Max-Planck-Institut
far Plasmaphysik

ASDEX Upgrade

Overview of recent pedestal studies at
ASDEX Upgrade

E. Wolfrum?, E. Viezzer!, A. Burckhartl, M. G. Dunnel, P. A. Schneider?,
M. Willensdorfer!, E. Fable!, R. Fischer!, D. Hatch3, F. Jenko?, B. Kurzan?,
P. Manz?, S. K. Rathgeber! and the ASDEX Upgrade Team

IMax-Planck-Institut fur Plasmaphysik, Garching, Germany
2Physik-Department E28, Technische Universitat Miinchen, Garching, Germany
SInstitute for Fusion Studies, University of Texas at Austin, Austin, Texas, USA

This work has been carried out within the framework of the EUROfusion Consortium and has received funding from the European Union‘s Horizon 2020 research and innovation programme
under grant agreement number 633053. The views and opinions expressed herein do not necessarily reflect those of the European Commission.

15% October, 2014 25" |AEA Fusion Energy Conference 2014, St. Petersburg, EX/3-1



Motivation

ASDEX Upgrade
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 New and upgraded diagnostics at ASDEX Upgrade
» Particle transport analysis after L-H transition
* Neoclassical nature of E,, impurity flows and |

 ELM cycle studies
- Peeling-ballooning stability analysis
- Gyrokinetic analysis
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Diagnostic capabilities for measuring the m
pedestal structure at AUG

- Radial profiles of T,, n,, T, Il ' \W?J Q\/\

> tor./pol. ]
T., N, : LFS CXRS|
F ‘ NBI#3
+  HFSILFS flows and E, | 7 é%f’é’ﬁ'&é

Refl.

y [m]

* ] via pressure constrained equilibrium

* Integrated Data Analysis (IDA): | e \'\DR\
n., T, combining several diagnostics al | .
e.g. new forward model of ECE radiation transport 2 N T ° >

M. G. Dunne et al, NF 52 123014 (2012)

R. Fischer et al, FST 58 675 (2010)

S. K. Rathgeber et al, PPCF 55 025004 (2013)
Overview of turbulence studies: see U. Stroth, EX/11-1 E. Viezzer et al, RSI 52 123014 (2012)
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T, (keV)

T (keV)

@ Highly resolved edge profiles allow for unprecedented m
comparison between experiment & theory

ASDEX Upgrade

« High-accuracy localization of T, n,, T,, V., ] and E, with respect to LCFS position

« Upgraded and new diagnostics enable detailed study of pedestal structure and
stability using linear MHD modelling and GK simulations

#27963, 3.5-4.5s
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Temporal development of density build-up is
modelled with ASTRA*

* Is the particle ETB due to a particle pinch v,
or a reduction of diffusion D? 6
A
- At L-H—
+ 19 (e |12y [[n ]} 4 I mmeaertns
r or or € € 0.0 O. 04, 06 08 10

- Extensive parameter scanin D, v, S
(Degge = 0.001 — 10 m?/s)
(Vedge = 0 — 100 m/s)
(via neutral gas density ny= 1015 — 108 m-3)

« Comparison of temporal evolution of ASTRA
density with measured n,

Convective velocity [m s"]  Diffusion coefficient [m? s°/]

*G. V. Pereverzev et al, IPP 5/42 (1991) M. Willensdorfer et al, NF 53 0930201 (2013) ' Ppol
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Density build-up can be reproduced by
assuming purely diffusive ETB

measurement
best run: diffusive ETB =

.I|..|||I|||II| II| I|”||”IIII
’ll

» Diffusive ETB is needed to reproduce

. " S 6L AU LB R R T T
N build-up after L-H transition o |
- , >
(Dedge ~ 0.037 m?/s) =
[ #27126 | |
3.70 3.80 ;3.90 4.00 4.10
« Particle pinch cannot replace t'me\
diffusive ETB 8 —
st [ [ [LI1111 i
« Small pinch (~ 0.4 m/s) in addition to EL L |
diffusive ETB enhances simulation = itiad
2 gl_; :ee‘satillj;e:lrgﬁfr:sive I|ETB

0.88 0.92 0.96 1.00
ppol

M. Willensdorfer et al, NF 53 0930201 (2013)
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ASDEX Upgrade

Evidence for neoclassical nature of E, m

20 1
« CXRS measurements allow for . E (HINTON) T
detailed study of E, and edge ion 9 E (CXRSN") ]
and electron profiles S 2of T TS
aof
» Poloidal rotation velocity is at | ol g0
neoclassical level — neoclassical of
nature of E, in pedestal, E, = Vp/en, ﬁr
g- - 4
g _ i
< H
m D
O He

_86 20 20

min.Vp/en, [k\V/m)]
E. Viezzer et al, NF 54 012003 (2014)
R. M. McDermott et al, PoP 16 056103 (2009)
E. Viezzer et al, PPCF 56 075018 (2014)

0]
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Evidence for neoclassical nature of E, m

ASDEX Upgrade

| H—mod'e

« CXRS measurements allow for
detailed study of E, and edge ion
and electron profiles

We,s[MHZ]

« Poloidal rotation velocity is at
neoclassical level — neoclassical
nature of E, in pedestal, E, = Vp/en,

