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Experimental findings (see talk by Golo Fuchert) for 4 scenarios

Wendelstein

Generally not (very) impressive T, values achieved in OP2 - model these results and extrapolate!

W7X20180920.013, 3.0000-5.0000

ECRH heating
Tio~ 1.7 keV

W7X20230214.061, 3.5000-4.0000
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Future performance in various heating scenarios

Scenario

ECRH heated
Max (T,):

ECRH + NBI
Max (T):
NBI + delayed ECRH
Max (T):

ECRH + pellet
Max (T)):

OP 2.1/0P1.2 OP 2.2
Measured T, , Expected T,
Pecry < 6 MW Pecry < 10 MW
Tio~ 15 keV
PECRH <4 MW PECRH <4 MW
Pwi <4 MW Pner < 8 MW
Ti,O -~ 2 keV
Pecrry ~ 72 * Pyg Pner = 8 MW
Ti,O -~ 23 keV
Pecry = 5 MW

Tio <3 keV
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Future upgrades
Expected T,

Pecry = 20 MW

Pecry = 10 MW
Py =20 MW

Pecry = 10 MW
Pyl =20 MW

Wendelstein

Density profile

Flat > no ITG
suppression

Flat > no ITG
suppression

Peaked
- ITG suppression

Peaked
- ITG suppression



NTGK transport model combining GENE/GX and NTSS

VMEC and DKES: neocl.
transport table

GENE/GX: micro
tubulence properties Q, vs

NTSS: Neoclassical and

a/LT,, a/Ln,

B /e - T, kin, electrons, § = 2.3%
61 @ 2t - 17, actah. etecrons, § = 0%
¥/ - ITG, aclab. electrons, § = 0% - extrap

51 M xiwe -ETG Kin. fons, @ = 2.3%

# Xufion - ETG+ [T, kin. lons, i = 2.3%
() ao=0reference point for Fig. 20

Xi.eiXan LP3ccta]
w &

~

-8 TG, kin, electrons,

- 16, adiab, efectrons, B = 0%

() ai.=0reference point from Fig. 16
Fit and extrap.
all._ =158
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all,

Wendelstein

AN

0.4 0.6

refl@err

Ne, Zesn Py profiles,

plasma properties.

Output: T,, T, and E,

turb. transport Profiles

To. TGV, P

%
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-l XilXgB -
6 - @ xilxgs -
25 XilXgB -
Adiab. elec. — _. /
— beta=0.001 m O] T Xedes
20 — beta=0.01 :Jta " XelXgB
— beta=0.02 N’ i
q 4
15 ot
S
x 3
10 =
5| < 2
0 L L L T | 1 7
0 200 400 600 800 1000
Time [a/cs] 0

ITG driving ion heat transport,

e ITG:T,=T,a/lL,=0,r/a=0.4

Wendelstein

a

« Calculations with kinetic electrons (f = 0.001, 1% and 2.3%), as well as with adiabatic electrons.

* Note the foot in the response curve - critical gradient model not adequate.

« Strong beta dependence of Qi/Qgp
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ITG, kin. electrons, B = 2.3%

ITG, adiab. electrons, 8 = 0%

ITG, adiab. electrons, B = 0% - extrap.
-ETG kin. ions, B = 2.3%

-ETG + ITG, kin. ions, B = 2.3%

O a/L,=0 reference point for Fig. 2b

alLt,=2.5

XilXi

]

1.6

1.4

1.2

-#l- ITG, kin. electrons, B = 2.3%
-@- TG, adiab. electrons, B = 0%
O a/L,=0 reference point from Fig. 1b

Fit and extrap.
alLp,,, =1.58

a/L,




Wendelstein

ETG+ITG driven electron heat transport, TEM subdominant. Y

ETG: T,=T, a/L,=0. ITG: T, =T, a/L,=0, r/a = 0.4.

Significant contribution from ETG (with kinetic ions) and ITG with (kinetic electrons)

Note also here the foot in the response curve - critical gradient model not adequate.

