***

UKAEA Eusion

in Europe % o *

US MHD Workshop, 23-25 Nov 2008, Austin:

Rotation and Error Field influences
on NTMs

Richard Buttery*,

with special thanks and considerable input from:
S Gerhardt, A Isayama, R J La Haye, E J Strait, J deGrassie, P Gonil,
C Holcomb, G Jackson, M Maraschek, H Reimerdes, M Schaffer.

"EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, UK.
Work conducted under the European Fusion Development Agreement and jointly
funded by EURATOM, UK EPSRC, and US DOE.

MNATOMNAL
SPHERICAL
]
D” ’ D 2 E T ToRUS memn msm" @ ozo CENERAOL ATOMICS
EXPERIMENT PHYSICS LABORATORY




Three Questions

1. Is there an asymmetry in the influence of
rotation on tearing stability?

2.1s 2/1 mode onset threshold mostly
governed by intrinsic tearing stability?

3. Does proximity to intrinsic tearing
instability lower error field thresholds?

Thats &
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DIll-D normal & reverse |, data shows strong rotation trend
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Is counter rotation trend a
‘real’ effect in underlying
tearing physics?

— orjust profile variatione
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Fall in threshold with counter rotation is a real effect...
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Fall in threshold with counter rotation is a real effect...

Consider only low rotation DIlI-D data...
* Clear trend in

* Similar trend in local ;.
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Fall in threshold with counter rotation is a real effect

3

Consider only low rotation DIlI-D data...
* Clear trend in

e Similar frend in local B,

e ...and in bootstrap measure (?)

— noisier — more local gradients used
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Fall in threshold with counter rotation is a real effect

3

Consider only low rotation DIlI-D data...

* Clear trend in

e Similar frend in local B,

e ...and in bootstrap measure (?)

— noisier —more local gradients used

— Even noisier with full bootstrap
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Is there areal frend in local parameters? Yes...

Examine local scale lengths:

o
o
+

&R Alq %

E’. @LTe ALTI
* No significant trends =) aEJ P iren 1o
. C e .. @04 § A
» No systemaltic variation in =
profiles with rotation %
90.2
> Effect observedin gyand %
‘rough’ local calculations g 0

corresponds to a real

variation in NTM drives 3% 2% 1% 0% 1% 2%
q=2 Alfvén Mach number

* Effect weakened in Jg
mainly due to noise
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Cross-machine comparison confirms asymmetry

* JT-60U also shows a possible counter @B co o
asymmetry in rotation role = E S o o
»n = O o
— Possibly steeper? S 31 85« o
= o @ O AD ©
- oA B =
Z N
- —?Q £
s R AA‘AA ADIII-D inc. reverse I,
& N o JT-60U
. © NSTX scaled for <pg>
-4% 0% 4% 8%

q=2 Alfvén Mach number
[Buttery et al., IAEA 2008]
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First Question...

1. Is there an asymmetry in the influence of
rotation on tearing stability?

—Yes

2.1s 2/1 mode onset threshold mostly
governed by intrinsic tearing stability?

3. Does proximity to intrinsic tearing
instability lower error field thresholds?

Thats &
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ELM role in 2/1 triggering appears incidental

ELMs ‘trigger’ about half the

ELM triggers marked
NTM:s: ¢
2/ > . . = | by red dots % %
—But trigger has no influence & gj‘
o
on NTM onset g, 2 ool 20“0 .
« And frigger type not E ¢ R
correlated with rotfation -
@Z, 1- @ 2/1 NTM onsets
. + ELM within 10ms
4 2 0 2 4 6

Neutral Beam Torque (Nm)
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ELM role in 2/1 triggering appears incidental

ELMs ‘trigger’ about half the
2/1 NTMs:

—But trigger has no influence
on NTM onset S,

* And trigger type not
correlated with rotation

FREQUENCY [kHz)

TIME (s

Triggerless NTMs come out the noise

Tatdp
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ELM role in 2/1 triggering appears incidental

ELMs ‘trigger’ about half the 020 ey ppr
2/1 NTMS: n.:s-.--? : I, :
—But trigger has no influence J 2/1 NTM '

on NTM onset g, oo | TR

* And trigger type not
correlated with rotation

FREQUENCY [kHz)

2440 2480 2480 2500 2hA0 2540 2500 I5A0 240
TIME (s

400 2430

Triggerless NTMs come out the noise
= NTM onset Sis not about “friggered seed
exceeding threshold width” «p* dependent

=» Instead: dictated by changes in the intrinsic tearing
stability that govern the trigger-less modes

= Raises question of whether to expect
a p* dependence in fB\im onset
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NSTX observations suggest

it is about intrinsic stability

NSTX can deconvolve rotation
from rotation shear:

MUanjES,Sauter B,

— Rotation shear gives visibly
clearer trends

» Suggests an action through
intrinsic tearing stability

e External effects such as
coupling, walls, etc.
would depend on rotation

m

* Though trigger type can g
play some role... »
.

