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Pressure-driven kink limit is strong physics
constraint on maximum fusion performance
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M. Chu, et al., Plasma Phys. Control. Fusion 52 (2010) 123001 ‘ — active feedbaCk Contr()l

This talk: study ideal-wall mode (IWM) in plasmas w/ stable RWM
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Background

Characteristic growth rates and frequencies of RWM and IWM
- RWM ytwa” - 1 and (D’Ewa” < 1
— IWM: ¥Ta ~ 1-10% (y75 >> 1) @and ot ~ Q74 (1-30%) (@7 >> 1)

Kinetic effects important for RWM (J. Berkery invited T12.02, Thu AM)
— Publications: Berkery, et al. PRL 104 (2010) 035003, Sabbagh, et al., NF 50 (2010) 025020

Rotation and kinetic effects largely unexplored for IWM
— Such effects generally higher-order than fluid terms (Vp, J;, [6B|?, wall)

Calculations for NSTX indicate both rotation and kinetic
effects can modify IWM stability limits

— High toroidal rotation generated by co-injected NBI in NSTX
* Fast core rotation: Q, / ®gyng UP 10 ~1, Q4 / ®pjpen ~ UP 10 0.1-0.3

— Fluid/kinetic pressure is dominant instability drive in high-p ST plasmas
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Study 3 classes of IWM-unstable
plasmas spanning low to high B,

* Low B limit ~3.5, often saturated/long-lived mode
— Qpin ~ 2-3
— Common in early phase of current flat-top
— Higher fraction of beam pressure, momentum (lower n,)

* Intermediate B, limit ~5
— Opin ~1.2-1.5
— Typical good-performance H-mode, Hyg ~ 0.8-1.2

* Highest 3 limit ~ 6-6.5
— Omin ~ 1
— “Enhanced Pedestal’ H-mode - high Hygg ~ 1.5-1.6
— Broad pressure, rotation profiles, high edge rotation shear
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MARS-K: self-consistent linear resistive MHD
Including toroidal rotation and drift-kinetic effects

» Perturbed single-fluid linear MHD: S _
Y.Q. Liu, et al., Phys. Plasmas 15, 112503 2008 » Drift-kinetic effects in perturbed

anisotropic pressure p:
(Y+inQ)e = v+ (E-VQ)R*Vo

M p:pI+p||f)B+pl(I—l;f))
(Y+inQ)v = jxB+JIJxQ —V.p

p pe” et = 2 f dTMvjf;
[ P [ZQZ Xv—(v- VQ)R2V¢} ~V-(p§)QZ x Vo ] preer? = E JdI‘%Mvifi
(Yy+inQ)Q = Vx(vxB)+(Q-VQ)R*Vo—V x (nj) fl=— flgeionind > x4 H N, o HOrimGoriloy
m.lu
+inQ)p = —v-VP—-TPV.- ] =V xQ
(Y " )p Y v ) Hp = Elk[MUﬁfz' £ +mQy+VB-§))] l
» Rotation and rotation shear effects: / Diamagnetic

nfw.n+ (,—=32)w. 7+ wg|—

« Mode-particle resonance operator: =»\,; =

n({wyy+ wp)+ [a(m+ng) + lw, — ives— @
A A A A

Precession ExB Transit and bounce Collisions

e Fast ions: analytic slowing-down f(v) model — isotropic or anisotropic
This talk 7

* Include toroidal flow only: Vo = RQy(W) and og = og(y)
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Study 3 classes of IWM-unstable
plasmas spanning low to high B,

 Low B, limit ~ 3.5
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Saturated f=15-30kHz n=1 mode
common during early I, flat-top phase

Fixed Pyg, = 3MW, I, = 800kA, B;=10-15% Shot 138065 wB(w) spectrum —1 —
4.0 ; - for tormdal mode number

- NSTX shot 138065 ] 30 T —— e —

BN 3.4 n

Frequency (kHz)
&
|

0.80F
0.75

Neutron ggg%
rate 0 60:
(arb) 2

828

0.30 0.35

-
o
|

) QP ————————

0.40 0.45 0.50
Time [s]

0.6

0.