« High-accuracy localization technique -200}
revealed that maximum og,z and 2500 ]
steepest Vp, align with negative E, 0500’52 064 056 068 .00
shear region E. Viezzer et a), NF 54 012003 (2014)

R. M. McDermott et al, PoP 16 056103 (2009)
E. Viezzer et al, PPCF 56 075018 (2014)
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Evidence for neoclassical nature of E, m

ASDEX Upgrade

| H—mod'e

« CXRS measurements allow for
detailed study of E, and edge ion
and electron profiles

« Poloidal rotation velocity is at
neoclassical level — neoclassical
nature of E, in pedestal, E, = Vp/en,

20f

E

= ;

« High-accuracy localization technique Y
revealed that maximum og,g and 40 = i
steepest Vp; align with negative E, S0 095 064 656 068 100
shear region E. Viezzer et a), NF 54 012003 (2014)

R. M. McDermott et al, PoP 16 056103 (2009)
E. Viezzer et al, PPCF 56 075018 (2014)
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Asymmetry in flow structure consistent with m

divergence-free flows

4 ' #28093, B™]

H-mode

« HFS/LFS CXRS demonstrate existence of
in-out impurity density asymmetry in ETB
— asymmetric flow structure on flux
surface consistent with V:(n_v,) =0

w
/

HFS ngs.

B* density [10" m”]
N

0.97 0.98 0.99 1.00

ppcl
—100[ i
2 | —— measured ) HES]
_~.E: [ ——— expected w/o asym. : )
= i
8 ! Ve .
© 60 p \ ]
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© [ I [+ 3
S : Sl L
Py L et B e e Rt ]
L =
T
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pol
E. Viezzer et al, PPCF 55 124037 (2013)
T. Pitterich et al, NF 52 083013 (2012)
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Asymmetry in flow structure consistent with m
divergence-free flows

4

« HFS/LFS CXRS demonstrate existence of || | #28093, 5%
in-out impurity density asymmetry in ETB 3T ren.

— asymmetric flow structure on flux
surface consistent with V-(n,v,) =0

B* density [10" m”]
N

 Fluid model based on parallel momentum 0-97 098 o, 099 100
. . 50°F 5+t
balance including all terms — Wb PO B s wio pol. CF

friction and poloidal centrifugal force (CF)
are dominant driving terms close to LCFS

parallel velocity [km/s]

10L

C l l 1 —— measured 3
OF LFs ---=- fluid model
0.97 0.98 | 0.99 1.00

pol
E. Viezzer et al, PPCF 55 124037 (2013)
T. Putterich et al, NF 52 083013 (2012)
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Asymmetry in flow structure consistent with m
divergence-free flows

4

surface consistent with V:(n_v,) =0

+ HFS/LFS CXRS demonstrate existence of — L =0
in-out impurity density asymmetry in ETB S HFS N |
— asymmetric flow structure on flux = 2f
5 Mt

ol . . 5
0.97 0.98 0.99 1.00

Only small influence on neoclassical e \k//

impurity transport (v/D) 0.97 098 099 1.0

pol
E. Viezzer et al, PPCF 55 124037 (2013)
T. Putterich et al, NF 52 083013 (2012)

* Fluid model based on parallel momentum
balance including all terms —
friction and poloidal centrifugal force (CF)
are dominant driving terms close to LCFS

vID normalized to Z [m]
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Edge current density Is neoclassical

ASDEX Upgrade

#23221|, 3.6s
 Assume current driven by neoclassical ] S p—
bootstrap* and Ohmic current, neglect T 15¢
fast ion current, (jos'B) =0 S ol ]l % )
g 0.5 ~H
<jneo ’ B> — <jboot ) B> + < jOhm : B> 0.0 bl

0.94 096 098 10 1.02
ppol

0.90 0.92

« Comparison of current density (CLISTE)
to neoclassical prediction shows
guantitative agreement

« Position and peak match, good

(-B)(CLISTE)

agreement also during ELM cycle 0.0% 0 s

Time to ELM (ms)

M. G. Dunne et al, NF 52 123014 (2012)
*Q. Sauter et al, PoP 6 2834 (1999) P. J. McCarthy et al, PPCF 54 015010 (2012)
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 New and upgraded diagnostics at ASDEX Upgrade
« Particle transport analysis after L-H transition
* Neoclassical nature of E,, impurity flows and |

« ELM cycle studies
- Peeling-ballooning stability analysis
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T, and n, profiles evolve separately during ELM cycle

ASDEX Upgrade

 ELM cycle studies reveal different recovery
timescales of T, and n,

max(VT ) [keVim]

« VT, recovery shows 5 phases:

(i) VT, small during ELM

(if) initial VT, recovery

(i) VT, recovery stalls, Vn, recovers rapidly

(iv) fast VT, recovery continues, while Vn,
stays constant

(v) VT, slowly evolving, both exhibit large Na
fluctuations

max(Vn_) [10% m*]

F #23418 . max(vn,) ]
-5 0 5 10
time from ELM onset [ms]

« Behaviour is observed in all analyzed
discharges’ at all gas fue”ng levels A. Burckhart et al, PPCF 52 105010 (2010)