What is the B dependence of Q.'T¢ + Q_FT¢ ?

0.8 14
P XelXgs - ETG + ITG, kin. ions, B = 2.3% ' m ETG+ITG, p=0.023
0.7 1 M xe/xos -ETG kin. ions, B = 2.3% 12 . o
@ YelXes - ETG adiab. ions, B = 0% . e ETG, kin. ions, =0.023
0.6 XelXg8*1.25 - ETG  kin. ions, B = 2.3% i 0 A ETG, adiabat. ions, p=0 ;
E 05 a/L,=0 reference point for Fig. 2a )
Y * 5 0.8 | s
S 0.4 (]
5 d 06 +
3 031
~
04t |
0.2 & A
0.0 0.0 Lawc—e"" A . . . , . .
4 1.00 1.25 150 1.75 2.00 225 250 2.75 3.00
a/LTe
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B dependence of ETG/ITG on electron heat transport

Ratio Q. j1¢/Qe erc_Changes with {3 !

ETG: T,=T, a/L=0. ITG: T, =T, a/L =0, r/a=0.4.
Calculations with kinetic ions (B = 0.0, 0.5, 1%) - Weir-APS-2023

1 —— G 237 =~ MG
—— ETG —— EIG
1 —— MG+ETG 207 4 MG+ETG
§~ 1.5
=
(@]

.01 1.0+
<B>=0.0%
1 0.5 1
y ' ' y 0.0
2 3

0 1

4 0
a/Lt
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1.50 ~
1.25

1.00

Qe’QgB

0.50 +
0.25 1

0.00

Separate study by G. Weir

But overal Q.'T¢*ET6/Q decreases only very weakly with B(!) (20% step between 0 to 0.5%)

Wendelstein

a

0.75 A

this study
mG
£TG alLT=2.5
TG+ETG
- + vensmsnsnes snsnssersssesssassanss cns on = N NAAANEREEREEEEEEEEERRTENE ®
& + t .............................. ®
. N : _ T
YeExperiment
00 02 04 06 08 10

<B>[%]

G. Weir APS 2023



Wendelstein

Implementation of ion heat transport in NTSS including T/T, effect

turb _

Xi "= C-Xgp Xir¢* Xr,/1, Xvn = C Xprg - [(Te/T)] - [x - H(x)]

2
with XgB — % y X = (a/Lnsupr —a/Ly)/ (a/Lnsupr)

XTe/Ti > a=2 XVnéa/L =16

Nsupr

Future: mutiple radii (~5-7) as well as additional B-dependence will be implemented
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Stiffness = C - (;‘f)“(ﬂ)

3.0 1.6
M XilXgs - ITG, kin. electrons, B = 2.3% M- ITG, kin. electrons, B = 2.3%
@ Xx/xos - ITG, adiab. electrons, 8 = 0% 1.4 -@- ITG, adiab. electrons, 8 = 0%
XilXoa - ITG, adiab. electrons, B = 0% - extrap. O a/L,=0 reference point from Fig. 1b
— 1.2 Fit and extrap.
.‘% - alln,, =1.58
o = 9 1.0
Q ;-:, 1}
= =
Q x 3 0.8
= S
e > 0.6 1
=3
0.4 1
0.2
0.0 T T .
0.0 0.5 1.0 1.5
alLl,



Wendelstein

Implementation of electron heat transport in NTSS AN

turb

Xe = C-XgB " XprG+1TC

2
— PsCs

with y,p =

Future: mutiple radii (~5-7), B-dependence, T/T,; effect and a/L-effect will be implemented

0.8

XelXo5*1.25 - ETG  kin. ions, B = 2.3%
0.7 1 - xelxgs - ETG + ITG, kin. ions, B = 2.3%