.<
@
A
>
-
=
X
=
o
w

0.2F

Mode clamps B, to ~3.5,
reduces neutron rate ~20%
sometimes slows - locks - disrupts

A A
0.0 |}
0.2 LA A

B, on vessel wall (Gauss)
=
-

0.4f

080 V.

0.3766 0.3768 0.3770 0. 3772 0. 3?74
Time (s)

@ NSTX-U NSTX ideal-wall limit — APS-DPP 2013 (Menard)



Fluid (non-kinetic) MARS-K calculations find:
Rotation reduces IWL By =6 =2 3-3.5

30 e ERere  MARS n=l in fluid limit
T Q(0)1,: r=5/3 ]
~0.01
2.51 0.02
- 0.03
2.0~ 0.07
— [ 010
SS, - 017
= 1.5~ experimental value
> -
1.0 -
-Experiment
0.5 l
0.0"
3 4 5
#
. . . . BN . . .
High rotation B limit ~ 4.5 - 3.2 Low rotation B, limit ~ 6
for Q,(0)t, = 10 = 17% (experimental) for Q,(0)ta =12 7%

Fluid MARS marginal B, ~ 3 — 4 consistent with experiment

@ NSTX-U NSTX ideal-wall limit — APS-DPP 2013 (Menard)



Kinetic mode also destabilized by rotation

Kinetic mode tracked numerically by starting from fluid root
and increasing kinetic fraction oy =0 > 1asI'=5/3 2> 0

10 T [ B

Experimental rotation
8 By =5.6 <low-rotation IWL

Y Ta [%]

Non-adiabatic 0W,;,.i. fraction
varied (a,=0 -> 1) including:

<« No thermal or fast

<« Thermal and fast

< Fast only

<4 Thermal only

\

20 v variation from fluid to kinetic Kineti de v = fluid
i mode can be non-monotonic . Ine .'C mode ’Y_~_' u.' Y
o - - Implies destabilization
0.0 0.2 0.4 0.6 0.8 1.0 results from rotation
Fluid Kinetic fraction oy Kinetic
=5/3 =0
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Kinetic stability limit similar to fluid limit:
Marginal B, < 3.5 far below low-rotation B, limit of ~6

NSTX shot 138065, t=376ms Fluid and kinetic n=1

rrrrrrrTr T T T T
Q,(0)t, = 0.17 (experimental rotation)

Solid: Kinetic y
4= Dashed: Fluid y

(A

Convergence ISSUes:

e Drift-kinetic MHD model
assumes fludIT"'=0

© « WhenT =0, MARS can
] sometimes track wrong root
or find spurious root

6 . Solution: take T = O limit,
monitor eigenfunctions for

Experimental By for n=1 mode onset continuous trend vs. ay, B, T

Y Ta [%]
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Real part of complex energy functional consistent with
rotational destabilization (6W,,, < 0) across minor radius

SK+SW =0 (7°) = (oW + W+ W, + W)/ 5K, 5K1:—%jd3xp‘%l‘2<0

rot

SW,, = Wy + W, + W, + OK, Rotation d(ESWm,)ldppoI |
: . NSTX shot 138065 t= 376ms
l Coriolis - Q -0.00
5WQ=5Id3x‘:—2[ﬂ(7+inQ)ZxEl-EL}
Coriolis - dQ/dp i
¢ . . -0.05 -
Wyo = [ 'R (200(8 - VQ)E | -
, Centrifugal I -(I;gtr?cI)Iis -0 |
W, == [d*xRQ>V+( pE, )&, -0.10~  coriolis - dQ/d i}
f P
E | Centrifugal
'0-15 i L L 1 L L L | I L L 1 L L I | L

SK, = —%Idﬂxp(w—nﬂ)z |*§i|2 0.2 0.4 0.6 0.8

Ppol = Y
Destabilization from: Coriolis (d€2/dp), centrifugal, differential kinetic
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Analytic model of rotational-shear destabilization
IS being compared to MARS results and experiment

Model: low rotation, high rotation shear (ming chu, Phys. Plasmas, Vol. 5, No. 1, (1998) 183)

1 2
—_ >O
]

1. Ideal interchange criterion including rotation shear:
1 BrM; 1
D, g=D+ = (M*+4)+ = X | D+ =

Ideal interchange index w/o rotation
Glasser, Greene, Johnson — Phys. Fluids (1975) 875

B = compressional Alfvén wave f3

2. Kelvin-Helmholtz criterion: s r
M? > B Br= =
s = PT U Tp+p"2((B*|VV|*)/A*F)
M, = (shear) Alfvén wave M, = sound Alfvén wave
excitation Mach number excitation Mach number
2 )
21 |[dQ\ | pMx !
@ ANV | (2m) Sop
—