E. Wolfrum, E. Viezzer 25" |JAEA FEC 2014, St. Petersburg 13/17



Gradual recovery of pressure gradient and
current density during ELM cycle

#27963, 3.0-3.5s

30

» Before ELM crash (i)+(vi): j and Vp constant i ‘ ' i
« After ELM crash (1): j and Vp recover gradually as “"‘“" -
Vn, builds up (iii), followed by build-up of VT, (iv)
« Towards end of ELM cycle (v): ! s
j saturates as soon as Vp saturates — pedestal is o
clamped at critical gradient before ELM crash = ool N,ﬁ
_-% o.4§—
B o.zf—
0.0t 1 . . . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7
vp (10° Pam™)
P. B. Snyder et al, PoP 19 056115 (2012) D. Dickinson et al, PPCF 53 115010 (2011) A. Burckhart, PhD thesis, LMU Munich 2013
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Peeling-ballooning stability analysis
during ELM cycle

#27963, 3.0-3.5s

« Before ELM crash (i)+(vi): j and Vp constant

' |
« After ELM crash (i/): j and Vp recover gradually as ol “’h““"‘“"lm
Vn, builds up (iii), followed by build-up of VT, (iv) X

« Towards end of ELM cycle (v):

- 5 10 15
j saturates as soon as Vp saturates — pedestal is o
clamped at critical gradient before ELM crash = ool N,a#‘
- % o.4§—
« Towards end of ELM cycle stability boundary moves “ oz} ]
closer to op. point because pedestal width grows IRy o3 05 0e o
o] am
1.4F ' ' ' i ]
«  Final ELM trigger not determined by linear MHD ) — N
stability alone (op. point ~30% lower than boundary) = o «~ ;
A, 0.8 =
» Other cases do show agreement with PB model 0-6;“( * ;
0.4 . . \ ]
Normalised lgressure Gragient (V- s
P. B. Snyder et al, PoP 19 056115 (2012) D. Dickinson et al, PPCF 53 115010 (2011) A. Burckhart, PhD thesis, LMU Munich 2013
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Peeling-ballooning stability analysis
during ELM cycle

#27963, 3.0-3.5s

« Before ELM crash (i)+(vi): j and Vp constant

' |
« After ELM crash (i/): j and Vp recover gradually as ol “’h““"‘“"lm
Vn, builds up (iii), followed by build-up of VT, (iv) X

« Towards end of ELM cycle (v):

- 5 10 15
j saturates as soon as Vp saturates — pedestal is o
clamped at critical gradient before ELM crash = ool N,a#‘
- % o.4§—
« Towards end of ELM cycle stability boundary moves “ oz} ]
closer to op. point because pedestal width grows IRy o3 05 0e o
o] am
1.4F ' ' ' i ]
«  Final ELM trigger not determined by linear MHD ) —
stability alone (op. point ~30% lower than boundary) = o -~ ;
A, 0.8F __
, - * ;
» Other cases do show agreement with PB model e * ;
0.4 . . \ ]
Normalised lgressure Gragient (V- s
P. B. Snyder et al, PoP 19 056115 (2012) D. Dickinson et al, PPCF 53 115010 (2011) A. Burckhart, PhD thesis, LMU Munich 2013
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Peeling-ballooning stability analysis
during ELM cycle

#27963, 3.0-3.5s

« Before ELM crash (i)+(vi): j and Vp constant

' |
« After ELM crash (i/): j and Vp recover gradually as ol “’h““"‘“"lm
Vn, builds up (iii), followed by build-up of VT, (iv) E of

« Towards end of ELM cycle (v): m ! s
j saturates as soon as Vp saturates — pedestal is § e e
clamped at critical gradient before ELM crash oot N,a#‘

« Towards end of ELM cycle stability boundary moves = ZZ ]
closer to op. point because pedestal width grows R E R 03 04 a5 os o7

* Final ELM trigger not determined by linear MHD
stability alone (op. point ~30% lower than boundary)

» Other cases do show agreement with PB model

Normalised Pressure Gradient «,,.,

P. B. Snyder et al, PoP 19 056115 (2012) D. Dickinson et al, PPCF 53 115010 (2011) A. Burckhart, PhD thesis, LMU Munich 2013
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ASDEX Upgrade

ECE-Imaging indicates presence of MTMs m
on pedestal shoulder

For slow type-I ELMs 2D ECEI s M—
reveals occurrence of off-midplane T, ' =aia8 s
fluctuations on pedestal top, followed

by mode at onset of ELM crash

T (eV)

z(m)

Both modes move in electron
diamagnetic direction

z(m)

Velocimetry analysis:

At p,,~0.95 cross-phase between
T, and v, fluctuations is ~ n/2 — 219215 T
points to MTMs on pedestal top

J. Boom et al, NF 51 103039 (2011)
P. Manz et al, PPCF 56 035010 (2014)

E. Wolfrum,
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Gyrokinetic analysis reveals four main instabilities
during different phases of ELM cycle

30#27963, 3.0-3. Ss

* VT, achieves critical value early in ELM cycle (iv), k T R T
. Time to ELM (ms
simultaneous appearance of MTMs and ETGs e

» Local linear gyrokinetic simulations of inter-ELM
pedestal profile evolution using GENE*

VT, (keVm' )

» In early phase of ELM cycle (iii):
drift waves dominate, L, at critical value

i, (10°m)

102 10" 10° 10°
K,p.

