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Motivation g e

Envisaged steady-state EU-
. ITER DEMO |
DEMO scenario °  ITER
0-D 0-D o 5|
ASTRA Ansatz ASTRA Ansatz 8
Derived from 0-D considerations Po. 380 400 1940 2000 >
and 1.5-D ASTRA simulations (MW) 5
R(m) 62 6.2 8.09  7.85
a(m) 2066 2066 2.695 2.616
Goalpost for scenario B(T) 45 4.5 377 5.6
I, MA) 9 9 14.85 14
development at AUG H 1.3 1.4 1.2 1.2
B 3.07 3.5 3.4 3.5 o 5
_ Gos 4.82 4.5 481 45 g 4
Develop and verlfy models on fos 0.624 0.62 0.62 0.62 :% 5 | |
SUCh plasmas to a”OW fmd.corc 0.525 0.3-0.7 0.717 0.72-0.78 ‘%
, 0 3.8 3.3 16.8 17.4 2 i
extrapolation to future FPPs fin 139 124 117 12125 AL A O 6 o

0 | | | |

[Zohm NF 2017] o1 03 05 07 09

minor radius p
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Motivation g e

Envisaged steady-state EU-
. ITER DEMO |
DEMO scenario ° ITER
0-D 0-D o 5|
ASTRA Ansatz ASTRA Ansatz 8
Denved fI’Om O'D COHSIdeI’atIOnS Pl'us 380 400 1940 2000 :q%
and 1.5-D ASTRA simulations (MW) 5
R(m) 62 6.2 8.09 7.85
a(m) 2066 2066 2.695 2.616
Goalpost for scenario B(T) 45 4.5 377 5.6
I, MA) 9 9 1485 14
development at AUG H -~ 13 14T T T12T T T 120
| Bx 3.07 3.5 3.4 3.5, o 5
: 'gos 482 45 481  45] g 4
Develop and verify models on o TTT0624” T 062 T 062" T 0.62 = 5l |
SUCh plasmas to a”OW fmd.corc 0.525 0.3-0.7 0.717 0.72-0.78 ‘%
, 0 3.8 3.3 16.8 17.4 2 i
extrapolation to future FPPs fin 139 124 117 12125 AL A O 6 o

0 | | | |

[Zohm NF 2017] o1 03 05 07 09

minor radius p
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Outline g

dos =~ 5 hybrid scenario gy, > 1

qos = 5 flux pumping scenario gy = 1

qos = 4 counter-ECCD scenario gy, > 1

Summary
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Outline ;

qos = 5 hybrid scenario gpijn > 1
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Scenario Overview: high fy, with off-axis CD |

| BN —_— Vioop [3 V] :

#32305

qos = 5.3

I, = 800 kA

B, =25T

Py < 125 MW

Prc < 3 MW

(ne) < 6x101% M3 g

~

[Bock NF 2017]
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Scenario Overview: high fy, with off-axis CD |

3.0 —= .
2.5 T
#32305 2,00 | i - -
0 SR RV et |
o e B

Gos ~ >3 05k i
Ip m— 800 kA 00_ _ _______ ' :

PNI < 125 MW 1.0H | | | |
Pgc < 3 MW 0.8 = , : , s 20

(ne) < 6x109 M3 = 06, - ------ E 15 ..... -

204
~

0.2
0.0

0'8.0 0.2 04 06 08 1.0
time [s] Ptor

[Bock NF 2017]
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Scenario Overview: high fy, with off-axis CD

ASDEX
Upgrade

3.0 - I T | |

osll— BN — Vioop BV] |1 /TN il
#32305 0.0 Hos B (AR ]

1.5F---—--4-- GAREEREREEE 000 . . .
dos ~ 5.3 N A | [
I, = 800 kA 0.0\ T - M/\i i
B, =25T If AUG were super-conducting:
Py < 12.5 MW | flux consumption low enough
Pec < 3 MW 03 _ for >400s operation
(ne) < 6x101° m-3 g 0.6 /88 Ulhids oo S 1.5 4

= 04 = 10

-2 05

0.0
[Bock NF 2017] 1I 2I ZIS éll 5I
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0'8.0 0.2 04 06 08 1.0

ptor
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Understanding Ideal MHD Limits Quantitatively E

= Stability limit can be quantitatively 10— CéSSI!D/STAR!\?VAITL — .

