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effort to characterize pedestal instabilities...
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W e Challenge - Diagnosing the pedestal
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Theory - pedestal stability

* Peeling-ballooning P-B theory:

* Peeling Mode
» Current driven instability

« Ballooning Mode
» Pressure driven instability

 P-B gives a ‘hard’ limit for the

edge pressure

il \\
\

/

4
y  strong shaping

{

A

S

7’ PHH“”g

y — Unstable

c

Q

5 d/

5 lml \

© lowv Ballooning
é / Unstable
o high v*

2| stable J

pedestal pressure gradient a
[P. B. Snyder et al., POP 2009]

- -

F. M. Laggner

NSTX-U / Magnetic Fusion Science meeting, Princeton, Dec. 03, 2018



L B PRINCETON
UNIVERSITY

Theory - pedestal evolution

 Model for ELM cycle

(1) Pedestal height and width increase till kinetic

pressure

ballooning mode (KBM) boundary (‘soft limit’) is

reached

(2) Pedestal gradient is clamped and height and
width evolve along the KBM limit

(3) ELM crash when P-B (‘hard’) limit is reached

- Limitation of pedestal evolution (‘soft limit’)
observed in several experiments

[A. Burckhart et al., PPCF 2010]
[D. Dickinson et al., PRL 2012]
[A. Diallo et al., PRL 2014]
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|~ JEchiiy Drive and suppression of pedestal instabilities

* Pressure gradient (Vp)

« Typically drives ballooning-type instabilities
> Vp linked to density (n) and temperature

- Edge current density (j..,)
» Main contribution is bootstrap current (jgs)
cxNe Vg
» Order: Vn ~ 0.5, VTe ~0.15 and VTi ~ 0.1

» Modifies the safety factor profile (q)
» Region of high magnetic shear

density (n), pressure (p
K“g;p;raa; ---

), safety f. (q)
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Vp :
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» Sheared flows suppress instabilities plasma radius (W)
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Distinct pedestal recovery phases & fluctuations

[M. Cavedon et al., PPCF 2017, PSI 2018 & JNM submitted]
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Electron density (n,) gradient and ion Temperature (T))

gradient

» Fluctuations absent!

Phase

Electron temperature (T,) gradient
» Medium frequency range fluctuations

Phase
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» Low frequency fluctuations and precursor modes
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Abstract picture of the pedestal evolution

|
category 2 :'
_I'

1 1
I I
 Phase | | s
» Electron density (n.) gradient and ion Temperature (T)) category 1 :l | | |
gradient e : : ®
> Fluctuations absent! category 3 & | ! : -
s . .
* Phase o ig T R -
» Electron temperature (T,) gradient § | 3 % % %
» Medium frequency range fluctuations s : § = S s

e Phase
* Gradient saturation

» High frequency fluctuations
» Low frequency fluctuations and precursor modes

max(-Vp), max(-Vn), max(<j,>)
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SRR Three instability categories — An Overview

« Category 1 category 2
» Separatrix localized
» Appears at medium frequency range (30 kHz to 150 kHz)
» Onset after pedestal recovery phase |
» ‘Ballooned’ mode structure

« Category 2
» Localized towards the Er,min category 3
» Appear at high frequency range (> 200 kHz)
» onset connected to T, pedestal evolution (after recovery phase Il)
» HFS magnetic response

« Category 3
« Localized at the pedestal top category 1
» Appear at low frequency range (< 30 kHz)
VBXBl

[F. M. Laggner et al., PSI 2018 & JNM submitted]
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|~ Kbl Saturated instabilities — Present for tens of ms

Category 1 Category 2 Category 3

Dill-D
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[F. M. Laggner et al., IAEA FEC 2018]
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PRINCETON

WIS  Test: Collsionality dependence — pressure match

* High (#30701) and low (#30721) pedestal top electron
collisionality v’ ;eq

« Motivation for comparison:

 Pressure (gradient) driven instabilities should not change their
behaviour

 In both discharges gradients are clamped before the ELM
onset (‘soft limit’)

o| #30701,3.3-3.4s
#30721,1.8-19s
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Wi Sequence of pedestal recovery phases remains

Category 2 « max(Vn,) and max(VT,) clamped @SDEX

pgrade
- First n, ;.4 recovery, then T .., when high frequency fluctuations
« High frequency fluctuations start * Detected fluctuation frequency
afterwards differs in both cases
High v*¢ peq (#30701) case Low v peq (#30721) case

3.300 - 3.400 s

SN, 1.800 - 1.900 s
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=3 \Vhat determines the detected fluctuation frequency?
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LY Plasma rotation adds to frequency in lab frame

ASDEX
@)grade

« H-mode — strong ExB background velocity at the Vplene
edge

A
==

-30

« ASDEX Upgrade: E, is well described by estimation
Vp,/en;in the steep gradient region

#30701
50 VExg = -17 km/s

radial electric field [kKV/m]

[E. Viezzer et al., NF 2014] 2o #30721
R E, Vs = 25 km/s .
Vpeleng —
. -90 1 .
- E, and Vpc.en, agree within their errors in the L
analyzed cases Ppol
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Lab frame frequency depends ExB rotation

11 discharge intervals:
« Constant |, and B;

« Selected to span wide range of Vp¢/en,

« Clear magnetic fluctuations
> Onset correlated to T peq recovery

ASDEX
&Upgrade

V pe/eng at the position of max(™/ pe)
vs. fluctuation frequency
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" Jaeains Toroidal mode structure of n ~ 11

Category 2 @%

« Fit of n using the discharge intervals with different Vp./en,

Vi/pglen, x B at the position of max(*/pe)
vs. fluctuation frequency

(o))
o
o

* Fit of toroidal mode number:

* n~ Utor'fmagn/(VVpe/ene'q'Utor/UpoI"'Vtor)

400

300

fluctuation frequency [kHz]

N
o
o

fited n =-11.3 7]

« Fitted n ~-11 | l | | |

* In agreement with n numbers determined from magnetic pickup coils 15 20 25 30 35
“V</pglen, x B [KM/S]
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winGin  HFS signature suggests peeling like mode structure

Category 2

« Fluctuation signature visible on the HFS
« Similar onset as on the LFS
« Same frequencies as on LFS

#30701, 3.300 - 3.400 s

250
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X,
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log(power) [a.u.]
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200
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X,
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-5 o _ 5 10 15
time relative to ELM onset [ms]

[F. M. Laggner et al., PPCF 2016]
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WG Test: Main ion dependence — D, H and He plasmas

Category 2 @S&Eée

 Mode propagation with the background ExB velocity

« Toroidal mode structure with n ~-11 in all investigated cases Viplen, x B at the position of max(7pe)
. vs. fluctuation frequenc
« Comparison of D, H and He plasmas | . . e |
- Similar sequence of pedestal recovery phases w 200F P
u = " I
» Dominant mechanisms in the pedestal recovery are not changed by = - || «ff | H
a change of the main ion species & 4001 ' il ]
C L ]
% il i' X
) ® 300} ‘ ’ .
#31393,4.10-4.35s #32758,4.24 - 4.64 5 i . | [ #31619
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. E 100 E
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[F. M. Laggner et al., APS invited 2016 & POP 2017]

toroidal mode number n
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Test: Shape dependence — Triangularity variation

Category 1 Category 2

 ELM frequency (fg y) and PB boundary affected

* Reduction of fELM

» Pedestal recovery phases extended at high triangularity
» Extension of PB stable area

« BUT: Sequence of pedestal recovery phases remains

» Fluctuation onsets stay correlated

[F. M. Laggner et al., IAEA FEC 2018]
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= RN Test: Safety factor dependence - |, variation

Category 1 o ol | HH—~
3.9¢-01 Pk Tre TI
20 201 5 Rt
- c SO s ) 10 [ S 2 B
« Study focused on the structure of the i = = ) 1 |
. B4 N SO e -
ELM crash . = =
’ 9.0e-03 E 3_'|' —0 {= ST A— n
0 3.0e-03 ; d
1.0e+00 —L ,
« BUT: pre-ELM and ELM structure are % b0 AT
correlated 20 s = 6.9 L 11
= 15