_ICI'

=

[S. Gerhardt, NF letter submitted]
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Cross-machine comparison confirms asymmetry

& suggest limit related to ideal MHD

* JT-60U also shows a possible counter XBE co o
asymmetry in rotation role = = S o
. 7] = O o
— Possibly steeper? £ 37 E5 ot o
== o
= 82 b
. . 2 & 2 G
* Devices line up when plotted = £
w"'h Correction for <BN> ; A AA‘AOA A DIII-D inc. reverse |p
. * JT-60U
— NSTX data scaled to get this < L o NSTX scaled for <G>

Cp s : .
B> relates tfo ideal limit 4% 0% 4% 8%

— ‘polesin A" model q=2 Alfvén Mach number
[Buttery et al., IAEA 2008]

* Phenomenology suggests:

— Tearing threshold arises from change in intrinsic tearing stability
as ideal limit is approached

— But rotation (relative to Alfvén) further changes the tearing stability
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Second Question...

1. Is there an asymmetry in the influence of
rotation on tearing stability?

—Yes

2.1s 2/1 mode onset threshold mostly
governed by intrinsic tearing stability?

—Yes

3. Does proximity to intrinsic tearing
instability lower error field thresholds?

Thats &
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Error fields assist medium 3 tearing mode formation

Hold B,~1.9 and vary torque from
shot to shot:

& Error field threshold falls
with torque

< But rotating modes at
low torque!

e Intrinsic tearing stability
is being modified...

...by rotation perturbation?

UKAEA Rotation & error influence on NTM

5

(G)

=N

2/1 Vacuum Error Field
N

@ EF ramp } 1.86< By <2
| @ beta ramp

solid=locked
open=rotating

Torque Nm

(®Similar to advanced scenario
observations of Reimerdes: PO3.00011)
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Error fields assist medium 3 tearing mode formation

Hold By~1.9 and vary torque from _ ° [ Jcr oo

shot to shot:

& Error field threshold falls
with torque

< But rotating modes at
low torque!

e Intrinsic tearing stability
is being modified...

...by rotation perturbation?
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o 1.86< B <2
S @® beta ramp } Fw
s 4]
I
L.
- 3
o
L
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= open=rotating
o
S
0 h T
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orque Nm

ITER relevant torques/rotations
just stable with good error correction:

5B,,/B; < 1.10-4
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Error fields assist medium B tearing mode formation

Hold B\~1.9? and vary torque from
shot to shot:

& Error field threshold falls
with torque

<& But rotating modes at
low torque!

e Intrinsic tearing stability
is being modified...

...by rotation perturbation?

Compare with counter torque ()
— Error field thresholds are lower!

(G)

2/1 Vacuum Error Field

5

F =N

w
|

N
|

—
|

@ EF ramp
@® beta ramp

|1 A Torque reversed

o
|

} 1.86< By <2

L\

Counter points

* Despite generally being at lower S, values!
— Is this to do with mode rotationss...
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Error fields assist medium B tearing mode formation

Compare co and counter

rotating cases: Re-plot vs mode onset rotation:
5

@ EF ramp

- Counter points rotate faster! 2 ) o beta ramp J 1-86<An<2
»Once again: © A Rotation reversed 0.9<p,<1.7
. (1
Counter rotation seems S 3
intrinsically less stable than co uEJ :
2 .
— This time seen through § ® o Counter points
error field thresholds S, o A 0.9<B\<1.7
>Is error field sensitivity picking « ® A R
up on decreased infrinsic 0 o —
: HH 0 2 4 6 8
feanng Sfdblllfy af low & |Rotation| at mode onset /kHz

counter rotation?
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Amount of error field needed depends on proximity to

NTM limit at a given torque?