— 32456@3.14 s
— 29100@1.63 s

understood

= g-profile is key factor A
g e

= Presently installed AUG cond

v [1/s]

offer little stability gain £ .

T (3 RSN SN SO

= Not shown:

@ no wall

. |4 ICRH + PSL
[lgochine EPS 2020/21] 10,555 30 35 40 15 50 55 6.0 00 02 04 06 08 10
BN Ptor

[lgochine IAEA 2016]

— n =1 EF correction gain: Ay = 10%

— Including plasma rotation/viscosity

improves fidelity

[Strumberger/Gunter NF 2019]
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Understanding Core Confinement with Transport Codes

» in-depth study with gyro-kinetic code GENE

> identified 2 key physics ingredients to 100
reproduce observed heat flux: %0
=

1. Electro-magnetic effects §
2. Fastion interactions § 40
20
» Non-linear energy transfer 0

from turbulence to zonal flows

[Di Siena NF 2019]
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ASDEX
Upgrade

[Doerk NF 2018]
|

T

(b) ¢ = 1.54 eq.
ES +fast ==-
- EM nofast + ¢ -
EM QO%fo T =TT -@
0 0.5
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Reproduction of Observations Possible with TGLF

= Careful application of TGLF allows to reproduce
observations, too

=
@
<
—
= Key aspects:

o Updated saturation rules

o Maintain fixed magnetic geometry incl. Shafranov shift

o Include fast particles as diluting impurity species

o Vary E, within uncertainty

» Result: T; reproduced _
g
=

» Contradiction:
TGLF: EXB effect , GENE: fast ion effect
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0

'—Exp
- Thermal
- Fast

~ [X. Jian, NF, 2019]
0.2 0.4 0.6 0.8
P

— EXD
Thermal no ExB

= Fast no ExB

= Thermal

m— Fast

w— Fast 1.2XEr

' [Reisner NF 2020]

0.0 0.5 1.0
r/a

ASDEX
Upgrade

TGYRO/TGLF

ASTRA/TGLF
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Experimental Discrimination of ExB and Fl Effects
#35938

104Q) Prad NBI = :_:2:1
— MW]

0 r— .

31 b) — Bn

2 —— Bpa

: B_N B_pol

0

100 - C) L
. v tor e
0

5.0 - [keV]
) Ti Te
%
e) l M
5 1 Tl
nhe s
0
200 4 f) — Ipfast dvol
[kPa-m?3)]
100 - )
p_fast
0 3 3 R : ¥ : )

t[s]
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ASDEX
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= Replacing NBI with ICRF
heating

» Reducing torque input
and thus ExB shearing

[Reisner NF 2020]
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Experimental Discrimination of ExB and Fl Effects

#35938
10 -
5 -
0
3 -
2 .
1 -
0
100 -
50 — tOr ‘
[km/s]
0
7.5 1
i— Te
5.0 - [keV]
2.5 - :
%8
5 -
10—19/m3
0 ‘ :
. f) \ — [Pt dvol
' [kPa-m?3)]
100 3
p_fast
. ¥ ©® 4 &= & 31 @8 =&

t[s]
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100
w50
N
o
= 0

Q
a
3 —H0

06 0.8

Ptor

02 0.4 1.0

Ptor

ASDEX
Upgrade

= Replacing NBI with ICRF
heating

» Reducing torque input
and thus ExB shearing

> Negligible impact on L;

[Reisner NF 2020]
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Experimental Discrimination of ExB and Fl Effects
#35938

104Q) Prad NBI + E_:g:
? ;! ;! ! !!ﬁ!&! k — PICH

> g,,\— P_rad
| 1 \ (Mw]

7] b) s TP

—— PBpal

Wexg [103/s]