0.6 -
0.5
0.4 |
0.3 *

XelXqp [P2Cs/al

0.2 *
XETG+ITG i
0.1 -

0.0
0
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Te, TilkeV], p/Pmax

NTGK Simultion of

ECRH heated plasma Pgqgy = 4MW
with density scan

Density scan from 0.4 — 1.6 102° m=3 Pgcry = 4 MW

Xtem = (T/T)e effect with a = 2 implemented

Ti clamped at 1.5 keV, as in the experiments

6 0.8
— T, Pecry = 4.0 MW
—
0.7
5 -
F0.6
4 .
F0.5
3 - n.,0=6.0x10m"3 L 0.4
F0.3
2 .
0.2
1 -
0.1
0+ ¥ T T T 0.0
0.0 0.2 0.4 0.6 0.8 1.0

lefrl@err

Xe. Xi [m2/5]

2.5

2.0

= Xe, ano

"aw DZZ.E

— X ano - A =2

snn Dy
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0.4 0.6 0.8 1.0
Tetrl@etr

Xu,0Xge [PZcsla)

o H N W A W oo

Tio [keV]

Wendelstein

Ml Xd¥os - 1TG, Kin. electrons, § = 2,3% 0.8 XelXo6®1.25 - ETG  kin, lons, § = 2.3%
@ X/xou - ITG, adiab. electrons, f = 0% 0.7 H  xelxn - ETG + ITG, kin. ions, B = 2.3%
Xilxgn - ITG, adiab. electrons, B = 0% - extrap.
06
Sos
w x
2 04
X 15 ’ =03 X 15 e
¥ " 02 i
0.1 *J'V-
- 00
0 1 2 3 1 2 3 4
aflr,, allr,
5 5
¥ 4.0x10Ym™3 ¢y 8.0x10¥°m~3
¥r 5.0x10%m~3 ¥ 1.0x10%°m-3
4 ¢ 6.0x10¥9m™3 7y 12x10%m=3 | 4
Yy 7.0x10Y¥m—3 7 1.6x10%°m~—3
3 L3 2
]
A
?—-_
2 7 B 2 vV
1 !
0 T T 0
0 2 6 8
Te.0 [keV]
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ne [102°m™3]

NTGK Simultion of

NBI + ECRH heated plasma, Pyg, = 4 MW and Pgcry

with density scan — Flat n, profile

Density scan from 0.4 — 2 102 m3 , Pyg, = 4MW Pgcry = 2 MW

Xtem = (T/T)e effect with a = 2 implemented

Ti clamped at slightly elevated level

3.0

1.6

- N 1.5x102m"3

19,3
s e gi(.l?-m

0.0

0.0 T ' '
0.0 0.4 0.6 0.8

Terfl@err

0.2

1.0

Te, TilkeV], plPmax

(b)
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— T, - 8x1019m~3
— T, - 8x103°m 3
- T.-1.5x1020m3

- T;-1.5x10m™3

0.4

B Pion =2.0MW
Peje = 2.0 MW
B Pecpy = 2.0 MW

0.6
Terrl@err

-14

-12

aILT,

= 2MW

Wendelstein

AN

7 Ml XilXos - 1TG, Kin. electrons, § = 2.3% o8 XelXos*1.25 - ETG  Kin. lons, f = 2.3%
6 @ X/xoa -17G, adiab. alectrons, § = 0% 0.7{ de xelxon - ETG + ITG, kin. lons, B = 2.3%
Xtea - TG, adiab. electrons. B = 0% - extrap.,
=5 0.6
T —
] . 505 ‘
%& TSM 0.4 ,.r"*
%3 X 1.5 ’ é%u_a X 1.5 __*’
=<2 > a
i 0.2 *
1 ;8 01 e
0 pom 0.0
0 1 2 1 2 3
aflr,, allr,
5 5
Ne-scan
(C) Pygi = 4.0MW, Pgcpy = 2.0MW
4- ¥y 4x101%m-3 L4
7 6x1019m-3
Yy 8x101°m~3
3 ¥ 1.0x102m-3 3 a
> x
% ¢ 1.5x10¥m-3 v
) ¢ 2.0x1020m -3 A
q T ?.:.
. i I
2 2y
14 Tl
0 T T : 0
0 2 4 6 8
Te.0 [keV]
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ne [102°m~3]

NTGK Simultion of

NBI + ECRH heated plasma, , Pyg, = 4 MW and Pgcry = 2ZMW
with density scan - peaked density profile

Density scan from 0.4 — 2 102 m3 , Pyg, = 4MW Pgcry = 2 MW
Equivalent to delayed ECRH with peaked density profile

Strong raise of T, above clamping limit.

