F ™ qsf i . ™ st .
Q - o L O L
o A A
o 0.4 .}?W.Oj - '}?W.Oj i
3 [ v i va ,
e I [
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wN o 54
JET-ILW: TCV:
o Pedestal: Pedestal: o Pedestal:

» at the corner
» limited by low-n modes

at the peeling boundary

» near the peeling boundary
limited by low-n modes

» limited by low-n modes
o Clear dominant peeling component

HELENA for equilibrium and MISHKA for the stability (with diamagnetic criterion)
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@) PEELING LIMITED PEDESTALS REACHED IN JET-ILW, MAST-U AND TCV
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@) PEELING LIMITED PEDESTALS REACHED IN JET-ILW, MAST-U AND TCV
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. sep , ped . . .t
@ Increasing n, " /n,  has minor effects on peeling mode stability

n=2 peeling mode
L L

2.0F
= Zero-order explanation: [ nyP/nb* = 0.45
- sep , ped 2.0 nSP/mb* = 0.37
oThe increase of n, " /n,  does not - n3P /mbe? = 0.25
have a major effect on peeling modes o 1 5L i
[Frassinetti NF2025] *:; 0
. I
. .. . . d >~ 1.0 i -
—>No variation is expected in VpP¢ I
0.5 2
00l s

0.0 55 00 6.5 /0 /o5 8.0
normalized VpPeé4

= A more accurate explanation can be found in [Frassinetti NF2025]
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@) ITER Peeling ballooning stability in the n, " /n, " scan g —

= Starting point:

o predicted Europed profiles from a i
sep , ped

n, - /n, scan

= Using HELENA+MISHKA, the 2D pedestal i -

stability digram has been created for the
predicted profiles

r-a

o
I ] I
|

—_
0o
T I T
l

{jadga}max ;"’{j
L)

= The increase of nzep/nged scan destabilizes
the ballooning modes [Dunne PPCF2017,
Frassinetti NF2021]

= The ITER pedestal is near the transition from
peeling to ballooning = the destabilization of
ballooning modes moves the pedestal to the
ballooning boundary

-
=
T T

J—
=
T T

—_—
L=,
;::I T T

8.5 B.0 .5 J.0 7.5
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(f'\\ . . A sep , ped . Besar
&__?1) ITER Peeling ballooning stability in the n, " /n, " scan i —
- ;FTe—13.9x10 (m3)
= Old shape
. se ed . . se ed
ITER with low n,? /n} ITER with high n,°? /n}
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) INCREASING THE ISOTOP

7k

. (kPa)

0O

Agsp=2.0

: Aeff =I2. 9

2.9

JET-ILW

1.5

2.0

2.5 3.0
neped 1019 (m—3)

5.5

4.0

E MASS INCREAS

max(Vp,) (kPa/9y)

ES THE PEDESTAL PRESSURE

200
150
1oo:—

50_—

JET-ILW |

20 2.5

5.0
r§|eped 1 O19 (m—3>

"= The improvement is due to an increase in Vpged (no major effect on the width)

= Pedestal predictions with Europed:

o Good qualitative agreement

o No direct effect of the isotope mass on the pedestal stability

3.5

o Improvement due to the stabilizing effect of the increased density on peeling modes
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Optimization of ITER Pedestal Height, EPED1.6
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CONCLUSIONS

Low vzged/peeling limited pedestals reached both in metal wall and carbon wall machines
In peeling limited pedestals:

o pPe? increases with increasing n?°® (degradation observed in ballooning limited)

o pP?? does not degrade with increasing nzep/nged (degradation observed in ballooning limited)

o pP€? increases with increasing isotope mass (similar to ballooning limited, but partially
different mechanism)

—Very positive information for ITER (assuming type | ELMy H-modes)

Reasonable Europed predictions in the ITER range of v;‘?,?"d, p;ped, ngep/nged

ITER pedestal predictions:
o transition peeling vs ballooning strongly sensitive on the density (and B;, not shown here)
» Ballooning pedestal recently predicted also in [Luda NF2025]
o No pedestal degradation expected despite a possible transition to ballooning limited plasmas

The work increases the relevance for ITER of small/ELMs regimes [Giroud IAEA2025, Dunne
IAEA2025] which have been achieved in ballooning limited regimes
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