B_N  B_pol

100 - c) L
" v_tor — o "
75+ d) —_—Ti
— TE
5.0 - [keVv]
2.5 - 0
TI Te —
: =
10 e) E ey
5 - — —
/ ne | S-2

0 5
200 A f)//\/’ffw\ - Ipfast dvol —3
[kPa-m3] )
100 4 _4 | | |
. p_fast 00 02 04 06 08 1.0
Lt T e Pror

t[s]

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | A. BOCK | 2022-11-14

ASDEX
Upgrade

= Replacing NBI with ICRF
heating

» Reducing torque input
and thus ExB shearing

> Negligible impact on L;

» Under these conditions,
TGLF right for the wrong
reasons

» Special care when
extrapolating to future
devices crucial

[Reisner NF 2020]
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Outline ;

qos = 5 flux pumping scenario gy = 1
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Anomalous Flux Redistribution (“Flux Pumping”)

Flux Pumping
 Originally observed in DIII-D, attributed to 3,2-NTM (petty PRL 2009]
« In AUG: thought to be caused by continuous 1,1 quasi-interchange mode

« Causes anomalous redistribution/broadening of j near
plasma centre through dynamo effect

Benefits

* 1,1-mode clamps central g-profile at =~ 1
> minimal or no sawtooth crashes

» j-profile remains as peaked as possible while maintaining g > 1
> maximises S-limit

« j-redistribution allows for highly efficient on-axis CD deposition

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | A. BOCK | 2022-11-14

ASDEX
Upgrade

[Piovesan NF 2017]
14— 7~ T T T T

|
1.2} |
IR RAN
Ey JI
0.8 |
|
. [ .

77‘]02
0.6
pyr————————————
i |
gk I
3 |
q 2 |
: I
final
1¢
i initiall
0f L. '
0.0 05 1.0

‘r/a
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Flux Pumping Scenario: gq-Profile Clamped at Unity Q

| . | — T 1 AUG Flux: g,
' 1 36663/AUGE/IDE(6)
| Time: 6.681

#36663

1.0 -

0.5

IDG : 36663

l,: 0.79MA

Be: 193

l: 1.09

ma: 1.709:0.062
cc: 1.598:-0.010
Sa: 0.066

5,: 0435

1 x:1.679

1 @ 0.463mM

1 Qgs:-5.19
Raus : 2.099m

| vol:11.04m’

| A:0.112m

Zg: 0.000m
Zg,: 0.000m

0.0

z(m)

o
£
£
=
®
2
)
2

i

Time (s)

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | A. BOCK | 2022-11-14 AT STUDIES IN AUG 17



Flux Pumping Scenario: gq-Profile Clamped at Unity Q

no sawteeth no sawteeth

| . | — T 1 AUG Flux: g,
- 1 36663/AUGE/IDE(6)
| Time: 6.681

#36663

1.0 -

q0 (model without
flux pumping)

0.5

IDG : 36663

l,: 0.79MA

Be: 193

l: 1.09

ma: 1.709:0.062
cc: 1.598:-0.010
Sa: 0.066

5,: 0435

1 x:1.679

1 @ 0.463mM

1 Qgs:-5.19
Raus : 2.099m

| vol:11.04m’

| A:0.112m

| Zg: 0.000m

4 Zg,: 0.000m

qO0 (with IMSE)

0.0

z(m)

o
£
=
=
®
2
)
2

-0.5

0.0 0.2 04 0.6 0.8 1.0
Pror
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Observations in j-§ diagram consistent e

" No sawteeth
g

2 B,

o

2

5

=

Sawteeth

Central current (decrease q,)

Co-current on-axis ECCD >

[Burckhart IAEA FEC 2020/2021]
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Observations in j-B diagram consistent E

5| No Sawteeth
' ® X X x
No sawteeth B
N Sawteeth | ¢« ¥
3.0 A ® > +
: w, v .
C;) ot + # ¢ o Ty * R ® 37922
a By < L.  no< v oo
E 251 g X ® + * A 38625
P oA v T o
791
© [} X * T 30307
s 200 R by y =
'I | @ Y <! <« 40401
Sawteeth + v hries
'. A * * 40579
1.5 4 W 40591
Central current (decrease q,) 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Average non-inductive ji, inside pir=0.4 in [MA/mZ2]