See D. Hatch et al, PD/P5-4

*F. Jenko et al, PoP 7 1904 (2000) D. Hatch et al, to be submitted

E. Wolfrum, E. Viezzer 25" |JAEA FEC 2014, St. Petersburg 16/17




Gyrokinetic analysis reveals four main instabilities
during different phases of ELM cycle

#27963, 3.0-3. 53

0 5 10 15 20
Time to ELM (ms)

30

» Local linear gyrokinetic simulations of inter-ELM
pedestal profile evolution using GENE*

VT, (keVm' )
N
(=]

» In early phase of ELM cycle (iii):
drift waves dominate, L, at critical value

vn, (10"m)

* VT, achieves critical value early in ELM cycle (iv),
simultaneous appearance of MTMs and ETGs

» Final pre-ELM state (i):
‘zo0’ of modes — at small scale structures ETGs
are dominant, at large scales MTMs and KBMs
(10-20% increase in (3 sufficient to excite KBMs)

* Simulations consistent with KBM-constrained K,p.

pedestal evolution See D. Hatch et al, PD/P5-4
*F. Jenko et al, PoP 7 1904 (2000) D. Hatch et al, to be submitted
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Summary and Conclusions m

ASDEX Upgrade

* Density build-up after L-H transition can be modelled with purely
diffusive edge batrrier (if pinch, then small ~0.4 m/s)

- Edge E, in-out impurity asymmetries and current density are
consistent with neoclassical theory

* Inter-ELM pedestal evolution shows different phases:
- Early phase: Vn, driven drift waves
- Before ELM: KBMs, ETGs in gradient region limit transport, MTMs on
pedestal shoulder, pedestal widens and stability boundary moves closer to
operational point

« Critical pedestal not always predicted by ideal linear MHD
- Possible reasons: resistivity, nonlinear coupling of modes

E. Wolfrum, E. Viezzer 25" |JAEA FEC 2014, St. Petersburg 17/17



Backup slides m

ASDEX Upgrade
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Neoclassical pedestal poloidal rotation m

observed in banana to PS regimes

_ o _ N == B cicas B Fs E
* Analysis extended to low collisionality 1, e g :
regime E E | Ve & a1
? -10fF 3

.« Good agreement found in all cases with < | ; ﬁ
v* varying from 0.18-12 £ 20F # ? ‘:anggs:Fr{er(z) 5
_30§ $ ] oNEOART?i)
* Neoclassical main ion poloidal 20f ¥ .
rotation flips sign in banana regime S 1oF 3 ’B‘k’]‘ %* ]
= F ¥ ’l‘ ]
<, . % ﬁ co-lI, T i
D € e B
« Measured edge toroidal rotation = % } ctr-l, |
(Ppor ~0.97) changes from co- g0 F f :
to counter-current 20 k% B/H/He -
01 1 0

main ion v* at ped. top
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ASDEX Upgrade

vy described by neoclassu:al theory m

comparison of measured and
simulated impurity (N) v in D
plasma using analytic model(t],
NEOARTI[, NEOB], HAGISH

all models agree with experiment

in H-mode sign and magnitude
of neocl. vy consistent with
measurementsl®!

[1] Y. B. Kim et al, Phys. Fluids B 3 (8), 2050 (1991)
[2] A. G. Peeters et al, PoP 7 (1), 268 (2000)
[3] E. A. Belli et al, PPCF 50, 095010 (2008)

[4] S. D. Pinches et al, Comp. Phys. Comm. 111, 133 (1998)

[5] E. Viezzer et al, NF 54 012003 (2014)

poloidal rotation v, [km/s]

min. measured v, [km/s]

(A D _(N_E_OART)
_5F g .
-10F N :
- 7+ 3 \
_15F #27169, N 3
F —— HAGIS AN
-20F & NEO .
. —— NEOART
-25F ----ee- KIM
_gof_—t— measurement . .
0.90 0.92 0.94 0.96 0.98  1.00
pol
O- T P
r NEOART *
N - ]
F impurities {,/‘} ]
_10:_ // T _:
-7 main ions ]
-20F g lF 3
= -
. e A H (v, of N) 1
r -7 = D (v, of He/B/C/N)|]
.- ® He (v, of He)
-30 :

-30 -20 -10 0o

min. neoclassical v,[km/s]

E. Wolfrum,

E. Viezzer

25" |JAEA FEC 2014, St. Petersburg
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In some cases quantitative agreement
with PB theory observed

15 #23223

-----------------------------

B} stable region
4.5

5.0 5.5 6.0 6.5 7.0
Normalized Pressure Gradient a

E. Wolfrum, E. Viezzer

25 |JAEA FEC 2014, St. Petersburg

19/17



Comparison of ion Larmor radius and
gradient scale lengths in the pedestal

« lon Larmor radius at the plasma edge ~10 lower than L;

100;

10t

&
O,

0.1| . . . .
0.90 092 094 096 0.98 1.00

pol
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Comparison of ion Larmor radius and m
gradient scale lengths in the pedestal

0.20f
0.15F
0.10f

0.05}F
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Peeling-ballooning stability analysis
during ELM cycle

