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m Outline

*High beta B,=8Tt pys/By’
is essential for fusion performance
(but MHD stability set upper limit)

*Scaling of the energy confinement time t¢

with B is not clear
T is limited by plasma turbulence
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Te/Togy2 in @dvanced scenarios (By=2.4, Hgg>1)
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*Theoretical foundation:
- gyrokinetic modeling
- impact of B and fast ions (B,,,)
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*Analyzing turbulence in experimental scans
using gyrokinetic code GENE [Jenko PoP2000]

) A beta-scaling experiment at ASDEX Upgrade
II) A power scan at ASDEX Upgrade
lIl) A power scan at JET-ILW (advanced inductive)

*Summary and conclusions
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Electromagnetic effects Iin
gyrokinetic turbulence modelling
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W The gyrokinetic equations solved in GENE

*Vlasov equation By
(for each species) i f1+ | vybo + r (VoyxB + Vv + Vi)
O
L 1 _ _ 9,
*Gyrokinetic (G_K) : (Vﬁ 4+ (qu — V(B + B1\|)) a_fl> = (C[f])
Maxwell equations mu| Y|

(incl. FLR terms)

q; 5 o\ o
J_(D = —87 2 Z 7“;2 /d’l'|dﬂ (]Ofl_} Toj ( ./J — 1 J(_[J,-(') -T /f./l]_l|[)| |))
VJ_Al” = — . Z 772 /d’i'dﬂ’l’u ]Oflj

By = =87 Z " /d’“ud# (ﬁflfu i ) (fh Jolid + pli Lln))
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W The gyrokinetic equations solved in GENE

/
(/

*Vlasov equation By
(for each species) Oy f1+ | vybo + r (VvyxB +VvB + V)
0|
L 1
* Gyrokinetic (GK) (V84 o By - V(B0 + B) 5 = (L)
Maxwell equations mu) U]

*Comprehensive physics:
Linearized Landau-Boltzmann collisions, ExB + parallel flow shear,
experimental geometry, global and local version

* Arbitrary number of kinetic species, incl. impurities + fast ions
Delta-f method: f, . =F, +f

(for now: Fy . =F

« Typical domain L,~250p_,L,~120p, L,~L, Ve

192x48x32x48x16x4 ~ 10° grid cells for x,y,z,v,u and species
*Expensive simulations (150k CPUh per nonlinear run)

M,equiv)

Nonlinear solution requires modern supercomputers
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W Electromagnetic ([3-) effects in gyrokinetics @

*Geometric effects: (Change Grad- 9
Shafranov magnetic equilibrium) [ & = —¢ RBNpo/po| os|

, By £ I
dnﬁ+-(vbo-+48* ) SRS

OH

1 df1 0.5}
-(Vf1+m(@ iV (Bo +(Bu))) (M) Cf) _

*Dynamical effects, plasma response:

-B>0 allows for magnetic fluctuations

-modified electric field £, — _V@l_;d;m
ot

* Modification of electrostatic

instabilities: ITG | ETG, TEM

C I 1 1 L4 [lon/Electron Tem i i
_ T § - , perature Gradient driven
VVxxB = BQB XV (@1 c l’HAlH T q; HBH) instability, Trapped Electron Mode]

-modified ExB drift velocity

. : : *New instabilities: KBM, MTM, BAE
Fast ions (NBI’ ICRH, Fusion alphas) [Kinetic Ballooning Mode, MicroTearing Mode

contribute to geometry and dynamics Beta-induced Alfven Eigenmode]

Bt0t= Bth+ Bfast
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W Some previous results on electromagnetic turbulence

7,
(\\

(+)increasing B (a) can reduce transport:

[Pueschel PoP 2008]

*|ITG transport reduction
-Linear: adds Alfvénic polarization [Kim PoP' 1993]

-Nonlinear: increased zonal flow coupling
[Pueschel PoP'08]

150 qm

ITG-TEM 1KBM]

100 f N :

-EM fast ion stabilization: [Romanelli PPCF'10,
Holland NF'12, Citrin PRL'13 Citrin PPFC'14, Garcia NF'15]

* ETG stabilization in the edge [Jenko PPCF'01]

Q/(vup®po/R®) , T/(vyp;*ne/RY)

