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* Introduction to peeling-ballooning theory
— H-modes, pedestal, ELMs, and "why study this"
* MAST/-U pedestal stability analysis

— analysis method: EFIT, VARYPED, ELITE
e Case study 1: MAST vs. MAST-U

------ #30322'(326m's); YTy (475m§); 1
| ---- #45270 (480ms); ———- #45270 (669ms); |
------------ #45272 (477ms); __Io;v 215272 (681ms?
— much improved pedestal stability in MAST-U <] e
#47018 (320ms) | ~y/au >
e Case study 2: ELM-free period in MAST-U s N
H-mode
— peeling-limited, ballooning stable(ish)!  *j 5o 0 e ¢
2.0
 Summary and ongoing work

ol 2o . 1.0
15 g S b
— more on plasma shape, ELM-free periods .. £541

stability
boundary

Séﬁﬁriment
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Background: H-modes in tokamak plasma

* Modern tokamaks operate in "H-modes":

\ pedestal pedestal
T, region region

— Steep edge temperature/density gradients
— Core profile is elevated (as if on a pedestal)
— High confinement mode! MAST-Upgrade at CCFE

Image right: ccfe.ukaea.uk 3 /38
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Background: ELMs — edge localised modes

* However...
Each spike corresponds

. to an ELM burst
4 £ D-alpha emission
<3
a 2
1 \ With each ELM
0 density drops
‘T‘E 3Eelectron density
5 2 —
—i
o U
C L L L
200 250 300 350 400

time/ms
* Degrades confinement

ELM eruption in MAST
e Can lead to a disruption — large ELMs must be mitigated/controlled!

e Or...is there an ELM-free H-mode?

Image right (this version): fusion-cdt.ac.uk 4 /38




Peeling-Ballooning theory for ELM cycle

* "Peeling-Ballooning theory" for ELM cycle:#?

— Pedestal stability in terms of pedestal current, Jy ,.q
and pedestal pressure gradient, o (‘alpha’).

— ELM triggered when stability boundary
is crossed.

unstable

— Crash brings J .4 and a back to the
stable region again.

*

increasing J .4 —

stable

——————————

#1: Connor et al, Phys. Plasmas 5 2687 (1998), etc. 5 /38
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Peeling-ballooning theory for ELM cycle

* According to the theory:#! unstable

— Pedestal stability in terms of pedestal
current density, Jy .4 and normalised pedestal
pressure gradient, a:

T — JpB (TP) + JpB (wseparatrix)
) 21()/A(¥)

Jes = (RBr/Ro)(J)/B)

1/2
o= Mo ov (Vv op increasing o —
212 oY \ 272 R oY

— ELM triggered when stability boundary is crossed.

*

increasing Jy peq —

— Crash brings Jy .. and a back to the stable region
again.

#1: Connor et al, Phys. Plasmas 5 2687 (1998), etc. 6 /38
B



Peeling and ballooning modes

* Peeling modes:

TU unstable
— large pedestal current, Jy ;o4 2
— typically low mode number: I by
0 g
n SJ H— 10 o S
. S IS
* Ballooning modes: = S
S
— steep pedestal pressure gradient, a stable z

— typically high mode number: Increasing o —

n > 30 — 40
 particularly high in spherical tokamaks, like MAST/-U

7 /38




Research aim: MAST-U pedestal stability

e Future fusion reactors, e.g. STEP, will operate in better performance

ELM-free high confinement regimes.
— Needs to avoid high-n ideal ballooning modes

_____

— Also stay clear of low-n peeling boundary 7 peeling-
 What affects the pedestal stability boundary? § bfcl)ljsl?r:;g

— pedestal T, collisionality v., etc. = high-n

— clean ramp-up, without IRE, MHD instability ballooning

— plasma shaping parameters:#3:#4 n = toroidal mode number a—

— scrape-off layer & divertor config., etc. etc. elongation triangulanity. sqUArEness

* Can we find pathways to ELM-free regimes? A

— Quiescent H (QH) modes with edge harmonic
oscillations (EHO)

— |-modes (possible in ST?), EDA modes?