Full data set gives an interesting picture:
 Error fields ‘close the gap’

Red bars measurel L H H imi
3 | applied error field JQ@ 1 In BN V;II"; NTM BN.II;“" (O)
__—— note low [, points
P | & X needing little error field
2 o g ?{ to lower B st further
& o
- * Is this a new error field
© Optimal correction amplification effect?
¢ Error field applied — Brought on by proximity to
0 | classical tearing?
-5 0 5

— Or asymmetry in rotation

Torque Nm )
influence?
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Amount of error field needed depends on proximity to

NTM limit at a given torque?

e By threshold falls as error fields s
increase

or equivalently

 Error field sensitivity increases
at high B, & low rotation

— Should it?

| A High torque, locked

pure co NBI

1.5<torque<1.85N
A High torque, rotating

9 Low torque, locked
¥ Low torque, rotating

...Shielding still strong¢ 0

2 4

B21 (G)

o Suggests revised error field correction
requirements required for ITER at baseline

and hybrid operating points
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R J Buttery
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Conclusion: Three Questions Answered

1. Is there an asymmetry in the influence of
rotation on tearing stability?

—Yes

2.1s 2/1 mode onset threshold mostly
governed by intrinsic tearing stability?

—Yes

3. Does proximity to intrinsic tearing
instability lower error field thresholds?

—Yes

Thats &
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This is good news -
p* dependent physics may not be dominant

Explore hybrid scenario 2/1 NTM S limits:

all devices (open=NTM, solid=no NTM)
(diamond=JET triangles=DIlI-D squares=JT-60U)

e JET sits well above trend 4 o
in p* from DIII-D .3,4++°<>°+<>
— In 2/1 thresholds 3] ¢ 4 A
& stable data AA‘AM‘
BN . A A
5 | '!' + JET stable nu>0.07
 JET even somewhat higher S B & JET 211 NTM nu>0.07
° m O JET 2/1 NTM nu<0.07
in absolute BN ADII-D 2/1 NTM
m JT-60U NTM
— Possibly q profile and/or 1 ‘ ‘
.I:qs.l. qr.l.icle eﬂ:ec.l.s 0.003 0.006 0.009 0.012 0.015
P poi* (4=2)

e JT-60U lower due to low rotation

But that’s another talk...!
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More experiments needed!

* Measure n_,B; scaling of error field sensitivity for ITER-like
baselines so we can extrapolate

 Scan error field sensitivity in low 3 and rotation regime to
deconvolve effects more thoroughly

e Test rotation effect in hybrid scenarios, which rely on high
By access

* Look for minimum with counter rotation
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Reserve slides...
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Saturated 3/2 behaviour shows rotation improves

intrinsic stability

125476

. . :ZZ_ n=2 FREQ (kHz DIlI-D
* Islands get bigger as rotation falls> ’A“’M\
— Calculate matching A’ from o] . T
modified Rutherford eqn: N M \
—~———— T A
4 +0 o
—rA' = m/n = 3/2 // T 300 3400 35?0 - ;e:)?ms) 3700 3800 o
8"2 BBeLqu 3 & // /E' -0 : ,
wlp, Er"/ /ﬁ /
2 il s o
(Helically Oy e Fits show mode less stable
Perturbed ﬁ]ﬂorrelaﬂon =0.80 at low rotation
Bootstrap 1
Term in MRE) — Larger w (note 1/w term)
0 DIII-D| ° Not clear if rotation A1 or A2
02 00 02 04 06 08 _ if o
TR co ...or if sign dependence

d
- % Lgtp (Normalized Flow Shear)
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Flow shear could play
stabilising role

* Theoretically flow shear
impacts intrinsic tearing
stability

— But flow and its shear are
degenerate in DIII-D

- see NSTX [1]

& see [2] for study of DIII-D
saturated modes

BN (2/1 NTM onset)

See:
1S. Gerhardt poster APS 2008 NP6.00100

BN (2/1 NTM onset)

r2=0.7758

\

17  ~balanced beams

counter . co

-3%

U T T
0% 3% 6%
Mach number

counter

0N

r2=0.7768

\

~ balanced beams

co

U

2R J La Haye poster APS 2008 JP6.00087 0.2 0
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Previous NTM & error field study raised many questions

DIll-D 2006 showed lower rotation has lower 2/1 onset 3
—and error fields can lower it further...

_ o But:
3 Rf%atlon “ LN
3 sfipet o3 e Is it tearing stability or
g ¢ X * 11" Error fields "Igger!ng thSICS
= 2 o8 po g || rowernTm changing?
IE ® ® p threshold
- * Is counter rotation
= 11 @ Optimal Error Correction deStquIISIng?
é_ & +1 Gauss Error .
© +2 Gauss Error e How do error fields
o Lcounter #+3Gauss Error €O influence thresholds?
-4 -2 0 2 4 6 —especially at low rotation

Neutral Beam Torque (Nm)

Understanding is important:
— Prevalence of 2/1 NTMs — Error field correction needs
— ECCD control requirements — Rotation requirements
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