““~Rotation shear
destabilizes Alfvén wave directly or through sound wave coupling
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Experiment marginally stable to rotation-driven
Interchange/Kelvin-Helmholtz near half-radius

Chu model marginal Q' profiles: MARS full kinetic eigenfunction
D=0 M2=B. D, (=0)=0 displacement largest near r/a~0.5
) S )

Vp dominant KH dominant
Full kinetic: adiabatic + non- adlabatlc

T T T T T T T | T T T ' T T T T T
1.0 L NSTX shot 138065, t=376ms -
0.8~ -

]
BWN =

dQ,ta
dy,

Re(&Vp)

=\

Experimental Q' profile m=2 component dominant (q,,,~2)

13
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Study 3 classes of IWM-unstable
plasmas spanning low to high B,

* Intermediate B limit ~5

@ NSTX-U NSTX ideal-wall limit — APS-DPP 2013 (Menard)
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Small f=30kHz continuous n=1 mode
precedes larger 20-25kHz n=1 bursts

Shot 119621 wB(w) spectrum _2

6.03 for toroidal mode number: 1
5.5 = 4 T T T
: — [
5.0° 1 i
|3N E ] - - I
4.5 0 U\ ~ I -
| a2 oY

Frequency (kHz)
[\%)
o
\

Neutron 2~ 10
rate ]

3
2
(arb) 1
o
0

64 065 066 067
Time [s]

0.68 0.69
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20% drop in By

50% neutron rate drop 3
Later n:]' mOdeS 9 fUII dlsruptlon -1-550.6}67 0.6‘768 0.6‘769 0.6}70 0.6;171 0.6I772 0.6%’73

Time (s)
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Kinetic B, limit consistent with experiment,
fluid calculation under-predicts experimental limit

4

T ] T T

T T [ T T T T
NSTX shot 119621, t=610ms

L
- Q,(0)14:
- 0.03 - fluid, low rotation
3" 0.20 - fluid, experimental rotation
- 0.20 - kinetic, hollow py,;
-~ 0.20 - kinetic, peaked p,,.;
§§ - 0.20 - kinetic, broadened p;_,
4:'2 o
P
?. [
- Fluid "' =5/3
1+ KineticT"'=0.05
0 o - ; | | L L L
4.0 4.5 5.0 5.5
Bn

Fast-ion p profiles used

Hollow
Peaked
Broadened

in kKinetic calculations

0.0 0.2 0.4 0.6 0.8
p pol

™S~ id , limit for low Q,

6.0

Kinetic B limit for experimental Q
(weakly dependent on fast-ion peaking factor%)

Experimental B for n=1 mode onset
Fluid By limit for experimental Q, (ABy =-1.4 vs. low rotation)
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Kinetic fast-ions destabilizing, thermals stabilizing

12

Fast ions only: kinetic y
| = coxceeds all other v values

. @ Kinetic y with no damping
' (non-adiabatic sW, = 0 limit)

Kinetic y with thermal +
T e st similar to fluid

Y Ta [%]

- ' «mm Thermals only: stabilizing
2 -~ Shot 119621, t=0.610s, 3,=6.26, ,(0)1,=0.200
" Isotropic fast ions 1
~ Passing + bounce + drift-precession
|

0.0 0.2 04 0.6 0.8 1.0

Fluid Kinetic fraction oy Kinetic
'=5/3 '=0

Implication: thermal damping stabilizes rotation-driven mode
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Precession resonance dominates damping,
highest B requires inclusion of passing resonance

77\\||\|\\\|||

- Experimental rotation

Y ta [%]

- no damping

5 precession + bounce + passing
precession + bounce

precession only

passing only

Q,(0)1,=0.20, '=0.05

Passing more important
than bounce resonance
wwwwwwww after precession

45\ 6
By

Precession resonance provides most stabilization
Resonance occurs near location of @, = @g in core (not shown)

Passing resonance alone provides little stabilization: y =¥, jamp

@M NSTX-U
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Study 3 classes of IWM-unstable
plasmas spanning low to high B,

* Highest B limit ~ 6-6.5

@ NSTX-U NSTX ideal-wall limit — APS-DPP 2013 (Menard)
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Experimental characteristics of highest-g,, MHD

7.0
5.52
BN a.ni

. — Oscillations from ELMs and

5ol = bottom/limiter interactions
.D.EU 0.65 0.70 0.75 0.80 0.85 0.90 — POSSible Sma” RWM aCtiVity