#3: Snyder et al, Nucl. Fusion 55 083026 (2015), etc.
#4: Holcomb et al, Phys. Plasmas 16 056116 (2009), etc. 8 /38
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MAST-U H-mode analyses

—— #30422 (326ms); —— #45217225(477ms) MAST vs. MAST-U

* OMFIT kineticEFITtime® for profile fitting\s :

* TRANSP#® for fast ion density/pressure profiles 4. 100§
* Fixed-boundary EFIT with electron profiles for 3 e
pedestal structure 2| . { 050}
* VARYPED*’ to create modelled equilibria wi 1 {1025
varying '/N,ped and o %0 03 %0 0% . o %o .
* ELITE*® for MHD pedestal stability analysis ’ '
I e | | | --'-#??04?2 (?26@5)';'—#45272 (477ms) o
2.04 #45272 (477ms) . © 8_Pmt/kPa | ot @ _ Inerrr
P | 1.0 <
....:o.. 6 8 \\\'\

5] L etens P50 8. Comparison A~ |t 1 05l NI A
crt Lt et et illustrates how |  ~T=-TTe= |4 | ===
I I I MAST-U pedestal ol . . . N\ ofs======-==== loof

107 , ¢, j'L S L 06 07 08,09 10 06 07 08, 09 10 06 07 08, 09 10
C e e el e modelled is significantly "y Yy Yy
e o e o ° egm. point d | d #5: Meneghini&Lao, Plasma Fus. Res. 8 2403009 (2013)

o %" _|_experiment more develiope #6: Hawryluck (1981) & Grierson+, FST (2018)

By o e point than MAST A #7: Osborne et al, Nucl. Fusion 55 063018 (2015)

' #8: Wilson et al/Snyder et al, Phys. Plasmas 9 1277/2037 ('02) 9 /38
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ELITE ideal MHD pedestal stability analysis

* ELITE uses the energy principle to determine the stability of ideal MHD peeling-ballooning
modes, given perturbation in plasma displacement, §:

1

hence depends on Jj, .., (J),
5W:§/d’f (Q?— 3 (Qx &)+ (£-Vp)(V-€) +p(V - €)2] Lo Copers o huses

Q=V x (&£ xB) I \1AST-U #47020 (523ms) .

e Outputs: the mode growth rate 7Y and eigenfunction
describing radial mode structure for each toroidal
mode number, n.

* For a given equilibrium input, there will be n
with the highest growth rate. Lo

* These are plotted to produce the
"J-o¢ stability diagram" =

 Stability boundary drawn for a threshold value of 7y
normalised to Alfvén frequency, w, (0.06 in this case). °° 00



Case study 1: MAST vs. MAST-U

* MAST-U plasma: compared to MAST, more strongly
shaped, with higher elongation and squareness
(comparable triangularity)

— also new divertor chamber, higher B, etc. etc.

* Observations: MAST-U pedestal stability significantly
different from MAST.

— Higher Jy ,.q and «; improved overall stability

— extended region of stability; weaker coupling
between peeling and ballooning branches

* Why so?? Likely the combination of plasma shape, new
divertor configuration (+ other effects!)

Images right: ccfe.ukaea.uk




Case study 1: MAST vs. MAST-U

* MAST-U plasma: compared to MAST, more strongly
shaped, with higher elongation and squareness

(comparable triangUIarity) | ---- #45270 (480ms); —— #45270 (669ms); |
. . | — #45272 (477ms); -——#45272 (681ms) |
— also new divertor chamber, higher B, etc. etc. o Jower 7|
g ey e
* Observations: MAST-U pedestal stability significantly 2 . A 7 A
: < ] e =T g higher
different from MAST. Lol WSSl LA Teped
— Higher Jy ,.q and a; improved overall stability 7 gner ﬁﬁ#f
: o0 - o K, A :
— extended region of stability; weaker coupling o.s.__.___éMAST/'@ﬁ" ballooning
between peeling and ballooning branches P4

* Why so?? Likely the combination of plasma shape, new
divertor configuration (+ other effects!)

Images right: ccfe.ukaea.uk




Case study 1: MAST vs. MAST-U

MAST#30422 ___ MAST-U#45270 ___ MAST-U #45272

 Case study: 200r ) |3 f?" ?" ' \§600
— MAST-U #45270 and #45272 ‘2‘80/ | l /1L \] L
{b) :

(Type-l ELMy H-mode with (b) 11(6) |
long "flat-top") | -

— MAST #30422 (typical Type-l 13
ELMy H-mode for comparison)J3:

. . 3Ed) ' ' B
* Notable differences in shape: 2% [/J«U 2
— k~1.6for M, k>2.1for M-U. 0 — 815
2t - N
— (~0.19for M, {~ 0.38 for M-U!;. : ; 0l
0 - - - hous SNSRI € | | vt cor SN Y
° ngher q95 for M_U 00 01 ti(r){’lze/s 0.3 04 0.00.2 0.4ti2’.16e/50'8 1.0 1.20.0 0.2 04 tilghﬁe/SOB 1.0 1.
(~4'6 Vs. 6'0~6'6) Ma) = plasma current/kA; (b) = line-integrated electron density/10%°m=2;

(c) = core electron temperature/keV; (d) = total NBI heating power/MW,;
] (e) = D-a signal (V), illustrating ELM events
— B;=0.5~0.55T, double-null config.  Biue shades = time frames used for pedestal analysis

e Similarities:

13 /38




Case study 1: MAST vs. MAST-U

MAST-U #45270  MAST-U #45272
e Case study: ?" ?" oo
— MAST-U #45270 and #45272 /Ll \] A
{b)

(Type-l ELMy H-mode with 110) |

long "flat-top")

AT 7
= | )
L \ /
1 1 1 1 1 \ 1
il lssy |n||||-|n||-|-|.% 1 |...|...|..|I|.-I|]

— MAST #30422 (typical Type-I ' i iy
ELMy H-mode for comparison)? (d 1 (d) , §8
* Notable differences in shape: l’ | FJ %
— k~ 1.6 for M, k > 2.1 for M-U. I | N o
— 7~0.19 for M, 7 ~ 0.38 for M-U! M W 0.10
* Higher q95 for M-U Obr ™04 0002 ol4ﬁ%%/sol8 10 1200 02 04 06 /Soﬁs 10 12"
(~4.6 vs. 6.0~6.6) ‘1) =R;/)r|gsma current/kA; (b) = line-integrated electron density/10°°m=2;
e Similarities: (c) = core electron temperature/keV; (d) = total NBI heating power/MW,;

] (e) = D-a signal (V), illustrating ELM events
— B;=0.5~0.55T, double-null config.  Biue shades = time frames used for pedestal analysis

14 /38




EFIT reconstruction comparison

----- #30422 (326ms); ----#45270 (480ms); - #45272 (477ms);
P,.. = Total pressure (and its gradient: dP,_./d,); E—— -
a = normalised pressure gradient; g | Pro/kPa -f’_’_’fﬁf_"_’{fﬂ.---—--""‘;f;,;f’i';“‘?\\

Jnerr = normalised current density ‘ | 002t T 3

(all from EFIT reconstruction) | i“ i
: M

* Comparison between MAST/-U: 1 0%4p 3‘1‘\\;’%
)

: | | ¥

* Notably higher pedestals for MAST-U | 2\ | -o0s! }r

* Deflnltely Steeper and narrower 00.6 | 0i7 . OI.8 0l.9 | 1.0 0.6 I 0j7 | 0j8 l 0i9 — 1.0
pedestals for MAST-U (both #45270and ,, % . .

#45272) — hence significantly highera [° o1 raf e
. i ;E. 112}

* Consequently, peak in pedestal current s} ";p\l\ 10k ,
density also higher for MAST-U (i.e. 6 f ;‘,’; Hooosf m“‘*“‘*:‘aa -
bootstrap current contribution, .l !”,’ Y osf \\\ iﬂ

: ilnl o4t T R/
% dp/d(p) 21 o TR j"l q 0'2: }\\g’ %X\
00.6 0.7 0.8 0.9 1.0 0'00.6 0.7 0.8 0.9 1.0




ELITE results for MAST #30422

* Strongly ballooning-limited pedestal, .0-}'#3(')42'2'(32'65'&5')' o

1
typical of MAST: g
* High mode number: n = 35~40 -

 Stability boundary limiting access to higher

I experiment
B point

m stability
boundary
4 5

NCAROUS
UICOOOCOOCOdD
&

values of a (only ~3), with "shallow" §
pedestal s 5 o[B8 15
. . 06_ g § § § %g 40 35 \i
e Region of lower n ~ 5; peeling boundary : 8 s Gl g 5 3 0
— — 2 5 4 40 do 42 ¢
probably around J .4~ 0.7-0.8 g BER 2 8% il 0
T T T T T T T D 40 40 30 0
| PP SEREEEER IS
SESETRE) ¢
5 30 ¢ %g 13 0
2 39 3B 3 7 49
¥ i
1
i3

O1O1COOOUUIO COOUITIICD OO0

OOOUIUI0O UIOUIOUIIO OOUIUT

PIIUEEEO 06 CECENOIEAAINICIVUICIT OO

O GO0 T OOV OYITITIUTIUUUIUUIUL

NGINPBBEBOID B BRI NG

DD DD IS GHBNIN Db

stable
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ELITE results for MAST #30422

* Strongly ballooning-limited pedestal, .0-}'#3(')42'2'(32'65'&5')' o

1
typical of MAST: g
* High mode number: n = 35~40 -

 Stability boundary limiting access to higher
values of a (only ~3), with "shallow"

v}

0
pedestal g 15
. 1 2
* Region of lower n ~ 5; peeling boundary 0.6- 3 i R

40 :
probably around Jy .4 ~ 0.7 - 0.8 g 5 i L0
- . . - - 40

| P,/kPa

OO CODOOOOED EOOOEEE BBEEEEE55 5 BBNS

PEDDRANANNNNN DNSSS

161(6216,16,(616,(6,(6(6,(6,(6, 6,16)]

I experiment
B point

m stability
boundary
4 5

AN PBARN D DA ACIINPN G O OO

O1O1OCO00QUIIIO M e Ir i /e

DDA N NN BN DA 53 eI OTIOION

OOOUIUI0O UIOUIOUIIO OOUIUT

PIIUEEEO 06 CECENOIEAAINICIVUICIT OO

NGINPBBEBOID B BRI NG

O GO0 T OOV OYITITIUTIUUUIUUIUL

DD DD IS GHBNIN Db

stable
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* Still moderately high n
* Indicative of weaker
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Effect of plasma shape?