(-)increasing B can enhance transport:

* Magnetic transport in ITG turbulence [Pueschel PoP'08] GENE simulations - @
- - 2.5 F i
due to nonlinearly excited MTMs [Hatch PRL'13] T
= 2t @ .
«MTM turbulence: X, [Doerk PRL'12, Guttenfelder PRL'12] =
e 1.5 1
*KBM turbulence: Initial gyrokinetic results = .l |
[Pueschel PoP 2008, Maeyama NF 2014] = _ il
. . 05 L linear threshold:_.- |
*Fast particle driven turbulence [e.g. Bass PoP'10] | S [Doerk 2012]
0 G 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08
36 [(Z']

Which of the effects is relevant for experiments?
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Gyrokinetic analysis of an
ASDEX Upgrade
beta scaling experiment
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A B scaling experiment at ASDEX Upgrade [poerk pop1s) ()

[T |
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0.1 0.2 0.3 04 OI.5 0.6 0.7 0.8 0.9 0.2 03 04 05 06 0.7 0.8
Ptor Ptor

B scan at constant p*,v*: n~B*, T~B? B~B* [expected power scaling Q,~ P~B~p"
*Weak B-degradation: 1B~
-Reference position: p,,,~0.5

*Imperfect measurements,
but relevant turbulence regime can be investigated

Main variation: $,=1.93
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Microturbulence regimes in AUG B scan: p,,,=0.5 ()
03 case A (a/Ly=2.0) case B (/L1 =2.3)
k‘y:[)g TITE =1 e KBR/I:E. 03 L kypS:d4 _e_l T T ]
= 0.25 ; . = KBM
> [ ~ 0.25 -
S 02 ¢ . =
- E:_"| ~ 0.2 F .
=015 | Bexp, A - 2 MTM
: ITG MTM = 0 _
£ 01} - ' = 0.1 SaSas S
% EEEIE] EIEEI-H--II--H"H“"'l EEEIEEEEE % .
5 0.05 F ] & 0.05 | .
0 | Eﬂ] /Gcrit,mlhd 0 Bcrit,mhd |
0 001 002 003 0.04 0.05 0 0.01 0.02 0.03 0.04
Be
*B scan (fixed geometry): transition of
unstable ITG - MTM - KBM in both cases &
«Ratio BIB,,;; reaches 20% (A) and 40% (B) g
KBM is stable 2
*Nonlinear simulations: little MTM transport )
even in high beta case
Main B-effect: ITG-stabilization ‘
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W ITG turbulence simulations at p,,,=0.5

turbulent energy flux Q/Q.n
O = N W s T Y 1 00 ©

(b) Qtot A(lOW ) Q
Q""" (high 3) @
Qtot A( ) .
Qtot B( — ) -} --- ::
$
Nonlinear up-shift :

iftdueto f

lin. critical gradients E

0.5 1 1.5 2

normalized gradient a/Lp

\
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Steeper gradients due to 3
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Gyrokinetic analysis of
ASDEX Upgrade
power scan experiments
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W Hybrid power scans at AUG and DIIID [maggi NF 2010] ()

Temperature [keV]

Temperature [keV]

AUG #20116
t=20-25s

electron
ion

[Maggi NF'10};

04 06 08 1.0

" AUG #20116
1=49-53s

electron 7
ion

aggi NF'10]

- ppol

Hybrid scenario
* aka: advanced inductive
* Flat q, low shear in the center
* Low density, Low current
* High B, = <p>*aB/I
ooz oz _o0s o8 1 High fusion gain expected
* Discussed for ITER operation

(cartoon picture)

Previous work (C-wall components) [Maggi NF 2010]
AUG and DIIID power scans
*T_improves (pedestal and core contributions)

*GK analysis: B effects are pronounced

Refinement is scheduled for 2015 AUG campaign
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*n. decreases by 15%, B increases from ~1.2 to ~2.4

*Fast ion pressure increases with power
1.~0.08s similar (slightly improved at high B,)

eLarger alL+; at outer radii — reference position p;,,=0.7

Test for 3, ExB, and fast ion effects
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WAUG power scan (p,,=0.7): Microinstabilities