#27963, 3.0-3.5s

30

« Before ELM crash (i)+(vi): j and Vp constant £ 20f ‘ ' i

« After ELM crash (1/): j and Vp recover gradually as = oL KU “"" S B
vn, builds up (iii), followed by build-up of VT, (iv) E o

- Towards end of ELM cycle (v): = L | .
j saturates as soon as Vp saturates — pedestal is 1.0 e
clamped at critical gradient before ELM crash - ol jﬂ\/‘/‘

« Towards end of ELM cycle stability boundary moves = oal ]
closer to op. point because pedestal width grows “or ez on 93 05 0e o

«  Final ELM trigger not determined by linear MHD oz
stability alone (op. point ~30% lower than boundary) £ 1o

» Other cases do show agreement with PB model " osf

P. B. Snyder et al, PoP 19 056115 (2012 D. Dickinson et al, PPCF 53 115010 (2011 A. Burckhert\lr(:[rmlglEEj r:esssl:: GI_rT\inEJr]tlil)ianich 2013
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ECE-Imaging indicates presence of MTMs m
on pedestal shoulder

* For slow type-l ELMs 2D ECEI reveals occurrence of off- T
midplane T, fluctuations on pedestal top, followed by
mode at onset of ELM crash

#24793

off-mid-plane

fluctuationsO
N

f (kHz)

« Both modes move in v, y,, Substantiated by
cross-correlation of two neighbouring channels,
frequency ~ 20-60 kHz

f (kHz)

* Velocimetry: determination of radial propagation velocity
from 2D array of ECEI

f (kHz)

- Cross-phase between T, and V. ~ n/2 at Ppo~0.95 — T

points to MTMs on pedestal shoulder
P. Manz et al, PPCF 56 035010 (2014)
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Experimental evidence for MTMs on m
pedestal shoulder from ECEI
* For slow type-I ELMs 2D ECEI reveals occurrence of off-

midplane T, fluctuations on pedestal top, followed by #24703
mode at onset of ELM crash

f (kHz)

« Both modes move in v, y,, Substantiated by
cross-correlation of two neighbouring channels,
frequency ~ 20-60 kHz

f (kHz)

* Velocimetry: determination of radial propagation velocity
from 2D array of ECEI

f (kHz)

*  Cross-phase between T, and v, ~ n/2 at p,,~0.95 — 2760 2.761 2.762 2763 2.764 2.765

. t(s)
points to MTMs on pedestal shoulder
P. Manz et al, PPCF 56 035010 (2014)
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Asymmetry in flow structure consistent with m
divergence-free flows

4F " ' 5+
« HFS/LFS CXRS demonstrate existence of % HFs (0) 28093, B

in-out impurity density asymmetry in ETB —
asymmetric flow structure on flux surface

w
T

B* density [10" m”]
N

consistent with V-(n,v,) =0 i
« Comparison to fluid model shows that friction of 558 099 T
an.d. poloidal centrifugal force are dominant o - #5653
driving terms close to LCFS 2N S
? NEOART (only B) (mmﬁgggz}'—es)é
* Observed flow structure can be reproduced =1l E
guantitatively by model when including finite ~§__2§
poloidal flow of main ions R P ol

0.98 0.99 1.00
ppol

-ow
©
~l
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Asymmetry in flow structure consistent with m

surface consistent with V:(n_v,) =0

N
I

divergence-free flows
4f ' #28093, B ]
 HFS/LFS CXRS demonstrate existence of T 3T rmede
In-out impurity density asymmetry in ETB =l HFS Nes.
— asymmetric flow structure on flux g 2;+

@)

0.97 0.98 0.99 1.00

. ppcl
* Fluid model based on parallel momentum o .
balance including all terms — E 4f ;
friction and poloidal centrifugal force (CF) 2 o /_1
. .. - ]
are dominant driving terms close to LCFS = LT 1
] ) 5 -20; : N/EOART (Z.,=1.8) J‘
« Only small influence on neoclassical = el = wion.asym. | ]
. . 0.97 0.98 0.99 1.00
impurity transport (v/D) P
E. Viezzer et al, PPCF 55 124037 (2013)

T r) -H-nwnh r\+ nl I\IE E’) NO2N192 (ON1 D)

VUJU LY \LUJ.L
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Why does asymmetric n_ arise? m

ASDEX Upgrade

« study possible mechanism that could generate poloidal n, asymmetry using
parallel momentum transport equation (steady state o/ct = 0)

2p2 2p2 o </ T
B.V “2«9852 i QZR B8P e YLz B.Vg= v, B @, o.]laQ)
(2] na na ' '
pol. CF tor. CF stress  electric friction thermal
tensor drive force

« solve for n, and connect flows to n, via divergence-free flow condition

« predictions based on fluid modell!! and kinetic approach(?
- fluid model solves || momentum balance analytically
- drift-orbit code (HAGISI]) includes MC pitch angle collision model!“!

