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» Upper divertor upgrade in AUG
 Alternative divertor configurations (ADCs) explored

» Supporting the full-W ITER
« Boronizations and their effect
« ELM-free and small ELM regimes
 Impurity transport
* Model-based predictions
» Tailoring of the current quench

« Summary
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Long shutdown for installation of new upper divertor (Divllo) upg”de

AUG 32587 4.200 s exp micdu diag EQB ed 6
I,=1.2 MA, 3,,= 1.2 (10-15MW)

Outer div.
With tungsten
coated targets

1.0 1.2 14 16 1.8 20

ASDEX Upgrade went through a ~2 yr shutdown for installation of the new divertor
 installation of 2 divertor coils inside the vessel, a cryopump and a new set of flat tiles
« aim is to study the physics element of alternative divertors (SF, X-divertor, sCRD)
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Upper divertor upgrade @S&Sée

ﬁNew charcoal

coated Cryo pump
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Upper divertor upgrade @Sg%ée

S Sss SRS —
In-vessel bending
of in-vessel caoill

Bending

machine
Unspooler
and
straightening
machine
ke
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l. Zammuto SOFE 2025
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Upper divertor upgrade &@S&Eﬁe
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conductor bending
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Upper divertor upgrade @Sg%ée
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Upper divertor upgrade
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Flat tile target in the upper divertor fulfills tolerances &@9“"9

Divllo outer, measurements 06/24 after correction
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Strict tolerance requirements to avoid

leading edges

« alignment of most exposed tiles by
excentric bolts on the lower side

Papyex pad I
Eccentric bolt * height offsets below 300 um were met
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No leading edges detected for both field helicities @3@&

#41980, B, = +2.5 #41982, B, = -2.5

Both helicities with 4.5 MW ECRH heating, symmetric flat divertor tiles with no tilting
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Alternative divertor configurations (ADCs) explored
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« All envisaged configurations

* Up to ~20 MW of heating

 Ip=0.6-1.0MA
« Seeding of N, Ar, Kr

« Detachment

All Alternative Divertor Configurations (ADC) achieved!

(world record in ADC, P/R~12)
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Very good Diagnostic Coverage in new Upper Divertor @S&%ﬁe

115 [AUG #43036 @ 3.1s, preliminary 30
Example: electron temperature l 55
1.10 A
. Quantitative agreement in low density L-mode M -
plasma between: ok, 20 E
1.05 - [ ] [ J ' - é [ ] [ J [ J o [ J q)
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é [ J [ J [ ] [ J [ J [ [ J [ [ J o"oxox 15 E
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_  Gas puff imaging (GPI) S R 10 E,
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Evolution SN — XD — SF- confirms Power Spreading

Z[m]
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» Discharge going through various
divertor configurations
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Evolution SN — XD — SF- confirms Power Spreading | G
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Evolution SN — XD — SF- confirms Power Spreading
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» Discharge going through various
divertor configurations

» Power spreading observed

« SF- marginal in this discharge
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Unprecedented wealth of profiles in the divertor plasma @%‘9
XD SN

AUG:  #43265(XD) #43266(SN) Z[m] EQI t=3.0s Z[m] EQI t=3.0s
o ' 1.2 '
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« XD detaches at lower N level than
conventional divertor (CD)

15 20 25 30 35 40" 15 20 25 30 35 40
time [s] time [s]
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Supporting the full-W ITER
« Boronizations and their effect
« ELM-free and small ELM regimes
 Impurity transport
* Model-based predictions
» Tailoring of the current quench
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Supporting the full-W ITER
* Boronizations and their effect

« ELM-free and small ELM regimes
 Impurity transport

* Model-based predictions

» Tailoring of the current quench
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Non-boronized startup with less power challenging &@We

400 w/0 boronization # 41729 i # 41729
2 L
<> I =71 Radiation
200 1t
100 - IM‘““'/ ECRH Heating
ok . . T 1] SR S B
500 . — 3
a00 | with boronization # 41738 ] # 41738
55300 | §2
200 o 1
100 _ Radiation
ob . . . ok . . . .
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Time (s) Time (s)

V. Rohde, PFMC 2025
Restart after long vent was done with cleaned W-surfaces but w/o boronisation

« difficult to establish stable plasma discharge, but relevant number of runaways observed
* Dboronisation immediately led to stable plasma discharges
Strong recommendation towards an ITER boronisation system for start-up
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Boronizations are more homogenious than expected

C

o
w

(B deposition) ]

= QMB

i m Manipulator ”
-1.5 %}@ Gasinlet

Important question: required number of anodes to achieve homogeneous coatings

« |ITER prediction tool applied to ,half boronisation® in ASDEX Upgrade predicts inhomogeneity
by large factor ~100 (!)