0.45 . .
04 +fast ---
: no fast -
5 039 | 923227 2.1

1}
A\

N

Low power
¢ BIBcrit:23%

little B-stabilization of ITG
*no impact of

Be

0 0.005 0.01 0.015 0.02

fast ions and (N impurities)

growth rate

I PN AA IIZI
no fast E A ;
| 'A :m ]
93227 5.1s 4{‘ Gl
A O
A
A
A

0 0.005 0.01 0.015

0.02
High power
*BIBi+=0.37 [0.57]

*BIB.itis figure of merit for
EM stabilization of ITG

fast ions lower B,

\
-7

(///‘f
{
\

Evidence for stabilizing role of fast ions
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AUG power scan (p,,=0.7): low-k turbulence ()
40 I I I I 90 I I I [
— 2.1 0ExB === = s | 21 -N-fast+ExB -l
gn 35 L 91 LEXB woooieee - é@o " power bal. 5.1 a
= 30 | Dbower bal. 2.1 sesssjumss _ = 70 F :,-' .
S | " S 60 f AR
X i 550 L no fastions: |
= 20 t i i S=
% .} = 40t i
5 15} i - 3 N
= eXP. reedfes 30 r i
v 10 + m . © 20 L ]
s =
E z 10r exp. ]
0 1 | | ] ] 0 1 ] 1 | |
0O 05 1 15 2 25 0o 05 1 15 2 25
normalized gradient a/Lp; normalized gradient a/Lp;
Low power High power
*Excellent agreement between *Two species simulation is
power balance and GENE inconsistent with experiment

[already w/o fast ions and N]

Evidence for stabilizing role of fast ions
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AUG power scan (p,,=0.7):

40
35
30
25
20
15
10

5!

0

. 90

2.1 OEXB weeiSees
2.1 +ExB e 7
power bal. 2.1 ssssdmuss i

30
70
60
o0
40
30
20
10
' : ' : : 0

turb. energy flux Q;/[Qqn]

0 0.5 1 1.5 2 2.5

normalized gradient a/Lp;

Low power

*Excellent agreement between
power balance and GENE
[already w/o fast ions and N]

low-k turbulence

5.1 lN-fastl—kExBI wenellee-
5.1 +N-+fast,0ExB ===
5.1 +N-+fast+ExB —e—
power bal. 5.1

no fast ions/

[
o

¥
J

with|

0 0.5 1 1.5

: exp. &
2 2.5

normalized gradient a/Lp;

High power

fast ions

*Including fast ions is essential
to reconcile exp. Q; (and Q.)
*Minor impact of ExB flow shear

Evidence for stabilizing role of fast ions
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Gyrokinetic analysis of a
power scan in advanced
iInductive JET plasmas
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Hybrid power scans at JET [chalis NF 2015] @
. High & Low o Low &
3 .+ —p-0.30 3
W ILW: 1_~P-0-30 ILW: 1. ~P C:t.~P%%  ;_ o35
iy o=-0.25
= C: Tt ~p-0.65 7 i i
= 3
o -
g o : a:
-9 //
m rd
5
£
O ILW high & - g
& C-wall high & o ILW low & [Challis NF15] | _wail low 5 5
0 -
0 2 4 6 8 1012 14 16 18 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 20
Absorbed power (MW) P Absorbed power (MW)P Absorbed power (MW) P

«T_~P-3%in JET ILW at low triangularity & (198y2~P'0-69)
«Conversion to dimensionless: T.~B%°> (sensitive: should be taken with care)

*C-wall GK results: EM + fast ion stabilization of turbulence at inner radii

What is the physics behind weaker power degradation?
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W Hybrid power scans at JET [chalis NF 2015]

/7
(\\

Low o
W ILW: 1, ~p-0-30

o ILW low § [Challis NF'15]

| | | | |
0 2 4 6 8 10 12 14 16 18 O
Absorbed power (MW) P

~p—0.69)

«Conversion to dimensionless: T.~B%° (very sensitive)