Co-current on-axis ECCD >

[Burckhart IAEA FEC 2020/2021]
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High-£ Non-Inductive Flux Pumping Scenario

#36635

qos = 5.3

I, = 800 kA
B,=25T

Py < 12.5 MW
Pgc < 6 MW

(ne) < 6x101% M3

< 0.
=
~
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ASDEX
Upgrade
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High-# Non-Inductive Flux Pumping Scenario &

#36635

dos ~ 5.3

I, = 800 KA

B, =25T

Py < 12.5 MW
Pgc < 6 MW

(ne) < 6x101% M3

)
=
~

ptor
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High-# Non-Inductive Flux Pumping Scenario &

4.0 1 I I T T
#36635 o R S S
25— — il R R EER LR
2.0 -1 s - SRR R .
(Jog =~ 5.3 1.5}~ --------- ---------- ---------- ---------- .
I, = 800 kA Y R RN S e , |
— 0.0F - - A\ : ' —e A ' :
Be=25T | —If AUG were super-conducting:———
Py < 12.5 MW R ___| flux consumption low enough | |
Pgc < 6 MW | fecco M Ine for >240s operation ﬁ
19 -3 B y— TN S o 5
(ne) < 6x107 m < 0.6 E 59
- = 10
0.2 0.5
0.0 1 2 3 4 5 0'8.0 0.2 04 0.6
time [s] Ptor

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | A. BOCK | 2022-11-14 AT STUDIES IN AUG 23



Observed Ideal MHD-Limit reproducible with CASTOR3D E

= Analysing ideal stability challenging due to
centrally clamped g-profile around unity

Varying the parallel viscosity u | allows
matching the observations

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | A. BOCK | 2022-11-14

Pulse performance limited by ideal 3,2-modes

5.5

BN, no wall
w

1 =—>¢—u=6.0 —fA—u=7.0

0 1 2 3 4 5 6
[Y. Chao NF 2022, submitted] n
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Confinement correlates inversely with divertor neutral pressure

AUG #37711 #37722
(a) N

Pheat [MW]
'—I
i o

o

N
T T

Brol

Hog
orrH
VOND 1
oS e

=
o
T

I

N
U o o
o .

(ne)
[1019 m‘3] [1021 s—l]

.m

o
N

Po, div
[Pa]

o
o

time [s]
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Discharges close to
boronization very sensitive
to wall conditions

ASDEX
Upgrade

n 12 " é n 4

\ 4

They can change
Po 4iv €VEN for the
same gas puff
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Confinement correlates inversely with divertor neutral pressure

AUG #37711 #37722
(a) Lo

=
o

Pheat [MW]

o

N
T

Brol

Hog
orrH
VOND 1
T T T T T

=
o
T

I

N0
8} o o
T T

(ne)
[1019 m‘3] [1021 s—l]

(f)

o
N

Po, div
[Pa]

o
o

time [s]
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2 3 4

Hosg

Discharges close to
boronization very sensitive
to wall conditions

ASDEX
Upgrade

They can change

[Bock, EPS 2021]

1.6 . .
Laf ]
i o ]
1.2 g
O
(¢®
1.0} ]
@OO% ok 0O
00 O
0.8} o7 &P ]
@)
0.6 ]
0.0 02 04 0.6
Po. div [Pa]

\ 4

Po qiv €ven for the
same gas puff

Po.div ~ nsep/nped

» Position of
max(Vn,) shifts
outwards

» Confinement

decreases

c.f. higher n, operation
at JET, AUG, C-Mod

[Dunne PPCF 2017, Frassinetti NF 2021]
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Confinement changes consistent with peeling-ballooning E
stability calculations