* Many plausible reasons for the much improved pedestal
stability in MAST-U.

MAST #30422 2.0f

MAST-U #45272

* One contribution: shaping parameters MAST | MAST-U
(elongation k, triangularity 6, squareness () k| 157 216
* Try "swapping" the shapes and see what 5| 0.50 0.48
happens to the J-a stability diagram! Z| 0.19 0.38
— Keep triangularity the same, modify the other two:
MAST’ |MAST-U’
k| 208 1.56 elongation triangularity squareness
5| 050 | 0.48 !
Z| 029 | 028

(squareness was modified as far as possible) v

1.5

1.0}

77,
272211/
-,
A

. ", 7
e

N\ \\\\
AN

e ——

—

-

N \‘t\
NN §\${\{:\ —




Effect of plasma shape

* Try "swapping" the shapes and see what

happens to the J-a stability diagram:

original
MAST [ MAST-U
k| 1.57 2.16
6| 0.50 0.48
(| 0.19 0.38

modified
MAST' [MAST-U’
kK| 2.08 1.56
6| 0.50 0.48
(| 0.29 0.28

Significant changes in the shapes have impact also on
o and Jy jeq-

Remarkably the stability boundaries are also "swapped!”

MAST-U’ is now ballooning limited, whereas MAST’
has significantly extended region of stability.

0.5

2 [(a) == #30422 (326ms)

—= #45272 (477ms)

z~ original ,,/
// modified -~

* Higher elongation and squareness definitely play a part
in MAST-U's improved pedestal stability.*

5 10

(04

#9: Imada et al, Nuclear Fusion (2024, in review)
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Summary 1: J-a diagram for MAST vs. MAST-U
2.0+ t t } t t t t } t t t t —

IREEEEEE #30422 (326ms); ------ #45261 (475ms); |

---- #45270 (480ms); ———-#45270 (669ms); |

#45272 (477ms); -——#45272 (681ms)

* MAST: definitely ballooning limited
— peeling boundary probably around Jy ;.4 ~ 0.8
1.5+ ' Y=
~) // ;;f i v
5 L AEEET A
= _,/i:mé " ﬁz/'
P ST
’;":/ /'E -;!:121-';-,/ 1
101 g s et
7::4“/ “/éfgw
. T
'. /_/-4 /
:I A T

0.5+
L VIMAST o
) ballooning
n=30~40
Y

5 a 10

22 /38

#9: Imada et al, Nuclear Fusion (2024, in review)
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Summary 1: J-a diagram for MAST vs. MAST-U

* MAST: definitely ballooning limited 2 S S S S
. g (T #30422 (326ms); ------#45261 (475ms); |
— peeling boundary probably around Jy ;.4 ~ 0.8 | ---- #45270 (480ms): ———- #45270 (669ms); |
: . — #45272 (477ms); -——#45272 (681ms) |
* MAST-U: boundaries at much higher J ved and o | 1
e . . . ’ ' N :' o 4'7_;'/
— Definite evidence of the peeling boundary, closeto 17 NP LT T
the experimental points 3 -~ T A
— Stable region extends far into higher values of Jy ,.q ™ | Qee\‘;‘%@ =" hmbi I
. ’ z P S bl
and a; not seen to this extent before LOT 07 gl 5= MAST0: a7 T
If -r.-;”'/ | I//E/:a & T
. higher 147
Nkt AN
o051 ! /yﬁvﬁ-“l - ballooning 1
S MAST i n=30~40
{
5, 1o 15

#9: Imada et al, Nuclear Fusion (2024, in review)
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Summary 1: J-a diagram for MAST vs. MAST-U

* MAST: definitely ballooning limited 2 S S S S
: e #30422 (326ms); ------#45261 (475ms); |
— peeling boundary probably around Jy ;.4 ~ 0.8 | ---- #45270 (480ms), ———- #45270 (669ms): |
, , || e #45272 (477ms); -——#45272 (681ms) |
* MAST-U: boundaries at much higher J .4 and a | ower . o]
— Definite evidence of the peeling boundary, close to 1>T Ieipe‘j/ el |
the experimental points 3 — G
: . . Z 0% e E27 higher
— Stable region extends.. far into higher values of Jy .4 oo -2 o Y 5™
and a; not seen to this extent before 10T N 5= “AST/,;@ o2 T
— Indicative of weaker coupling between peeling and @ igher =,|J'§;i.<,f
ballooning branches (especially at higher Te,ped) ! O
) .. ) 05+ ! /y;’{ﬂr * ballooning 1
* Now, we could access peeling-limited pedestal regime "1 iwmast v n=30~40
(no Type-I ELMs there), if J .4 could be raised while {
keeping a fixed... 9 A L€ @

a 10 15

— then QH / SH modes / other no-ELM regimes!(?)