20f — Only small core MHD (steady
neutron rate)

Neutron 1.5
rate 1.0E

(arb) gg NSTX shot 134991, t=760ms :—
0.60 0.65 0.70 0.75 080 0.85 i}.BD
Time [s] [

e f = 50kHz mode causes 35%
By drop ending high- phase
— Mode grows very fast (~100us)
— n-number difficult to determine

— Possible that mode has n> 1

Frequency = 49 1kHz, Growth time = 0.106ms

8. 3555 10" 8. 8560 10" 8.8565+10"" 8.8570+10"
Time (s)

By = 6-6.5 sustained for 2-3r
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Kinetic n=1 stability consistent with access to B, > 6
Fluid calculation under-predicts experimental B

NSTX shot 134991, t=760ms

5 oo
- 0.02 - fluid, T = 5/3
4 0.15-fluid, I = 5/3 E
0.15 - kinetic, I' = 0.05
— 3
= -
S Fluid By limit ~6.55
' 2,_ -
: / for low Q,
1 k
oF o Kinetic By limit ~ 6.3

« - Experimental B, range

575.8 60 62 64 66 68 forexperimental Q

Fluid By limit ~ 5.7 for experimental Q,
Rotational de-stabilization weaker (AB, =-0.8 vs. low rotation)
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Energy analysis near marginal stability

elucidates trends from g

rowth-rate scans

* All cases: field-line bending+compression balances primarily Vp

Vep + 8B bending
and compression Vacuum

Parallel current J” Rotation Q¢

Note: terms should sum to = zero

B Mid beta (119621)

| il o

mHigh beta (134991)
l

5
4
3
: 2
Terms In 1.
Re(8W) o a B
-1
8anc-b -2 mLow beta (138065)
-3
-4
-5

* Low B: J, (low g shear) and high Q, strongly destabilizing

* Mid B: Reduced destabilization from J,, & Q, increases B limit

 High B: Large Q,' at edge minimizes Q, drive = highest

@ NSTX-U NSTX ideal-wall limit — APS-DPP 2013 (Menard)
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Summary

* Rotation, kinetic effects can modify ideal-wall limit at high Q, B

* Rotation effects most pronounced for plasmas near rotation-
shear enhanced interchange/Kelvin-Helmholtz (KH) threshold
— High rotation shear near edge is most stable in theory and experiment

« Kinetic damping from thermal resonances can be sufficient to
suppress rotation-driven mode - access low-rotation IWL

« Kinetic B limits generally closer to experiment than fluid limits

o Future work:
— Understand kinetic damping of rotation-driven modes in more detail
— Test more realistic fast-ion distribution functions — anisotropic / TRANSP
— Assess finite orbit width effects (see next talk) — for fast, edge thermal ions
— Assess modifications to RWM stability from rotation/rotation shear
— Utilize off-axis NBI, 3D dB/NTV in NSTX-U to explore IWL limit vs. rotation

NSTX-U NSTX ideal-wall limit — APS-DPP 2013 (Menard)
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Backup
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Comparison of cases for KH marginal rotation shear

180 4o dy, for Mi=B.
dQ, T, 10; dQ/dy, from experiment ° LOW B case
dy, : :
05 — Rotation shear mode not
0.0l | — stabilized kinetically
0.0 0.2 0.4 0.6 0.8 1.0
Ppol
1.5 .
e o  Medium B case
oA : :
dv, . ] — Nearly achieve no-rotation
N \ ~ IWL via kinetic stabilization
0.0 0.2 0.4 0.6 0.8 1.0
Ppol .
5] | —* High 3 case
dQ,t, 10) ’\/J — High edge rotation shear
W osl J\ stabilizing — minimizes
ool \ , needed Kkinetic stabilization
0.0 0.2 0.4 0.6 0.8 1.0
Ppol
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Initial studies find anisotropic fast-ion distribution
has damping vs. a,, I" trends similar to isotropic

Isotropic
- Constant full adiabatic contribution
- Vary non-adiabatic contribution:

10 Thermal + fast
Fast
Thermal

- None

Y Ta [%]
o

2 Shot 119621, t=0.610s, p\=6.26, Q,(0)t,=0.200
" Isotropic fast ions
 Passing + bounce + drift-precession

0.0 0.2 0.4 0.6 0.8 1.0
Fluid Kinetic fraction oy
I'=5/3

Kinetic
I'=0

Y Ta [%]