«1_~P-3%in JET ILW at low triangularity 6 (T98y2

*C-wall GK results: EM + fast ion stabilization of turbulence at inner radii

What is the physics behind weaker power degradation?
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W Fast ions in JET hybrid plasmas (C-Wall) @
inner core p=0.33 pedesta|
16— .
W ht t ' X ; . y '
14 s ons ﬁlectrostaﬁc (ES) 0.15F (4 "
With fast ions, ES -~~~ 2 . i
12| EXP power balance - rla | with fast ions
'Linear threshold, EM =
1ol Linear threshold, ES A_.- i
m  |[Citrin PPCF'15] y . Foqles = .
3, gl " ],l EM no fast ions : : "“Em R
6r ! : /
i A . no fast ions
4r . EM/with fast ions 0.05 - -
ol /ax p.. -
| a1 *f !— ':/ ; r? | * | | [Gal’Cia NF'15] i v
0 = g 1 . 1 .-
253354455556657 758 "
R/l 8 9  10x10
(1)Increased fast ion pressure (inner core) P (P
ped ( a}

(2)Reduced core transport (B) + Enhanced pedestal stability (Shafranov-shift)
(3)Increased core temperature
(4)Increased B ->(2)

->Better confinement! Limit: fast ion transport due to BAE/IKBM turbulence

Positive core-edge feedback possible ILW?
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WJET—ILW hybrid P scan (p=0.33): microinstabilities )
low power p;,,=0.33 high power p;,,=0.33
T T T T I L4 1 T 1 T T
~ OU8 F JET84798 2 =0.33 d 0 O JET84792 20—0.33 il
< 007 F ky=0.35 --A-- KBM [ /71 5 0.07 %, =0.35n0 fast ----A .
& 0.06 Lky=0.35 no fast —O— A < 0.06 | ky=0.35 ===-Ac--- A
~0.05 | 1 005} .
E g A
= 0.04 - < 0.04 Bexp ? i
- ,Bexp — A_A
= 0.03 1 =003 & SAp -
2 0.02 E Sea i 4
o V. ] o 0.02 -AA-A.ﬁ_._j‘ KBM
0 0.01 1 001} TG ’ I
0 | 1 ] ] 1 0 | 1 | ] 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03

De Be

Strong B and fast ion effects in high power case
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WJET—ILW hybrid P scan (p=0.33): microinstabilities )
JET84798 p= 0.33 Iow power JET84792 p= 0.33 h|gh power
w/ fast ions S w/ fast ions
01 F w/ fast ions, ES wmmmmm . 'W/ fast ions, electrostatic
‘\@\ I W/O fast 101S ====ssssss \3 0.1 L . W/O .fa‘St 101NS =s==s=zssss i
S W/o fi. +Vpgast In geom. e ] & EW/0 f.i. +Vppagy In geom. e 5
o % S - KBM/BAE,,,
_.’I__i 0.01 o ES 4'5_-! :5""’4;
z =0.01 | - ]
= < BI\/I/B%E
10 =10
0.1 0.2030405060.70809 1 0.102030405060.70809 1
kyps Kyps
*KBMIITG at low k; instabilities at high k TEM/ETG are weak
e o KBM/BAE:
*B-stabilization of ITG, very strong in high power case « W~Wgan
*Multiple fast ion effects at high power: 'Vthp d”"?zf t
dynamic: geometric: .( sr?;s : aBS)
-stabilization of ITG -stabilization of KBM/BAE SENSIve 1o

-enhanced KBM/BAE drive
Strong B and fast ion effects in high power case
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WJET—ILW hybrid P scan (p=0.33): thermal transport )i

Qi/[Qgg]

14,7 7 LPfull eme
Q LP w/o fast A
1.2 LP 8=0 =fF==-
| power balance LP =
0.8 T
0.6 =
S 1 &
0.4 G|
0.2 | &
O L 1 1 l | \
112 14 16 18 2 22
a/Lr;

Low Power (LP)

*Q; and Q. consistent with experiment

*Fast ions not important
*ITG is B-stabilized

0.5

0.4

0.3

0.2

0.1

Q ' " LP full e
€ LPw/ofast A
l LP =0 - i
power balance LP ——
H
[ I £ ]
U A
- . -
1 1.2 14 16 18 2 2.2

(L/LT@'
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WJET—ILW hybrid P scan (p=0.33): thermal transport