#9: Imada et al, Nuclear Fusion (2024, in review)
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Case study 2: MAST-U ELM-free period

o i : ——#30422 (326ms); -—-—- #45261 (475ms); - #45270 (480ms):
Extended stability region a general trend for —-—#45270 (480ms); ——- #45272 (475ms); ------ #45272 §679ms§;
MAST-U ELI\/|y H-modes: -—-—-#46773 §46§m$);._.#4,701.8 (320ms); —— general trend
— Weakening coupling between peelingand  ,*°T | ..

. oge Pe
ballooning branches of stability boundary T ) MAST-U
. . o . I ' Peeling-limited

— Contributing to significantly higher J, .4 and i ohase |

o for MAST-U, compared to MAST |

(@) 207"} — #30422 (326ms)

— One (Of ma ny) | —— #45272 (47722) |

explanationin terms | | (b) Definitonof 10|

squareness: . ballooning-limited
of plasma shape: c Type-l ELMy
iz / MAS:]:' ) H-modes
MAST | MAST-U | § (@ ) A 0.5_-_ J/ . 7 ballooning
: WA * At [ n=30~40 unstable
elongation| 1.57 2.16 [ I
- - | stabIeLl unstable
trlangUIarlty 050 048 C_ (AB‘BC) } + + } + 4 + + } + + + } | + + + + }
- AC 5 10 15 ag 20
squareness| 0.19 0.38
2Ok For MAST pedestal stability analysis, see e.g.:
R/m Smith et al, PPCF 64, 045024 (2022) / Knolker et al, Nuclear Fusion 61, 046041 (2021)
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MAST-U high Te,ped, ELM-free period

#45272 [ #46977 [ #47018

3 Ne/10%°m2

#47018 has a notably high pedestal temperature:

* Results in low collisionality:

100ms of no-ELM phase results 45272|46977|47018
in high a (also high N, ,.4) Veepea| 1.66 | 1.45 | 1.28
T, cea/keV| 0.19 | 0.28 | 0.31

al 9.57 | 12.0 | 17.3
Jnpea| 092 | 1.15 | 1.91
#45272(477ms) / #46977(320ms) / #47018(320ms)

' Ne/10°m" 108
106

High J, in the pedestal region
 What about the P-B stability?

| 0.4F

| 0.2}

0 ’ 0.0
06 07 08 09 10 0.6




"Peeling-limited" period with high Te,ped and low v.e,ped#1°

JN,ped

#47018

3F -

Z?Ne/lozomﬂi_,‘//‘\/é elongation| 2.16
1/ 1 [|triangularity| 0.42
1.5F \ E
1.0%\/\‘—\“"\«‘.\,\ 3 | squareness|0.38
0.5F =

I ] Vi 1.28
O'ZE_D(I/V e,ped
0.15 T pea/keV| 0.31
0.0 a|17.3
0.0 0.2 0.4 0.6 0.8 1.0

time/s 'IN,ped 1.91

* #47018 @320ms:

— Unlike "typical” MAST-U cases, no clear
presence of ballooning stability boundary

— (At least marginally) stable to ideal
ballooning modes!

— Lower mode numbers around expt. point:

n=5~15 (c.f. typically 30 ~ 40)

— More "peeling-limited" than ballooning!

#10: Imada et al, PPCF (in preparation)

#47018 (320ms) v/a.u.
35 unstable BRI A g 2o
' peeling P s
b 530" 3¢ 50 ,,
oundary R £ o o

3.0 10 254 e 0HOSS 5 35 o O 2.0
15 § 1g 10, 154975 40 35 40
S 10 4 5 40 5 5

5 9P (5} 30

10 520 4

4f
5 100 5 5

1.0

0 909 252 &)1010
0 30 20481010
20 15455

(<o)}

0.5

i

(&)
: . no clear "

1.0 - : _ stability
2 ballooning / boundary
5 .
15 experiment
3 boundary po?nt

5 10 15 20 25 30
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"Peeling-limited" period with high Te,ped and low v.e,ped#°

#10: Imada et al, PPCF (in preparation)

#47018 #47018 (320ms) V/au

3F -
Z?Ne/lozomf’"//‘\/é elongation| 2.16 JN,ped LA T,
1/ { |triangularity|0.42| 3.5