. [1] E. Fable et al (in preparation)
— calculation Of NC transport [2] A. Bergmann et al (in preparation)
[3] S. D. Pinches et al, CPC 111 133 (1998)

[4] A. Bergmann et al, PoP 8 5192 (2000)

E. Wolfrum, E. Viezzer 25" |JAEA FEC 2014, St. Petersburg



Kinetic and fluid models predict

similar flow profiles
30t 28003, B Pl

« parallel and poloidal impurity flows 20k

agree when same input parameters g g

are applied (main ion dynamics) = 10

S [

o 0

. [«b]

» separation of parallel flows and = 0
. : , 10 — HAGIS — ]
difference in magnitude of pol. L fluid model pol. flow ]
flows arise due to n, asymmetry — Ot #28003, B> |
€ 40 HFS measured 3
-
- qualitative agreement with g %o ;
measurement 2 20f N
HFS  LFS = 10f ;

. © 3
. howeyer AV”,Q = V||,a - V||,a Iarger in o O— l LFS measured _
experiment 0.97 0.98 0.99 1,00

pol

E. Wolfrum, E. Viezzer 25" |JAEA FEC 2014, St. Petersburg 14



ASDEX Upgrade

Measured parallel impurity flows are in good m

agreement with theoretical predictions

50
40F
30§
202

10}

 #28093, B>

—— measured 3
----- fluid model }

HFS

» flow structure and asymmetry factor
reproduced by model

(input: measured LFS flows)
E. Fable et al (in preparation)

parallel velocity [km/s]

w

N

asymmetry factor

+ —F— measured
0: — KN1D, w(,=|1.1cm

0.97

0.98 0.99 1.00

pol

E. Wolfru

m, E. Viezzer
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@ Measured parallel impurity flows are In goodm
= ggreement with theoretical predictions

#28093 B> — measured :
----- fluid model _

» flow structure and asymmetry factor
reproduced by model

(input: measured LFS flows)
E. Fable et al (in preparation)

parallel velocity [km/s]

* max. Ay, for low n, asymmetry

st | T
8 'l’ E
“— 2 - ’f' ]
T e 5
D - ,—" 3
& E _Me--T fluid model ]
e 1 f —===="" -
>~ [ ]
U) -
© E
0 C 1 1 ]
0.97 0.98 0.99 1.00

ppol
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@ Measured parallel impurity flows are In goodm

=ewee ggreement with theoretical predictions

. 2YF #28093, B> —measr::ll;ed

) 40__ HES T fluid del 3

E ™ { + flow structure and asymmetry factor

= 3 O reproduced by model

2 20f| e T (input: measured LFS flows)

= o E. Fable et al (in preparation)
o :

= ob l l ! LFS 3

* max. Ay, for low n, asymmetry

1 * crossing pointin v, , for high
n, asymmetry

st e E
8 'l’ E
— 2 r ’f' .
; : —"‘ :
D - ,—"
E F  __==" fluid model
e 1 f —===="" E
= C 1
U) -
S F 3
0 C 1 1 .
0.97 0.98 o 0.99 1.00
pol

E. Wolfrum, E. Viezzer

25" |JAEA FEC 2014, St. Petersburg 15



ASDEX Upgrade

Poloidal centrifugal force term

Increases towards LCFS

50; #28003, B

40¢F

HFS

30f

==
‘-_-_
-

10§

parallel velocity [km/s]

0_ l l I LFS

20 -

—— measured J
----- fluid model }

w;’o pol. CF

_____
-
-~
-
~ -
-
-~

-

W
LA RRREE L

N
)
'
A}
)

-
"

" fluid model

-
-
-
- -
-
n =
-
[ -

-

asymmetry factor

O:

-

-
-“‘-,
—————
=
-

0.97 0.98

ppol

0.99

1.00

flow structure and asymmetry factor
reproduced by model

(input: measured LFS flows)
E. Fable et al (in preparation)

max. Av,, for low n, asymmetry

crossing point in v , for high
n, asymmetry

considerable contribution from pol. CF
near separatrix (high vy, )

E. Wolfrum, E. Viezzer

25" |JAEA FEC 2014, St. Petersburg 15



@ Predicted poloidal main ion flow of ~2km/s m
consistent with neoclassical theory

« measured impurity flows — indirect information on main species
» fluid model predicts main ion poloidal flow of ~2 km/s

* in good agreement with standard neoclassical prediction using NEOART (Z.4 = 1.6)

A. Peeters et al, PoP 7 268 (2000)
1F

#28093

o
||||!||||||
|

NEOART

——__(multi-species) E

-
-

-
"
-

4

. -
-

Vi of main ions [km/S]

pol

E. Viezzer et al, PPCF 55 124037 (2013)
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@ HFS and LFS CXRS enables localized E, and
weuese  IN-OUL IMPUrity asymmetry measurements

« Toroidal beam-based edge CXRS system

@ :

extended by poloidal view g E
— enables localized vy measurement S E
— all ingredients for E, using radial 3 E
impurity force balance equation =l ]

1 9 : ! - - ! ;

E — P. v B +v, B, .
nze or e e - 4OF 3

. . . — 30F 3

+ Installation of toroidal and poloidal 5 f
views at HFS of AUG allows for 8 2°%F E
measurement of T, n,, v, , and E, 5 10f E

;

at two poloidal locations —

0: L L L e » \ ]
poloidal impurity asymmetry studies 0.90 0.92 094 096 098  1.00

E. Viezzer et al, RSI 52 123014 (2012)
T. Pitterich et al, NF 52 083013 (2012)
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Forward modelling of ECE radiation

transport reveals steeper edge VT,
T [keV] " #25804
* Reliable edge VT, by forward modelling 08l ' 2008
of ECE radiation transport (ECFM) using ..