\
),
z

2 I H I | 1 I 1.4 T | | I I
Q, P full —e— Q HP full —e—
' HP =0 - @ 19 L ¢ HPB=0 == i
L5 power bal. HP A power bal. HP
i ‘| ES 1 r -
0.8 - -
1 L
0.6 | -
o EM
A4+ -
0.5 F exp. v . 0 .0...
02 L exp. @ ]
O ] ] ] ! ] 1 0 ] ] ] 1 1
1 12 14 16 1.8 2 22 1 1.2 14 16 18 2 22
O',/LT@' a/LTz'

High Power (HP)

*ITG strongly stabilized due to 8
(+dynamic fast ion effect, not shown)

Strong 3 stabilization at high power
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WJET—ILW hybrid P scan (p=0.33): thermal transport

2 I H | | I I 1.4 ) | | S
Q, P full —e— Q HP full —e—
' HP =0 - @ 129 ¢ HPB3=0 =0 1
L5 power bal. HP A power bal. HP
al ‘|ES 1t -
0.8 - -
1 » .
0.6 - -
o EM
A4+ -
0.5 F exp. 7 0 .0...
0.2 exp. @ -
O ] ] ] ! ] ] 0 | ] 1 ]
1 12 14 16 1.8 2 22 1 1.2 14 16 18 2 42
O',/LT@' a/LTz'

KBMI/BAE turbulence: high Q_ (and Q)
High Power (HP)

*ITG strongly stabilized due to 8
(+dynamic fast ion effect, not shown)

*Transition from ITG to KBMI/BAE turbulence: B>Bit

Strong B stabilization at high power
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W Turbulence characteristics ()

y/(cs/a)

I I

Experimentally accessible - 1 5
(in principle): f <
*Phase relations: ‘\
(transport range k,p<0.7)
-ITG: nx®~0
-KBMnx®~m L1

note: interchange mode, 11/2 expected
[Manz PPCF'14, Scott PoP'05]

*Frequency analysis (FFT)
(in linear drive range k,ps<0.4)
-KBM w~c /a
-ITG w~0.2c//a

k)’ P ref

lin. KBM -]

lin. TG *11@

-
L
Pid

~
.
Su
.....

KBM and ITG turbulence can be distinguished
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W Sensitivity to g-profile /j

(=
.

high power JET84792 pio, = 0.33

*HP Alternative equilibrium — 008 b nommal g i
(q profile within MSE error bars) EOQ% | alt. geom <>EJ ¢ |
-Lower q (1.2-0.95 = nos Beso | g /
-higher magnetic shear s (0.14-0.28) ® @ajg V-0

*KBM/BAE threshold is sensitive: g 0 Y Bagg @ é
Berit—S [MDH estimate] g0 Rt KBM : ;G:%%((@%?

0 0.01 0.02 . 0.03 0.04
2 Q, " HP full —e— ' &
i HP3=0 == @
1.5 pH(Fv;rearltBa%éci{% '9' & *20% aILTcritirIcrease
; elinear GK result [Jenko PoP01]
L alL, .. ~ (1+T;/T.)(1.33+1.91s/q)~1

o already explains trend

05 | .
exp. é
O 1 1

1 1.2 14 16 18 2 2.2
(I/LTZ'

Accurate equilibrium reconstruction desireable
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WJET—ILW hybrid P scan (p=0.33): thermal transport @

14 L " LP full e
Qi LP w/o fast A
12 | LP3=0 i
. power balance LP =
9
o 08 F
<
04 f 6 ‘
0.2 | &
0
2 . . .
HP full —e—
HP B =0 = @
P, alt. geom. == &
L5 pwer bal. HP - A
§ %
d
05 1 C_—> P |
O 1 I 1 1 / ¢
1 1.2 14 16 18 2 22

a/Lr

Increase of a/lL;; due to B and fast ions
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Electromagnetic effects are experimentally relevant

* ASDEX Upgrade B scan
-nonlinear alL; upshift increases with B at p=0.5

* ASDEX Upgrade power scan
-ITG turbulence reduced by fast ions at outer radii

* JET hybrid power scan
-ITG transport reduced by B and fast ion dynamics at inner radi

* Thresholds for KBM (and MTM) exist

Conclusions

* Extrapolation to future machines requires understanding
of electromagnetic microturbulence

* Beneficial effects may be explored for scenario development
* GK turbulence simulations can be used to calibrate simplified models
» Including B, (on top of B,,) is considered for refined 1e-scaling

Thank Youl!
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