3.0

1.6

— N, 8X10M™3 =« 0, 1.5x102%m™3

ety

0.2 1

(a)

0.0

0.0

0.4 0.6 0.8

Terrl@err

0.0 0.2

1.0

Te, TilkeV], p/Pmax

(b)
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— T, - 8x101Ym~3
— T, - 8x10¥°m~3
- Tp-1.5x1020m"3
w1 T;-1.5%102m™3

0.2

0.4
Terrl@err

0.6

BN Pecri = 2.0 MW
B Pigp = 2.0 MW
Peje = 2.0 MW

- 14

-12

Wendelstein

AN

’ Ml Xdxes - 1TG, Kin. electrons, § = 2.3% 08 XelXoe®1.25 - ETG  Kin, lons, § = 2.3%
6| “@ Xixoa - ITG, adiab. electrons, f = 0% 0.7 4 xelxon - ETG + ITG, kin. ions, B = 2.3%
Xixga - 1TG, adiab, electrons, B = 0% - extrap.
=5 _ 06
3 4 505
Q ~Na
. 2 04
3
5;3 X 1.5 i é%u_a X 1.5 v*f
%2 3 a
; 0.2 X
1 0.1 o
0 ros 0.0
0 1 2 3 1 2
aflr,, allr,
5 5
ne-scan --delayed ECRH--
(c) P = 4.0MW, Pecay = 2.0MW
¢ 8x101%m-3
47 ¢y 1.0x10¥m-3 r4
¥y 12x10%m—3
¢y 1.5x102m-3 .
Q.
5 31 ¢ 2.0x10m"3 F3 X
g 5 ?7 2.5x102m-3 “
5x m .
< el A
° 2=
= 54
2 v
1
0 T T 0
0 2 4 6 8
Te,0 [keV]
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Future performance in various heating scenarios

Scenario OP 2.1/0P1.2
Measured T, ,
ECRH heated Pecry < 6 MW

Max (T): To~15keV v
ECRH + NBI Pecry < 4 MW
Pus <4 MW

|\/|aX (TI) Ti,O - 2 keV \/

NBI + delayed ECRH Pug = 4 MW

~ 14 *
I:)ECRH /2 I:)NBI

ECRH + pellet Pecry = 5 MW
Max (T)): Tio<3keV v
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OP 2.2
Expected T,

Pecry < 10 MW
?

Pecry <4 MW

Pual < 8 MW
?

Pecry = 4 MW

Pner = 8 MW
?

Future upgrades
Expected T,

Pecry = 20 MW
2

Pecry = 10 MW

Pyl =20 MW
2

Pecry = 10 MW

Pyl =20 MW
?

Wendelstein

Density profile

Flat > no ITG
suppression

Flat > no ITG
suppression

Peaked
- ITG suppression

Peaked
- ITG suppression

13



NTGK Simultion of
ECRH heated plasma - flat n, profile
Power scan to Pgery =20 MW

Power scan from 2 — 20MW Density = 1.6 102° m3 Pgcry
Xtem = (T/T)e effect with a = 2 implemented

Ti clamped at 1.5 keV, as in the experiments

6 2.00 5
— ;e Pecrr = 20.0 MW w— Yo a0 — X ano - A =2
sz -1.75 see Dpe see Dy j
5 p
4 -
1.50
x
£ 41 —_
g 1.25 TE ¥ 3]
So3 N0 = 1.6x102°m~3 | 1.00 & N
v o .
X al -
= 0.75 & 2 27
$ 2
0.50
1 -
1 .
/\ 0.25
0 ¥ T T - 0.00 0 T + T v
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Tetfl@err Tetfl@etr
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Wendelstein