#39995 #39998

(@) = Engineer discharges with intentionally varying divertor neutral
T af ' pressure (high, low) and feedback-controlled NBI heating to
g maintain a target 3
a2l o ees [Silvagni NF 2022, to be submitted]
s edgeTS ' ' ' ' ' '
o | i . < 10[¢ :
(b) o EcE = Analyse linear MHD e ~
L5ga o = stability by scanning <Z\t 4
adjacent parameter — 0.5} -
space using MISHKA E
- S— 005 e e g
L5 s edge CXRS Pped [kPa]
>
=l > At lower pg g
05 stability boundary moves to higher p,.q

0950 0.95 1.00
Ppol
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Outline E

qos = 4 counter-ECCD scenario gy, > 1
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g9z =~ 4 counter-ECCD scenario q,,;, > 1 teaser Q

» Final parameter that strongly differs from target EU-DEMO scenario: ggs

» Increase plasma currentto 0.9/1.0 MAat2.5T

» Considerable elevation of g achieved through central counter-ECCD

= Early plasma very sensitive to MHD activity, especially with reduced g4 and thus
resonant surfaces closer to edge

» Guide scenario design with predictive modelling and eventually RT j control

= Main presentation tomorrow 15:45 by R. Schramm

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | A. BOCK | 2022-11-14



Outline o

Summary
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Summary ;

» AUG LPO research programme aimed at paving
way to EU-DEMO steady state scenario

= Covering broad range of parameters to develop
and verify models for extrapolation to DEMO
and beyond

» Core Transport (ExB < Fl)
= Anomalous Flux Diffusion
» Core/Edge MHD stability

= Successful operation in full W environment
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Summary

» AUG LPO research programme aimed at paving
way to EU-DEMO steady state scenario

= Covering broad range of parameters to develop
and verify models for extrapolation to DEMO
and beyond

» Core Transport (ExB < Fl)
= Anomalous Flux Diffusion
» Core/Edge MHD stability

= Successful operation in full W environment
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Fusion triple product [Atmxs]

ASDEX
Upgrade

triple product vs duration
normalised to current diffusion time

® JET
m 3 JET-ILW
1 0’\ ’
~
@
N 9,
¢ o ~. o0
~
RS (R
0.1 ’\ \(:j-
L 4 ‘“ &
o %%
: & _
Q@ ~N
0.01 @
¢ DII-D
{ ASDEX-Upgrade
0.001
0.01 0.1 1 10

High performance duration normalised to current diffusion time

X. Litaudon et al. | SOFT2022 |19 Sept. 2022 | Dubrovnik, Croatia|
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Summary

» AUG LPO research programme aimed at paving
way to EU-DEMO steady state scenario

= Covering broad range of parameters to develop
and verify models for extrapolation to DEMO
and beyond

» Core Transport (ExB < Fl)
= Anomalous Flux Diffusion
» Core/Edge MHD stability

= Successful operation in full W environment

Outlook g

Continuing exploring parameter space

Exploit RT current profile control

= Tomorrow 15:45 R. Schramm

Explore higher shaping plasmas

Investigate possible integration with
power exhaust solutions



ASDEX
Upgrade

Backup Slides
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T; [keV]

Introduction E
Potential effects behind turbulence reduction

« In previous work, ASTRA/TGLF simulations find ExB-shear to play role in the reduction of transport.
. Contrary to that, GENE simulations do not find such a ExB-dependence.

. Instead: Coupling between ITG and fast ion driven modes. [A. Di Siena NF 2019][A. Di Siena JPP 2021]

1o [M. Reisner NF 2020] TGLF, spectral shift rule GENE
— Exp 3 2 '
m— 0.0-EXB .
8 - — 10-EXB 2.31 15l Experiment
m— ].2-EXB o 21 o L -
- @)} o
6 o _ o _
4 1 d 1 - O'_
0.5+
2 - 0.5
O + " ' . y . 1 L L
0 " Py o 0 0.05 0.1 0.15 0.2 0.25 0 0 0.05 0.1
: r}a : WE x B (cs/a) WE x B (cs/a)

« Conduct dedicated experiments, to test importance of ExB-shear.
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Experimental setup &