15F E
1.0% '\/\‘—_\"“\«‘.\A - squareness| 0.38
0.5F =

0.2 Ve ped 1.28 3.0

unstable

peeling
boundary

2z

5 30 37 39 40
40
5 515 © 15 _A0 40 4o

10105 5 %5 35 , ° 2.0

-Da/V 10, 154975 40 35 40
0.1k / T pea/keV| 0.31 2 32 1 6 540 5 5 5
0.0 al17.3 25
00 02 04 06 08 1.0/ ; To1 1.5
time/s N,ped| +- S ;
e #47018 @320ms: = S 15 20101G

20 & 15 ¥ 101010
14 20 10103@ 1.0
40 | 57010
01010 [™E
1010 0.5

/ stability
— Lower mode numbers around expt. point: ba"oonmg boundary

n=5~15 (c.f. typically 30 ~ 40) boundary Sgliﬁfiment
— More "peeling-limited"” than ballooning! 5 10 15 20 25 30

— Unlike "typical” MAST-U cases, no clear
presence of ballooning stability boundary

— (At least marginally) stable to ideal
ballooning modes!

RN
(@)
(e
(SFS
So o,

Na
oo

RN
(@)
1

S0t (n

I 0.0
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O
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"Peeling-limited" period with high Te,ped and low v.e,ped#1°

elongation| 2.16

triangularity| 0.43

squareness| 0.38

T
0.5 :

: : Vs 1.29
O'ZE_D(I/V e,ped
0.15 T pea/keV| 0.31
0.0 a| 14.5
0.0 0.2 0.4 0.6 0.8 1.0
time/s 'IN,ped 1.43

* #47018 @346ms:
— Still lower mode numbers around expt.
point: n =5 ~ 15 (c.f. typically 30 ~ 40)
— Still high T, .4 and low v, ;.4

— Expt. point drops in Jy .4 and a (MHD
modes starting to grow, prior to ELM?)

#10: Imada et al, PPCF (in preparation)
v /a.u.

v T L L] L T T L T 510 10

15 2.5

#47018 (346ms)

N,ped RS

35 |
peeling
5
boundary unstable FE T
3.0 10 5 .5 2.0
5 9 i
1515 4 5 2
15 49
20 12, i 10 10513%25 85 42 431
35 2020 153 3010 38 P70 3040 =
2.5 10 2093 J0'8 10,3470 0 Wy

£ 40 2 35 3%0 1.5

[6,ISIETEN

1.0

stable

= oSG
OOOOUU"U'IU](ﬂU'I

e

0.5

/ stability

. boundary
experiment

0.5 | point

5 10 15 20 25 30

I 0.0
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"Peeling-limited" period with high Te,ped and low v.e,ped#?

#10: Imada et al, PPCF (in preparation)

#47018 #4.70'1.8. (386ms) v /a.u.

3E = J — e
2;-_Ne/1020m ; ’\//‘\‘/é elongation|2.18 | “"Ped{ B 25
1: T 20 10 -
/ { [|triangularity| 0.48 39 | s

5 5

15 = | peelin
1.Oé_Te/ke /‘"‘\M\\A = squareness| 0.38 1 ch)>undafi
! E | Y
0.5 : 30+ 2.0
02: 3 V*e ped 0.97 b !
- %—Da/V % ’ T i 35 30
015 : Te'ped/keV 0.35 I - ;0%5 _ 3010 3 5155202
25 | 205 10185 525 205 5000
00 02 04 06 08 10 o 114 T 5 3 %8135555555?05 Bts, 1.5
#47018 @386 . | t‘irrie/s Iy ped 1.35 1 P 5 2% 488 Fios 400025
* mSs: ) 20 >
— Even after the ELM crash, still high T, .4 1.0
’ S
30
and low Vi, o4 1.5 |EP
— But pedestal is wider (~ 6.4%, compared 0.5
to ~ 5.5% before the ELM crash). 1.0 1 < et stability

boundary

— Still no clear ballooning boundary, and experiment

lower mode numbers around expt. point! 0.5

ballooning
boundary




Not peeling-limited period, but no ELMs either

#47018

3E -

2;-:Nellozom 2 _/—\/é elongation| 2.13
1/ 1 |triangularity| 0.51
1.5F “ E
1,0W T~ | |squareness| 045
0.5F .

i ] Vi 1.45
0'2§_D(1/V : e,ped
0.1 T pea/keV| 0.23
0.0 a| 10.7
0.0 0.2 0.4 0.6 0.8 1.0
time/s 'IN,ped 1.08

* #47018 @523 ms:

— After an increase in triangularity* (and
squareness!), pedestal performance drops

— Parameters more typical of MAST-U
— Ballooning boundary is back, with higher n

— But no ELMs (reasons as yet unclear...)
e (will return to this later...)