7 Ml XdXos - 1TG, Kin. electrons, § = 2.3% 08 XelXoa®1.25-ETG  kin, fons, § = 2.3%
6{ @ X/xoa - ITG, adiab. electrons, f = 0% 0.71 F Xelxos - ETG + ITG, kin. ions, B = 2.3%
Xilxgn - ITG, adiab. electrons, B = 0% - extrap. 0.6
o =
I 2 os
) =04
2 X 1.5 i So3] X 1.5 e
=) Y o
1 01 *
0 -..-t'.‘ 0.0
0 1 2 3 1 2 3 4
aflr,, allr,
5 5
% 20MW % 12.0MW
v 4.0MW Y7 16.0 MW
v 8.0 MW vy 20.0 MW
41 -4
— 3
>
(]
=
2
~ 2 -
1
0 T T 0
0 2 4 6 8
Te.o [keV]
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ne [102°m~3]

NTGK Simultion of

NBI + ECRH heated plasma, flat density
power scan Pgcgry = 2-10 MW and Pyg, = 4- 20 MW

Density 1.510%° m-3 , power scan to Pyg = 20MW, Pgcry = 10 MW

Xtem = (T/T)e effect with a = 2 implemented

Ti clamped at slightly elevated , as in the experiments

1.6 3‘0 |
m— e Pecp = 4.0 MW, Pygy = B.OMW == = N Pecrs 7 10.0 MW, Pyg; = 20.0
1.4 - s
. N
1.2 -
x
: -2.0 DE:
. 3 31
0.8 I
=3
0.6 F:
10 g
“ e
.................... -
021 (@ . e .
---- all,, =15
0.0 T . ' | )
0.0 0.2 0.4 oy — |
Tetrl@err
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0.0

T, - Pecpy = 4.0 MW, Pyg; = 8.0 MW

T - Pecry = 4.0 MW, Pyg; = 8.0 MW 14
w= « Te - Pgcpy = 10.0 MW, Pyg; = 20.0 MW
w= « T;- Pecry = 10.0 MW, Pyg = 20.0 MW [ 12
B P =10.1 MW
Pere = 10.1 MW - 10
A B Pecry = 10.0 MW

0.2 0.4 0.6

Terrl@err

al LT,

Wendelstein

AN

’ Ml Xdxes - 1TG, Kin. electrons, § = 2.3% XelXoe®1.25 - ETG  Kin, lons, § = 2.3%
6{ @ X/xoa - ITG, adiab. electrons, f = 0% 0.7 e xodxgn - ETG + ITG, kin. ions, B = 2.3%
Xilxgn - ITG, adiab. electrons, B = 0% - extrap.
-5 0.6
0 ~
£, 505 ‘
'%& 3 0.4 ,.r"*
5: 3 é% 0.3 X 1 5 v*’
= -
iz 02 E
1 0.1 e
0 0.0
1 2 3
allr,
5 5
PNBI+PECRH-scan
(c) ¥ Pecry = 2.0 MW, Pyg = 4.0 MW
¥ PecaH = 4.0 MW, Pyg = 8.0 MW
4 ¥r Pecrr = 8.0 MW, Pyg = 16.0MW [ 4
¥  Pecrn = 10.0 MW, Pyg = 20.0 MW
— 3
>
()
=
o
~ 2
1 .
0 r : 0
0 2 4 6 8
Te,0 [keV]
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Wendelstein

NTGK Simultion of X
NBI + ECRH heated plasma, peaked density

ne [102°m™3]