 Average toroidal mode number <n>

decreases with increasing qqs )
» Poloidal structure conserved 40

N}
<t

Do
-]

Intensity / %

[A. F. Mink, et al., PPCF 2018] =T —6 =5 —4 =3 —2 -1

Mode number n, q95
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RIS Category lll localized at the pedestal top
C

* Analysis from ECE & magnetics

» Category Il at low frequency in the # 34244
ECE & magnetics

» Category Il visible in magnetics

Pin = 3.7 MW a) #34244 Pin = 4.6 MW b)

» Change Category lll frequency with :

) 4 |
P NBI 16 aemam VAN A AN VAN AAV o g, ‘WWM\WMMKM
— 10
, E chan# 13 cha

« Decrease of pedestal top rotation = ~

: .

%.140 3.142 3.144 3.1:'6-3‘148 3.150 3.152 3.154 6.928 6930 6.932 6.934 6.936 6.938 6.940
time (s) time (s)

[B. Vanovac, et al., NF 2018]
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ey Matching condition for Category | and lil

#170881 (a) raw magnetic signal (b) one filtered inter-ELM period

Category 1 Category 3

200 NATIONAL FUSIOI\:CILITY
mv150 i ‘]
- Suggested to be ™[
50 § f_': . : Jge o o
related to the ELM " | | -
3200 3300 3400 3500 3600 3700 3800 3540 3550 3560 3570 3580
Onset t [ms] . t [ms|
-50 -40 30 20 -10 0o __
* Non-linear coupling of inter-ELM instabilities @ 1 S
vi\1,‘100>‘”‘,/_¢'— i 1 é
. : e I o N
 Fluctuation band amplltUdeS tracked | i ELMOMN\J 223 224 225 226 227 228
9 — : C) 2nc 'm 0 in' ar-F ..' ' '
through ELM cycle B ? ! = 0.4} E( ) 2nd half of injer-ELM | :
- Change in the spectral power of individual bands = | ; &
§: 2, / : 223 224 225 226 227 228
. . . . N First half : Second half — .
- Radial localization of bands using BES Sesee o4 Tez 0 o L@ pugpgy o
« Category lll (green) further inwards ;i : |
|
|

223 224 225 226 227 228
R [cm]

[A. Diallo, et al., PRL 2018]
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W R Summary - Three instability categories

Category 1 category 2
» Separatrix localized
» Appears at medium frequency range (30 kHz to 150 kHz)
» Onset after pedestal recovery phase |
» ‘Ballooned’ mode structure

« Category 2
« Localized towards the E; x ]
» Appear at high frequency range (> 200 kHz) category 3

» onset connected to T, pedestal evolution (after recovery phase Il)
» HFS magnetic response

« Category 3
» Localized at the pedestal top
» Appear at low frequency range (< 30 kHz) 1

o

. MODELLING CHALLANGED TO ; Category |

REPRODUCE ‘ROBUST’  |reoemememermeooes 1]
INSTABILITIES : oo |

[F. M. Laggner et al., PSI 2018 & JNM submitted] Siasma radius (VU

r 4

inner SL

IIIIIIJIIIIIII
1
neg. (-) I pos. (+)

— |EEEEEgEEEEEER

F. M. Laggner NSTX-U / Magnetic Fusion Science meeting, Princeton, Dec. 03, 2018

22



L B PRINCETON
UNIVERSITY

F. M. Laggner

NSTX-U / Magnetic Fusion Science meeting, Princeton, Dec. 03, 2018

23



L B PRINCETON
UNIVERSITY

Why n changes with qq;

Category |

« Minimization of n for a given distance of

resonances

[A. F. Mink, et al., PPCF 2018]
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@ oy Inter-ELM pedestal evolution in AUG

« Distinct recovery phases of n, and T, profiles
* max(-Vng) saturates with onset of medium frequency fluctuations
« max(-VT,) evolves till high frequency fluctuation onset

#30701,3.30-3.40 s

* Fluctuation signature visible on the HFS

250

ASDEX
Upgrade

200

£ 150

x,
100

log(power) [a.u.]