« measurements using quartz micro balance show reduction in S8 by only 35%
« Possibly linked to a lower B-sticking coefficient (measured ~0.3) than in model (1.0)
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ASDEX
. . . Upgrade
Boronizations are more homogenious than expected &g
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Important question: required number of anodes to achieve homogeneous coatings

« |ITER prediction tool applied to ,half boronisation® in ASDEX Upgrade predicts inhomogeneity
by large factor ~100 (!)

« measurements using quartz micro balance show reduction in S8 by only 35%

« Possibly linked to a lower B-sticking coefficient (measured ~0.3) than in model (1.0)
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Erosion data for boron and tungsten taken during limiter phase G

Limited at outboard limiters:

1st discharge after boronization 2nd discharge after boronization
Good diagnostics + small active surface
W-erosion visible at 2.4s W-erosion almost steady
#41876 @2.0s 30 V 1 30
# 41876 Boron # 41877
— o5 Boron o5
1.0 > Mydnur
‘_ 20 ¥ } M\vﬁ_‘ 20 - V ——
ood set of data Al e
=0 — Modelling with SOLPS benchmarking ITER predictions 4
= |s W-self-sputtering dominant? a0 =
0.0} ==P-\lore ECR
— J Hobirk, FEC talk, Friday 5.10pm
) il
05t = B | 6
X
2 4 I ol s | 4
Y— ,.,z-"’ d
10} C 2] s Z
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Supporting the full-W ITER
* Boronizations and their effect
« ELM-free and small ELM regimes

 Impurity transport
* Model-based predictions
« Tailoring of the current quench
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Quasi-continuous exhaust regime (QCE) @55&

« Small ELMs at high gas puff
« Good Confinement, H98~1

. . . . ASDEX Upgrade
Large (A,), i.e. power spread in divertor T ¥ 36165
- New: Understanding of access (next slide) 0 * ’\QCE
« New: GRILLIX modelling of QCE N Vi
W. Zholobenko FEC Talk, _
Wednesday 3.00pm E 6
uU'
=~ 4
2
0
0
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New: QCE as a consequence of ballooning vs. peeling-ballooning stability &@E&&

YN

6 k=1.7,86=0.3,n;5,=5
; Qequilibrium :

S crit,n=inf |

4 | :

3 3 Umax,crit (PB) : ;— 6
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2 : | s
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ol Qodge,crit (QCE) 3 [
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12 55

e
Qedge, crit (QCE)
Qmax,crit (PB)

M. Dunne FEC Talk,
Wednesday 4.30pm

* Infinite-n ballooning stability (local calculation)

* Finite-n peeling-ballooning (PB) stability applies for full

pedestal (o4 it Used as proxy for PB limit)

* Experimental a-curve increases with more sh

T.Putterich for the AUG Team

L. Radovanovic NF 2022
L. Radovanovic NF 2025
M. Dunne NF 2024

1 2 3 4 5 6

Sd - K2'2(1+5)0'9
* Finite-n PB stability improves with shaping more than
Infinite-n ballooning stability

Related:
EDA H-mode
G. Grenfell FEC Poster,
Friday 2.00pm
Machine Scaling of n¢sep
D. Silvagni FEC Poster,
Wednesday 2.00pm

- More shaping gives access to QCE
JET and ITER have access to QCE

Sufficient pressure (density) at the edge neccessary
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X-point radiator regime (XPR) &@S&Eﬁe

* no ELMs
° H |g h d ens ity Radiator position above X-point — AUG #36655

E Setvalue
10 F
. t  Actual value
« Good Confinement, H98~0.95 .
6 -
)
* Fully detached, well controlled i
AUG #36655 T
3 -2t
{25 75 gy 2000 MW/m
Y 6
HFS \ Baitis Confinfement (C) I _ -
SOL L region = NBI
y’ 16.00 MW/m?® §y4 - ECRH
D.E 5oL -
oL — I .
\ _— 12.00 MW/m? )
Vol. recomblnatl?n D+ particle flux o FH,
. [ ow
8.00 MW/m? :
m 0.5 | I“ 'W ' ELM free
: i | , , , AXUV outer div. [a.y.] | , ,
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Time (s)
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X-point radiator regime (XPR) @S’Er%e

* no ELMs
° . H Radiator position above X-point AUG #36655
High density E setvaie
« Good Confinement, H98~0.95 o; Actualvalue
 Fully detached, well controlled - 4
 New: Model for Radiator position ST
* New: GRILLIX modelling of XPR of
g | N
1o° = 4F ECRH
107! 0'52_ II.__, -
10-2 or . | . L ) .
: H98
103 o
106 05| ‘u }W ELM free
107 : ’ p—_—, AXUV outer div. ol .
100 0 2 4 6 8
10° . Time (s)
ol R Al
. W. Zholobenko FEC Talk,
Wednesday 3.00pm
T Piitter o o
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Negative triangularity (not ITER) &@g\%ﬁe