— 7 o8 "125- Kin. ons, # = 2.3%
power scan Pgcgy 2-10 MW and Pyg, = 4- 20 MW EErors e e
s Xlxgs - ITG, adiab, electrons, B = 0% - extrap. - .
Iy 305 ‘
w4 b *
- 2 04 Vi
Power scan, Pyg =4 — 20 MW, Pgcry = 2-10 MW from 1.5 1020 m3 >jj‘>}/‘ 2. X156~
N2 ™ 02 #
Equivalent to delayed ECRH with peaked density profile enaee® i I
0 1 2 3 1 2 3
aflr,, allr,
1.6 3.0 5 8 8
Ne Pecry = 2.0 MW, Ne Pecry = 4.0 MW, Te - Peca = 20 MW, | 4 4 PNBI+PECRH-scan
1.4 Pygi = 4.0 MW =" Pug = 8.0MW (b) = Pua = 4.0 MW 2] @ o Pemi=20mw. o Pecw=somMw, |
' Ti- Pecry = 2.0 MW, Pyg = 4.0 MW Pyg = 16.0 MW
4 - = Pyg = 4.0 MW L12 % Pecry = 4.0 MW, FY Pecry = 10.0 MW,
1.2 4 == \\ — . Te~Peci = 4.0 MW, 6 - Pygi = 8.0 MW Pusi =20.0MW | 6
1.0 1 é \\ ?‘-MP;C::):TO mw, [ 10 5 5
: %3-——-—..,; =" Puyg = 8.0 MW S 1 i %
0.8 S - o 4
. }c’ © ‘_.c “ oA
— = ,/’ ~
0.6 &= 3 o L3V
B
0.4 21 L2
i - 0.5
0.2 - (a) ........ a/Lne - 1 - k1
--—- all,,_=15
0.0 T T T T 0.0 0 T 0
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 8
TetrlQetr Terrl@err Te,0 [keV]
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Wendelstein

Future performance in various heating scenarios

Scenario OP 2.1/0P1.2 OP 2.2 Future upgrades | Density profile
Measured T, , Expected T, Expected T,

ECRH heated Pecry < 6 MW Pecry <10 MW Pecry =20 MW Flat 2 no ITG
Max (T)): Tio~ 1.5keV Tio~ 1.5keV Tio~ 2.0 keV suppression
ECRH + NBI Pecry <4 MW Pecry <4 MW Pecry = 10 MW Flat 2 no ITG
Pwei <4 MW Pwei < 8 MW Pwer =20 MW  suppression
|\/|aX (TI) Ti,O - 2 keV Ti,O - 2 keV Ti,O - 25 keV
NBI + delayed ECRH Pne = 4MW Pecry = 4 MW Pecry = 10 MW Peaked
Pecry ~ ¥2 * Py Pne = 8 MW Pwei =20MW = ITG suppression
|\/|aX (TI) Ti,O - 23 keV Ti,O - 3 keV Ti,O - 4 keV7
ECRH + pellet Pecry = 5 MW Peaked
Max (T)): Tio <3 keV Tio~ 3 keV Tio~ 4 keV? - ITG suppression

- A central density of 1.5 x 10%° m3 is assumed for these estimates
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Te, TilkeV], p/pmax

Wendelstein

What can we expect from the ICRH experiments? F N
Very speculative as power deposition and P;/P, uncertain

0.8
M- XdXgs - ITG, Kin. electrons, § = 2.3% XelYss®1.25 - ETG  Kin. lons, § = 2,3%
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Wendelstein

Summary and expectations A

ECRH heated plasmas with flat n_ profiles suffer from strong (ITG) turbulent transport. In combination
with a broad exchange power profile a clamped T, ~1.5 keV is found. The T./T, effect only weakly
contributes to this.

Combined NBI and ECRH heated plasmas feature flat n, profiles and strong ITG turbulence.
Therefore the additional NBI heating leads to somewhat elevated T;,,.

NBI and delayed ECRH the density-peaking is controlled. Hence the density level and peaking is
tunable and the reduced turbulence leads to elevated T, In OP2.2 strong improvements are
expected. T; 3-4 keV is achievable

“ICRH” simulation are speculative, but potentially high T, ~ 3 keV can be obtained at low plasma
density (2x10%° m-3), if all power coupled to ions and central power deposition....
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