50

250

200
T+ 150

x,
100
50

[KA] [keV/m] [1

log(power) [a.u.]

-5 0 5 10

-5 0 5 10 15 . .
time relative to ELM onset [ms] time relative to ELM onset [mS]

[F. M. Laggner et al., PPCF 2016]

| divertor

current
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#31619,2.00-2.11s

. T 4l 3 O, At i
* Pedestal recovery phases in D and H S e TP et
= 7 + *ia |
1) ne pedeStaI “ \fm 1_+++"””*":V++”++++++++*§;T;8%8‘2
' l L | pol ~ ¥
Pne I T T T
2) T, pedestal I e -
>
2 oolrtettaptrs JFaatdtT Ty e
: . gas P, = ol v e Pool = 0.98_
* Different timescales R Y oo = 099
. . -5 0 5 10 15
« attributed to changes in Pnet, gas puff and time refative to ELM onset [ms]
neutral velocity S A
T 4 A, Aty |
< Ll pp0|=0.98_
C . . L e 23 et s e o-o00
» Indication for similar mechanisms acting in i . | |
Pnet I [ T T T
the pedestal recovery TS g }:****II:iII £ oimooo
12?130&2)1u ]:-1 t or v Pea =05
. ti OTt' t5IELM 11?[ ] E
Ime relative 1o onset |ms
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#31619,2.00-2.11s

» 0Br/ot measured at the LFS midplane
« Radial magnetic fluctuations (dBr/ot)

frequency [kHz]

« Core modes
* Frequency < 40 kHz

-5 0 5 10 15

* Lower magnetic activity during Atne time relative to ELM onset [m]
#31393,4.10-4.35s
* 40 kHz < frequency < 200 kHz — .
 After AtTe activity at high frequencies T Il
- Frequency > 200 kHz Z a0 W
% 200 - _ §.
_aB{/at | | _ -7

-5 0 5 10 15
time relative to ELM onset [ms]
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#31619,2.00 - 2.11 s

N
o
o

to ELM onset

 Negative n: e

« Counter-current propagation or propagation in “
electron diamagnetic direction
* Direction of the ExB background flow

« Er at the edge approximated by Vp/en
[E. Viezzer et al., NF 2014]

w
o
o

frequency [kHZ]
S

-
o
o

. 4
-10 -5 0 5 10
toroidal mode number n

#31393,4.10-4.35s

« Two mode number branches with similar n
[F. Mink et al., accepted in PPCF]

-2.1t0-0.1 ms
relative
to ELM onset

N
o
o

frequency [kHz]

N
o
o

» Slope represents different rotation velocity
relative to the lab frame

« ExB velocity affected by shallower Vne

-
o
o

40 5 5 10
toroidal mode number n

1 1 1 [
B w N =

log(power/(fit error)?) [a.u.]

!
a

log(power/(fit error)?) [a.u.]
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* VTi recovers during Atne
 Established before the recovery of VTe

#32758,4.24 -4.64 s

(\‘I_z Al [ | § aC<:.>I AtTe | _ [ |
. . . . . ; 1= Ppol = 0.99 |
» Consistent with recent findings in D e
I 3301++:+++ +)'/‘++"'+pp|=098_
2 201 ++ + o EE
s
 Poster on Frida g
y : £ Zg Ppol = 0.98 |
* M. Cavedon et al., Session YP10: YP10.00057 g mﬂtttﬂm ooy = 0.99]
[M. Cavedon et al., PPCF in preparation] S
time relatlve to ELM onset [ms]
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» Lower magnetic activity during Atne
* 40 kHz < frequency < 200 kHz

« Two mode number branches

» Slope shallower than for D and H
« Low rotation velocity relative to the lab frame
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