* no ELMs (L-mode): was not yet reliable at AUG (1appei nF 2023, vanovac PrerF 2024
» Good Confinement jrocheion NF 1999, Camenen NF 2007, Austin PRL 2019, Marinoni RMP 2021, Happel NF 2023]

« AUG at high heating power: confinement not yet impressive; possibly seeding is key

|5
I 2 g —
AUG -8 L l:
> 6=0.1 :',.' ::
. 0_8 | g 6 1 |
New: Avoid H-mode / ELMSs: ? 6
o
« MHD code BALLOO shows closure of the = ?
2nd stability with stronger shaping = 0.0 s 4r
—o0.8/| 2
L ) L ) 0 L L |
121518 2.1 0.88 0.92 0.96 1.00
H . . fs.
i =1 © R (m) v
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ELM avoidance finally achieved in NT, and well predicted

 This campaign, 6,,¢ and 6,,, more negative than reference
« ELMs avoided throughout the discharge
* Prior to AUG experiment, target shape at TCV

1.001

=> did not show ELMs 0.75
AUG # 43114 oo AUG # 43119 0.501
6.0 — NBI ’ — NBI
_ — -~ ECRH _ —-- ECRH
= 45 ES 4.5
£ = 0.251
[} @
£:0/  NBI f:00  NBI ~
g g = | e 40470
§ 15~ ECBH §15- ECRH :]' 0.00 m— 43119
0.0 T T T 0.0 T T T
2.8 3.0 3.2 3.4 3.00 3.25 3.50 —0.251
Time (s) Time (s)
2.4 _ SUV:STL1A18 2.44 _ SUV:S7L1A18
6upper - '037 6upper - '056 0.50
s Olower = 0.10 31.6- Oiower = 0.01 e
> ; 2
2 | RN b D rv
£ T T A 5 MWWWMW —0.751
a 087 Diode bolometry | &°*] Diode bolometry
("ELM monitor”) (“ELM monitor”)
0.0 ; . : 0.0 ; : T —1.001
2.8 3.0 3.2 3.4 3.00 3.25 3.50 :
Time (s) Time (s) y : : . T r
I N . /'?5\\\ 1.0 1.2 1.4 16 18 20 2.2
I I I I COLUMBIA ‘“\\//’)) R [m]
Fusion Research Center \:/
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Supporting the full-W ITER
« Boronizations and their effect
« ELM-free and small ELM regimes
 Impurity transport

* Model-based predictions
« Tailoring of the current quench
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Impurity (neon) transport in the pedestal using superior method @5%6

* New improved method:
- Bayesian inference using edge and core CXRS
* Ne?* to Ne'%* at edge

radial plasma
sweeps

T.Putterich for the AUG Team IAEA FEC 2025, Chengdu, China | October 14th, 2025 33



D [m2s1]

v/D [m™]

Ne transport exhibits strong non-neoclassical diffusion for L-mode & QCE
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—— neocl. calc. (NEOART)

neocl. calc. (NEO)

M posterior distribution

#40014 L-mode

mode

#39461 QCE regime

[ TTTTI

[ TTTIT

—————

| YRARLLL

#39084 type-I ELMy H-
[ [

/

[ TTTI

T TTTII
o

R

|'

l
l

I
l

~6 Hz
ELMs
Inter-ELM analysis!

 ELM-averaged analysis

|
0.93

T.Putterich for the AUG Team

0.96
ppol

|
0.99 0.90

0.93

|
0.96 0.99
ppol

|
0.96
ppol

0.90 0.93 0.99

ASDEX
Upgrade

* L-mode: Clear
additional transport
(w.r.t. neocl.)

* Type-l ELM H-mode
inbetween ELMs:
Consistent with neocl.
transport

« QCE exhibits strong
additional transport,
weakening neocl.
transport at pedestal
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He exhaust including all details: ELMs crucial for div. compression @35&

e =Ineffective
/’ cryo.’ on He

m—>

Iowar_ds
turbopumps

Renning
gauge

lonization source from recycled He atoms [m=3s]

N

1.2 1.3 1.4 15 1.6 1.7

Bl eaked He flux

Nye2+ core [m_3]

Reduced model to self-consistently simulate He transport & wall retention [']

x10%

1.01

I
S

e
>
f

o
'S
L

e
)

Modelled vs. measured ~ #39149

He density in AUG core

0.0

1022

1 021

Time [s]

SOLPS-ITER: strong He leakage
from divertor (high ionization
energy of He atoms) (24.6 eV)
reduces compression [2]

[1] Zito NF 2023
[2] Zito NF 2025
[3] Zito PET-20 2025

® Experiment

Full model with wall retention
and inefficient pumping (AUG case)