Anisotropic

12— I

. Constant full adiabatic contribution
- Vary non-adiabatic contribution:

10 Thermal + fast

| Fast
L Thermal
8 - None

6

2 shot 119621, t=0.610s, B,=6.26, ,(0)1,=0.200

" Anisotropic fast ions

0 Passing + bounce + drift-precession

0.0 0.2 0.4 0.6 0.8 1.0
Fluid Kinetic fraction oy
I'=5/3

Kinetic

Anisotropic fast-ion passing resonance can cause 8\W, singularities — investigating...
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Inclusion of thermal and fast-ions (TRANSP) in total pressure
can significantly modify pressure profile shape

ST

2
Total pressure (thermal + fast) w—fp !
2

0

Reconstruction g

(without kinetic pressure constraint) 151
Thermal ==,

Pressure [kPa]

_ \‘-‘ ~
L =

Fast 5- N, -
0: R NS S S S B Sl TP
0.0 0.2 04 0.6 0.8 1.0
Rotation frequency [kHz]

40—

Thermal + NB| =)

(includes fast-ion angular momentum)

Thermal (C®) —_— ’

10"

0.0 0.2 0.4 0.6 0.8 1.0

NSTX shot 138065, t=376ms ]

30-

X o &o
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Inclusion of fast-ion pressure and angular momentum
(computed from TRANSP) significantly lowers marginal B

NSTX shot 138065, t=376ms

FLUID CALCULATIONS
rrrrTrTT T T T T T T T T T T T T

47""“"‘\““"“‘\“

~ Reconstructed p;,,, thermal Q;
Q,(0)r,=0.13
Q,(0)r,=0.04

3 - Include TRANSP p,,g;, Q, ast
Q,(0)r,=0.17
Q,(0)r, = 0.02

Y Ta [%]
N

Increased pressure
profile peaking from
fast-ions lowers B,

limit from 7.7 t0 6.1
at low rotation

Effective B, limit at
experimental
rotation reduced
from 6.3 to ~3.4
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Measured mode frequency more
consistent with kinetic calculation

Measured mode frequency

NSTX shot 119621 t=610ms

25 Fuidr= 613 f\
~ Kinetic ' =0.05 ~
i——t\ o ‘
ol ® _
L
<. I
> 4 —
c 15
o I
S
> I
g 10 (0):
@ - 0.03 - fluid, low rotation
'g - 0.20 - fluid, experimental rotation
= 5| 0.20 - kinetic, hollow py,,
- 0.20 - kinetic, peaked py,
i —
0 I | | | | ! | | ! | ! | | I | | | |
4.0 4.5 5.0 5.5 6.0

Bn

Fast-ion p profiles used

in klnetlc calculatlons
014
0.12

S 010
go. 08
‘2-, 0.06 -
& 0.04
0.02
0.00

0.0 0.2 0.4 0.6 0.8
ppol

tal(0)
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Real part of complex energy functional provides equation for
growth-rate useful for understanding instability sources

Dispersion relation Kinetic energy Potential energy

OK +OW =0 5K:%jd3xp(7/+in£2)2 ‘EL\Z SW = —%jd?’xF.gj

oK, = _%Id3xp‘éj_

Growthzrate equation: mode growth for W <0
(}/ie) _ (CSWKM)-F CS‘VV;Q-F 5vab +5Ww )/5Kl

rot

‘2

rot

Sy = —%/aﬁxl«“ﬁ’ & FK =—V.phne W,, =oWq + W, +SW, + SK,

1 —
SI? — ——/d3XFp°§i lCorlolls Q o
2 §WQ=5J'd?‘x[—2pQ(y+fnﬂ)Z><&. -’él]

= %/Gﬁx [(QL-VP)V-§1+FP|V-§|2 _FP(V'@(V'&H)] + 57 Coriolis - dQ/dp

. ] . | R . o+
Wi = —%/deFJ-ﬁ’i = %/d3x|Q|2 + 8% 5%=5Ia"xR(2pQ(€.-VQ)ém)
1 1 . 0 Centrifugal
Q — 3 * * H * N
Mg = _i/d FC-&) = E/Gﬁx {th X QJ_B(E.¢°VP)] M:r.zéj‘d“xRQEV.(p};l)gm
1 X
S = —5/[(QL-VP)+FPV-§] g -ds Differential kinetic

5K, = —%jd-‘xp(m nQ)’ |§'L|2

Sp =5 [ BOE. -ds
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