Bayesian probability theory
— shine-through peak is reproduced
— actual VT, steeper

« Joint analysis of n, and T, with full probabilistic
model including physical
and statistical description of an integrated set
of different diagnostics (ECE, LIB, DCN, TS)

04r

Te
0.2

dT/dr [ ' [ -
[10°eV/ml{ x . x x

x * PR3
-0.1 x
| |dT./dr
-O ) 3 : dTrad.n:Iatfdr x
-0.5

085 090 095 1.0 1.05
ppol

S. K. Rathgeber et al, PPCF 55 025004 (2013)
R. Fischer et al, FST 58 675 (2010)
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Determination of edge current density using
souaese OFESSUre constrained equilibrium solver CLISTE

#23221 tg, = -3 ms

Inputdata m
CLISTE fit
agnetics only fit
eparatrix

* For axis-symmetry equilibrium determined 20
by Grad-Shafranov equation
AUG: Grad-Shafranov solver CLISTE

Pressure (kPa)
-]
N

« External magnetic field pick-up coils _ 0 @)
sensitive to current at X-point g 12}
"E‘é‘ 0.8 -
+ Knowledge of poloidal SOL currents S s :
and kinetic profiles provide valuable § (b) |
constraints on j profile %8 08 d-9ppoloi§;?5 I Tos
CLISTE standard = magnetics only
 Including additional constraints results CLISTE with pressure constraint
in narrower and more peaked |
P. J. McCarthy et al, PPCF (2012)

M. G. Dunne et al, NF 52 123014 (2012)
E. Wolfrum, E. Viezzer 25" |JAEA FEC 2014, St. Petersburg 4/17




Edge current density is neoclassical

ASDEX Upgrade

« Assume current driven by neoclassical z_ofzﬁﬁﬁé&?gfé) - ' —
bootstrap* and Ohmic current, neglect ] T
. . _ = 1.5 -
fast ion current, (jp5'B) =0 £ ) |
= 1.0y LA i . d
<Jneo : B>:<Jboot : B>+<Johm ) B> go_s ! N it
- Comparison of edge current density to S
neoclassical prediction shows y | Pro S
guantitative agreement ' Gneo® ——
1.6
» Position and peak match, good =
agreement also during ELM cycle <
0.4 |
0.0 0 8

4
Time to ELM (ms)

*O. Sauter et al, PoP 6 2834 (1999) M. G. Dunne et al, NF 52 123014 (2012)
E. Wolfrum, E. Viezzer 25" IAEA FEC 2014, St. Petersburg 11/17




Edge current density is neoclassical

ASDEX Upgrade

« Assume current driven by neoclassical
bootstrap* and Ohmic current, neglect
fast ion current, (jp5'B) =0

<jneo> — <jboot> + < jOhm>

« Comparison of edge current density to
neoclassical prediction shows
guantitative agreement

« Position and peak match, good
agreement also during ELM cycle

* CXRS data indicates faster T, recovery
after ELM crash — important contribution
of T, for neoclassical current

(/B (MATm?)

(7B) (MATM?)

#23221 3.6s
| (B)CLISTE) -

1 L L | - .
"0.90 092 0.94 0.96 0.98 1.0 1.02

(-B)YCLISTE) h
ﬂpoot'B)
neo”
-5 0 5 10 15 20 25
Time to ELM (ms)

O. Sauter et al, PoP 6 2834 (1999)

M C Mhinne nt Al l\II: E’) 1’)'.)(\1 /1 I’)n'l’)
v—o—oUhRhe €t T, TV <

E. Wolfrum, E. Viezzer 25" |JAEA FEC 2014, St. Petersburg
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ASDEX Upgrade

Density build-up after L-H transition
depends on gas reservoirs in divertor

* Modeling of the density build-up after
L-H transition using ASTRA*

* Is the particle ETB due to a particle
pinch v, or a reduction of diffusion D?

* Analysis of ECRH induced H-mode phases

+ Complete n, profile (IDA)
10 _— T

..............

100 ms after L-H —
300 ms after L-H —

1

1 1
0.4 0.6 0.8 1.0
ppol

*G. V. Pereverzev et al, IPP 5/42 (1991)

tKA] Ppogt IMW]

n, [10"° m?] I, [10% m2s™1] curren

L-H at 3.66 s in #27126
T T

ONDNMNO ONDO O =

PneT PecrH
1 1 1 1
T T T T T T
Il 1 1 1 1 1
T T T T T T
I'p_divertor
)
fuelling
1 L L L L L
T T T T I p————
core chord
edge chord
] 1 1 1 1 1
3.6 3.7 3.8 3.9 4.0 4.1
time [s]

O=_2NWh,rO

fuelling [102' )

M. Willensdorfer et al, NF 53 0930201 (2013)

E. Wolfrum, E. Viezzer

25" |JAEA FEC 2014, St. Petersburg
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ASDEX Upgrade

Particle source

1.2

0.8

-1.2 ©
1.0 1.4 1.8 2.2
R [m]

Using NEUT and following assumptions:

Neutral gas density of incoming neutrals (n, @ LCFS)

constant in time

Temperature of incoming neutrals has one value (3eV, Franck-

Condon), NEUT solves kinetic eq. for neutral distribution function

3-moment solver is used for the equilibrium

(no X-point geometry)