Model w/o wall retention (fully
recycling wall) and inefficient pumping
Model with wall retention and improved
pumping (Spump = 7 > 127 m¥/s)
Model w/o wall retention

and improved pumping

I * Retention of He atoms in tungsten-wall &

poor pumping (no cryo) cause slow He
decay times []

* He divertor compression:
In experiment larger than in
SOLPS modelling (w/o ELMs)

« => ELMs (or equivalent)
important!
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Supporting the full-W ITER
« Boronizations and their effect
« ELM-free and small ELM regimes
 Impurity transport
* Model-based predictions

« Tailoring of the current quench
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Integrated modeling on ASDEX Upgrade matches W-transport closely @’55&

gl (@ AUG# 32408

S | Prad,bol
g 4r ’ 2 - Prady\\-‘.

» Simultaneous modelling of core plasma and = , A
impurity profiles (FACIT+NCLASS+TGLF-SAT2) ol ; ‘-—-\_\__\_

11111

. . . h iw - _; im "\
« Quantitative agreement in L-mode and H-mode  1p-3} Cgviw(o-ﬂx L7 == a(0.5) ,/' .
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L : . v]\("‘l‘l ]
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* W-accumulation in ECRH power scan well

il .
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W convection [m/s]

Same Framework for ITER: Core W-transport in ITER is benign

ITER core
OF ] SR A------ A-
: turbulent neoclassical
-5t A -0.1¢t
kA
,,,, - _o02l turbulent
~10 A neoclassical
_ A -0.37
15 I / ITER 15 MA
0 / i H-mode
AL 04— e
0.0 0.5 1.0 1.5 2.0 0 10 20 30 40 50

ECRH power [MW]
(+ 30 MW of NBI)

ECRH power [MW]

(+ 8 MW of NBI)

ny normalized at ped. top

o

N W B U1 O

ASDEX
Upgrade

L ITER 15 MA

Different from AUG, the inward pinch in ITER is not expected to lead to W accumulation
 turbulent outward transport strong enough to overcome inward pinch even w/o ECRH

D. Fajardo FEC talk,
Friday 4.10pm

T.Putterich for the AUG Team

i neoclassical

i PECRH [MW] temperature

I screening ]

-0 -20 NE
10 -450 |

| turbulent peaking ]

I R/Lp, ~ 2 > : ]

I — e : ]

00 02 04 06 08 1.0

ptor
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pgrade

Integrated (pedestal+core) modelling of H-modes: size scaling optimistic U

T T T — | gyro-Bohm: Wy, « R3 X 10F ) ) 1 25;
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The IMEP framework, validated on C-Mod, AUG and JET, was applied towards ITER

« combines TGLF core and peeling-ballooning / critical gradient pedestal to be fully predictive
« scans are compared to predictions by IPB98 and ITPA20-IL empirical scalings

» Prediction to ITER Q=12, dependent on toroidal rotation
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. AS\DEX
OUtllne @grade

Supporting the full-W ITER
« Boronizations and their effect
« ELM-free and small ELM regimes
 Impurity transport
* Model-based predictions
« Tailoring of the current quench
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Disruption mitigation by shattered pellet injection: @33%8
Optimum shatter geometry &/
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Highest prlorlty by ITER: optimum shatter geometry

« rectangular shatter head with lowest inclination (12.5 degree) 0.3
showed highest f..4 per Npeon

To2

N,con [#atoms]
« attributed to highest assimilation of material
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Disruption mitigation by SPI: pellet doping by Ne allows tailoring of CQ @55&
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Ne doping of D-pellets allows to ,tailor’ the current quench (CQ) time via the radiative fraction
 fastest current quench avoids significant VDE, but creates highest E-field (runaways!)
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Outline &@gme

 Upper divertor upgrade in AUG
 Alternative divertor configurations (ADCs) explored

e Supporting the full-W ITER
« Boronizations and their effect
 ELM-free and small ELM regimes
* Impurity transport
 Model-based predictions
 Tailoring of the current quench

« Summary
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@SDEX
Summary Upgrade

« AUG is back in operation with new upper divertor capable of ADCs
* In-vessel coils, charcoal cryp-pump and flat SP tile geometry
« Comprehensive diagnostics suite
 All accessible ADCs have been accessed and a wealth of data was taken
* Full-W ITER is supported with vartious experiments
« Good boronization symmetry with fewer anodes possible
 Limiter phases in AUG for benchmarking ITER-SOLPS
« Small/no ELM regimes (QCE,XPR, NT), modelling & understanding improves

« Pedestal impurity transport in QCE: additional diffusive component weakens
neoclassical effects

 Predictions from benchmarked integrated models suggest low W-peaking and good
performance (Q=12) in ITER

* Ne content in the shattered pellet injector allows for tailoring the current quench
R there is more for which | did not have time to report on.
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