* This was designed to be a triangularity shift experiment.

JIn

oa 27018 (523ms) _

P

2.5 peeling

boundary

2.0

marginally

stable
10 (2

5 é % 05

k stability

0.5 g"g ballooning / boundary
30 gg boundary S)(;?netrlment 0.0
—t ——t—t —— e
5 10 15 20 25
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Peeling-limited phase with high Te,ped and low v.e,ped

. . e . s . . #11: Miller et al, Nucl. Fusion 27 2101 (1987)
* BALOO#*!! analysis confirms stability against infinite-n ideal ballooning modes
o4 04

1 — e ; R —— ,
15 [#47018 (320ms) ' 15 [FA708 (386[rr?<§2ELM period] 15 Tﬁé’éﬁiﬁﬁim ularity]
[no-ELM period] Edge region stable & Y
10 | 10 | N 10 } |Edge region unstable -
stability
unstable
N stable | ol boundary |
unstable stable I
o . /. 0070-7 ? ] 0 b .
: : : : : 0.6 0.7 0.8 0.9 1.0
0.6 0.7 0.8 0.9 Uy, 1.0 Yy Yy
Inped #417018('320msl) v/a.u. JN,ped-#47.018(?.’86mS.) ' ' v/a.u. In ped #47.0,18(5.2&?3). . ' v/a.u.

I unstable 1
3.5 3.5 | 2.5 -

3.0 10 25 EERE - 2.0 3.0 1
- 155 5 10 5 0 ]

2.0

25}
15 1

1.5 1

1.0 1.0

0.5

p li li stability
103 ngt)al?rlllclitgry ?)tc?l?rglggry 0.5 / boundary t
experiment experiment experimen

p 0.0 0.5 poipntl 0.0 . ‘ . point N 0.0

point
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#47018: Why ballooning stable?

#45272 [/ #46977 [/ #47018

* Is this an exception? Compare with #46977 again:

a/V
0.1
0.0
00 02 04 06 08 10 time/s
#46977(320ms) ¥/a.u. #47018 (320ms) y/a.u
2 | Typical ELMy H-mode 2 + ELM-free H-mode 2.5
=~ 1 n=30~40 unstable =~ 1n=15~20

30_" ballooning-limited

I peeling-li

- 2.0
| 2.5 1
2.5 | 1.5 1.5
2.0
2.0 1 ¥,
1.0 o2 En 1.0
1.5 1.5 9
: 29 stable
0.5 :
1.0 >

stability

boundary

experiment
| point

s 1 15 20 25

0.5

stability
boundary

experiment
| point
o 5 10 15 20 25

0.0

o
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#47018: Why ballooning stable? g ;

60 3

L 40 3 004 B
* #46977 and #47018 (also #47020) were identical 203 s oo °
in setup, except for triangularity increase later = 83 DN R AL A 0.08 =
(350ms+) in the latter two. T 603 | by 0.06
S 40 3 0.04 3
* Clean ramp-up, no "IREs" — internal recon- g 203 , 002 2
c c N T Y T « A A I L L L L R L L ~
nection events, which typically upsets plasma ¢ . ¥z El 195 o
. . . . = | c
(with dips in current / temp. evolution) 60 3 010
(b) #46977 #47018 #47020 20 3 . 0.05
300F - - Lo SRR - csSEuRR =
< 300:0) o 0 | 010 015 020 025 030 035 040 045 t
300¢ : : : : : : : 45 time/s
$H * However, difference in the onset of g=2
o MHD modes...! (prevalent in MAST-U)
£ 2f :
t 1 * No modes appearing for #47018
1.5
Zadt 1 * Also, shorter Type-Ill ELM period (¢ ¥¥)
0092=:(V) 1 :“:(V) (i-)-pl-asm'a current; (ii) NBI' power;
>01 % Ll l w’ﬁ’ 1 L i m ] L, h? (!u) line int. electron density;
0.0 (iv) core electron temperature;
0.1 0.2 0.3 04 0.1 0.2 0.3 04 0.1 0.2 0.3 0.4

time/s time/s time/s (v) Da signal (ELMs) 34 /38




#47018: Why ballooning stable?