L-mode #27691, 2.0 s

1.2 '
& 1.0 3M (def)
@E 08— SPIDER
= 06 SOLPS
— 0.4
()
= 0.2 —
0.0 ————
0.90 0.92

0.94 0.96 0.98 1.00
ppol

E. Wolfrum, E. Viezzer

25" |JAEA FEC 2014, St. Petersburg

M. Willensdorfer. submitted to NF1



ASDEX Upgrade

Purely diffusive ETB delivers
reasonable results

-
»

e
N

-
o
N

(e

@]

0.01 Y E

0.001 0.01 0.1
Biise [m2s]

Reasonable results assuming ny= 1.6 10 m= and Dy, ~
The initial increase more smooth in measurements than in modeling.

I

N

measurement 4
8best run: diffusive ETB ==

(@]

HITH
Llagit

D

n, (10" m?]

Y

#271 26

1=
...... al! NPT l!!!!'llnlllllu |”| nllnlllllll |||||l|

neutral gas density at LCFS\[10"® m™?)

3 3.80 3.90 4.00 4.10
L-H transglon time [s]
©' T T T @
S 6 - -
=
o 1T
© 4 11 = —
= [ initial F
2+ measurement —— | [ K
best run: diffysive ETB —— ‘ ; ‘ F
0. 88 0.92 0.96 1.000.88 0.92 0.96 1.00
ppol ppol
0.037 m?/s

E. Wolfrum, E. Viezzer

25" |JAEA FEC 2014, St. Petersburg
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deviation

ASDEX Upgrade

Pinch cannot replace diffusive ETB

in, 'ITe
1t r'ITrr( DM +vn) >

measurement 4
best run: convective ETB ==

#27126
||||||||||||||||]||l|||1|||||||||l||||I||||||||l
i

o al| el T i ) nnum“llinnllllln "” ||I l“llll il
o = 6 ' et e il
£ =
-——-i‘_____"'e 4

= 3
Vi 2
(&
—
©
=
.§ 8 (C)I T T
)

- od — 6

G L, | 2] <@ = i R = 20 A I I I I I R

L Dedge =0.1 [m?2s] 0.5 [m<s™'] E’ mE

| 1 £ © 4
3 =,
c =~ initial 3

2L measurement —— |
0.01 L i s e enand 0 best run: copv. ETB — i . i
0.1 1 10 100 0.88 0.92 0.96 1.000.88 0.92 0.96 1.00
“Vedge [M s7'] Ppol Ppol

Deviation always > 10%!!

Transport barrier in D cannot be replaced by particle pinch!

E. Wolfrum, E. Viezzer

25™ IAEA FEC 2014, St. Petersburg M. Willensdorfer. submitted to NF1



Small pinch delivers slightly better results

ASDEX Upgrade

1 1in S
N7 7e ' r — D € -+ Vene T ome=lurement +  v.=O0m/s == v. = 0.5 m/s = #27126
m rqr Mr I '

Ppol = 0.95

A i
(%= . Ppo = 0.99
A\ 2L pol _
8 0.1 ] 1 1 1 1 1
= B 3.70 3.80 3.90 4.00 4.10
@© - time [s]
= ]
[¢b] ] 8 T T T T T T T
=] ] initial
. measurement =—
6 Ve =0 M/S = 4+ —

. ; Ve = 0.5 m/s
0.01 : s ﬂ - .
0.01 ;

1 1 1 1 ! 1 1 !
0.88 091 094 097 1.00 0.88 091 0.94 0.97 1.00
Ppol Ppol

no= 1.6 101 m3 n,= 1.1 106 m3
Small particle pinch 0.5 m/s betters the result.
The pinch replaces the source.

E. Wolfrum, E. Viezzer 25" |JAEA FEC 2014, St. Petersburg



Range estimation pinch (zero source)

I 19 12
C+——r\- D—=+ =
ﬂz_ 7 ﬂlf'r( ﬂr Vene) X

No source

e : _‘i 10
It é i -
— T - = D
=) T %::i* Cl= Tt 2
B 0.1 BRI - E
g : i%ﬁﬂ%% | 4 3
|
| 2
0.01 L—vuul N T, 0
0.01 0.1 1
Dedge [M? s71]
m Particle pinch in the presence of e.g. Dggge~ 0.1 m?/s
is maximal 5 m/s.

E. Wolfrum, E. Viezzer 25" |JAEA FEC 2014, St. Petersburg M. Willensdorfer. submitted to NF]



Density build-up can be reproduced by
assuming purely diffusive ETB

measurement
best run: diffusive ETB =

« Diffusive ETB is needed to reproduce

ne build-up after L-H transition =
(Degge ~ 0.037 m?/s) 2
i 7#2?126 | | | |
» Particle pinch cannot replace 3.70 3.80 599 > 4.00 4.10
diffusive ETB
8 T |
« Small pinch (~ 0.4 m/s) in addition to _ 6 { .
diffusive ETB enhances simulation :E L |
i initial
« Range of possible pinch is 0-5 m/s 2 |72 Dest run diffusive ETB
| | |
0.88 0.92p 0.96 1.00
pol

M. Willensdorfer et al, NF 53 0930201 (2013)
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