#35938 « Experiment to test effect of ExB-shear
104a) Prad NBI — P.NBI . . .
i . Start with regular AT scenario, then replace some NBI with ICRF
ek — P_rad
~ ECRH lcppy |t _ _
:1b) TGN e — reduced rotation — reduced ExB-shear — effect on R/LTi?
2 MR | ; — Bpa
1 N ol
2 ﬁ_ B—p 120 —— No ICRF
100 - C) k 30 1001 pfast —— ICRF
50 A —— NEOF —
v_tor [kmys] =2 © 80;
7.:(3)~ — T o 20 &
d) — Te — — 60
5.0 - [keV] ch %
x y—
=2 Ti Te 5"10 Q. 40,
0.0
10_e) —— No ICRF 20-
51 DA, 4 —— ICRF | | . ‘
ne 10-19ms3 %_'0 02 04 06 08 1.0 %.O 02 04 06 08 1.0
202 f) — Jprast dvol Ptor Ptor
[kPa-m3]
1°° o_fast . Between time-intervals, Fast ion pressure increased.
0 T T T T — T T T
1 2 3 4 5 6 7 8 9

t[s]

. ICRF adds largly Hydrogen fast ions
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GENE simulations

ICRF case — realistic distribution necessary

ASDEX
Upgrade

« When using both FI species, simulations do not converge — fast ion driven modes become too strong

. Solution: Instead of Maxwellian, use more realistic bimaxwellian distribution — avoid resonances

FO,Maxwel
M —muvj /2 — uBy
n3/2vg, Y To

F, 0,Bimaxwel
2
_ Mo exp< Vi _ﬂ30>
— 3/2 2 )
3/ VthIVth, 1 Vth Ty

« D-Fl temperatures calculated with TRANSP,
coupling Nubeam with TORIC

« H-FI temperatures calculated with TORIC + SSFPQL
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ASDEX
Upgrade

GENE simulations
ICRF case — realistic distribution necessary

« When using both FI species, simulations do not converge — fast ion driven modes become too strong

. Solution: Instead of Maxwellian, use more realistic bimaxwellian distribution — avoid resonances
H, maxwellian D, maxwellian

Fo maxwel ;'g - ;'g -
2 8= 8 =
L N <—mv" /2 —uBo> 06 2 06 3
- T 5/5 2 04 o 04 o
7'[3/217?,1 To 0.2 B 0.2 B
0.0 0.0
4 4
F 0,Bimaxwel 2 4 2 = B 2
2 ” 2 0 " 2 0
Ny Vi uUBy e . e .
= 3/2 > exp| - > T H, bi-maxwellian D, bi-maxwellian
=" Vth, | Ven, 1 Viny 11
1.0 1.0
. _ . 08 3 08 3
. Anisotropies have effect on FI modes and nonlinear 06 3 06 3
. . 2 i 2 i
Fluxes. Further studies ongoing. o o
4 4
-2 2 -2 2
,,Ko 2 o ¥ ,,ﬂo 2 o ¥
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GENE simulations
Realistic distribution necessary

ASDEX
Upgrade

« When using both FI species, simulations do not converge — fast ion driven modes become too strong

. Solution: Instead of Maxwellian, use more realistic distribution — avoid resonances

D, u=0

H, u=0

D, vi=0

—— maxwellian
—— bi-maxwellian
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H, bi-maxwellian

1.0
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06 ©
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D, maxwellian

D, bi-maxwellian
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Confinement changes consistent with peeling-ballooning E
stability calculations

» Engineer discharges with intentionally varying divertor neutral

pressure (high, low) and feedback-controlled NBI heating to
maintain a target 3
20

[Silvagni NF 2022, to be submitted]
—— low po, div (d) T ' T '
—— high po, giv . ('\T' 10 B
b = Analyse linear MHD c
g stability by scanning <E\t
a adjacent parameter — 0.5}
sl space using MISHKA S
-
| | | | OOO .......... 0 ......... O
(9.90 0.92 094 096 0.98 1.00 5 1 15 2

ppol pped [kpa]

> At lower pg 4iv:
stability boundary moves to higher p,.q
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