. 20 3 004 O
* No g=2 core MHD mode appearing for #47018. 207 0.02 &
I L o L L AL S o
* Also shorter Type-Ill ELM period. > « #47018 | 882 =
: : : > § - PR
* And comparatively high q95 (8~9 instead of 7~8) & i 88‘2‘ 2,
) 1 . —
. . =) e e — <
resulting in...: o 0 El 015 3
& 80 ; :
i : ‘ 0.10 <
* Initially high pedestal temperature e o
. : 20 3 .
 Low collisionality as a result (v* oc n/T?2) [ el , _—
. . . . . 010 015 020 025 030 035 040 045 time/s
 Allowing for higher peak in current density = gre——#46977 #7018
< 600FTh) (08 : 46977|47018
: : 200F I :
* Hence higher J .4 for given a, and more s e | V| 145 | 128
S 2 E (i 3 2
stable plasma edge Y - | T, pea/keV| 0.28 | 0.32
: e 3 (i i
e .. plasma far away from the ballooning T It T ] al 12.0 | 17.3
boundary, pedestal is peeling-limited, 10 Y1 Jypea| 1.15 | 1.91
. L£o5 3 :
and no ELMs triggered! 0.0 El“, |
> .
(ELMs do return, as MHD mode eventually appears after 350ms) gé : l

04 0.1 0.2 0.3 0.4 35 /38




Summary 2: ELM-free period in MAST-U

——#30422 (326ms); ----- #45261 (475ms); - #45270 (480ms);

* High pedestal temperature, low collisionality case: s —— L e
— Stable against high-n ideal ballooning modes P E— £

Peeling-limited |
phase

— Peeling-limited with much higher J .4 and « .
— Longer inter-ELM period

) ballooning-limited

* Key ingredients:

Type-l ELMy
— clean, smooth ramp-up _ H-modes
. ) Mo > ' 05- & ballooning
- aVOId q=2 MHD mOde 12032552205 12551:)0 ° o ‘ \E" |{ ' / n=30~40 unstable
% 25 15, N5 40 stable\ unstable I
— achieve high pedestal | TEh EEirpgsless o T T
temperature,
. . . W 1146977
low collisionality &
20
— others? R e
* (work ongoing!) 51 2y 2 stable Z a0
55 o 20
stability g ’ #47020
3 / boundary = 28
RRoon 2




(mini) Case study 3: No-ELM period with high triangularity

#47018 / #48344 _ #47018 / #48344 (523ms)
0.6F - w34, 1 6.0 X — 1.5 0
04f ' |12
0.2F ./triangularity 4,51 o '
3ENe/10%°m™ (0.9
20 3.0 |
1L 0.6
1.5ETe/keV 1.5 03
ég W ne/1019m—3 g .
| 0.0 0.0
0.1508/V 0.0 025 050 075 1.0 0.0 025 050 0.75
0.0 Sitts t- #47018 | #48344
0.0 0.2 0.4 0.6 0.8 1.0
time/s Pye/MW| 3.20 3.22
* Also seen in more recent MAST-U elongation| 2.13 2.9
experiments (08/'23: #48344): Hrianguiarity| 051 0.6
— After the increase in triangularity, squareness| 0.45 ~0.4
ELMs disappear (but noisier Da signal) Veepes| 1.45 _ 0
— Still in H-mode, albeit little degraded T.oea/keV| 0.23 0.24 05 10 15 20
— QCE? EDA? Further analysis needed! a, Jy ped|10.7, 1.08| ~20, 1.3 Y —_




Summary

——#30422 (326ms);---—-#45261 (475ms); - #45270 (480ms);
(@) 20 77T —— #30422 (326ms) ——#45270 (480ms); ——— #45272 (475ms); ------ #45272 (679ms);

) I m p roved ped esta | Sta bi | ity i N MAST_ U . V — E ;;4:2-7.2 (4:7m5) 2—;_—»#46773 (466ms);—— #47018 (320ms); — general trend
— Plasma shape plays an important role S SE j

) phase

10}

* ELM-free periods in some MAST-U shots "l : ey

/-/":__‘/"ls:‘f;ble/'///’ S g //ballooning-limited
i /" Type-l ELMy
(=""F%¢ MAST, ) 1?’;/ o \!‘f/ H-modes

— Ballooning-stable, peeling-limited |
- ~ e I e
— #47018, also seen inJan. 2024!: #49360 *% = calrane [

R/m ‘ . ‘ .
. % 5 10 15 q 0
— Need hich T low v L #47018 (320ms) e
g e'pEd’ e,ped N;e: 00 Bere 2 s 5 T 800(_b) #46977 #47018
— Or, EDA mode with very high SHENEIEI <0
- . #49360 30 5 010 R 20 :
triangularity..? s H
400F 1
200¢ Ip/KA \E 254 1 1,5|I~E 13 .
; s 2F T
* More expts + S 1 _
1.0 I.SV\
020 f 3Lt 3
10 2 30 4 388 E
05 0.2 (v) I (v)
ngtjmijtgry > 8-(1) L L l
experiment 0.1 0.2 0.3 04 01 0.2 0.3 0.4
lpolnlt 0.0 time/s time/s

04 06 08 1.0 1.2 520 25 30 o
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