itea seat

e;;nment of Energy

Supported by

Passive Stabilization at High Beta =

General Atomics

- INEL
in NSTX s
LANL

LLNL
. Lodest

S. A. Sabbagh', A.C. Sontag’, R. E. Bell?, J. Bialek', D.A. Gates%A. H. Glasser®, | Ph°t‘*7q‘}"§

B.P. LeBlanc?, J.E. Menard?, W. Zhu'!, M.G. Bell?, T.M. Biewer?, A. Bondeson?, YU

C.E. Bush5, J.D. Callen®, M.S. Chu’, C. Hegna®, S. M. Kaye?, L. L. Lao’, Y. Liu?, e

R. Maingi®, D. Mueller?, K.C. Shaing®, D. Stutman?, o

K. Tritz8, C. Zhang® S pavis

UCLA

"Department of Applied Physics, Columbia University, New York, NY, USA U Ma r‘;gf’z

2Plasma Physics Laboratory, Princeton University, Princeton, NJ, USA U New Mexico

3Los Alamos National Laboratory, Los Alamos, NM, USA U‘.ﬁ.,’j;’,if},;iff,:

4Institute for Electromagnetic Field Theory, Chalmers U., Goteborg, Sweden Cu‘,’h:',’;sg‘;;’sc'g
%0ak Ridge National Laboratory, Oak Ridge, TN, USA Hiroshirzfsl;
SUniversity of Wisconsin, Madison, WI, USA Kyushu Tokai U
"General Atomics, San Diego, CA, USA T:Z:gf,::g
8 Johns Hopkins University, Baltimore, MD, USA u Izg’?‘;
nstitute of Plasma Physics, Chinese Academy of Sciences, Hefei, China Io;t;:”l\zsﬁ
46" Annual Meeting of the Division of Plasma Physics ENEA Frggfirj
American Physical Society CEA, ﬁ;a’gajzlc’_g;

November 15 — 19, 2004 IPP, Gérching

U Quebec

Savannah, Georgia

SAS - APS ‘04



Abstract

Rapidly rotating spherical torus plasmas at high normalized beta up to 6.8
exceed the ideal MHD no-wall beta limit and are passively stabilized when
the rotation frequency profile exceeds the Bondeson and Chu critical
profile /@, = 1/(49?). Plasmas with insufficient rotation do not maintain
high beta and may exhibit growing resistive wall modes (RWM). Two coils,
of an eventual six to be used for active feedback stabilization, have been
used to alter rotation by generating odd parity field perturbations. RWMs
with 6 ms growth rates have been observed, in agreement with the VALEN
code and frequencies of about 100 Hz have been measured. Rotation
damping observed in plasmas exceeding the no-wall limit can be
described by drag due to neoclassical toroidal viscosity (NTV) in the
helically perturbed field. Rotating equilibria are reconstructed with @/w,
exceeding 0.45. Measured electron and ion pressure profiles, and a flux
iso-surface constraint to the measured electron temperature are used.

*Work supported by U.S. DOE Contracts DE-FG02-99ER54524 and DE-
AC02-76CH03073.
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Wall stabilization physics understanding is key

to sustained plasma operation at maximum 3

® High 5 =39%, B, = 6.8 reached ° ﬁ)pﬁrattlon \%wth ,BI o Byrewel > 1.3 at
Ignes or pulse >> 1
8 Byli=12 10 8 6 ghest /3, for p wall
L 7 [
7 L wal i g 112402
- stabilized 5 i
6 4 wall stabilized §
S5 3
BN 2
4 - 1 . core plasma rotation
0 - | ; x10 kHz
3 ~ O o __ II!":I: ---------------------- .- ._.
2 . n=1 (waII)
P OW 10 - 1 (no- waII)"/v ’
L (@)
1 ¢ ZO*DCON | ; Wt
0 ‘ 0.0 01 0.2 0.3 0.4 05 06 0.7

0.0 02 04 0.6 0.8 1.0 12 1.4 1.6
® Global MHD modes can lead to rotation damping, S collapse

t(s)

® Physics of sustained stabilization is applicable to ITER
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Theory provides framework for wall stabilization study

: r : Fitzpatrick-Aydemir (F-A)
® This poster: Resistive Wall Mode physics stability curves

) Phys. Pl 9 (2002) 3459
RWM toroidal mode spectrum il

1.0 R . -
Critical rotation frequency, £2_, w I3 \\\,:-:.\ ideal wall limit 1
Toroidal rotation damping S os5ls AN\ wall
: T D ; stabilized
Resonant field amplification (RFA) S _
= i no-wall limit 1
% 0.0t e
1S [
o |
Theory 2-0-5 stable -
|ldeal MHD stability — DCON (Glasser) ;
Drift kinetic theory (Bondeson — Chu) -1.00'0' s '1001- — -1'5
RWM dynamics (Fitzpatrick — Aydemir) ~ plasma rotation §¢ '

(-2, F +v.(p—i€2, )+ (1— )1~ ma)[S.7+ (1 + md)) = (1 = (md })

plasma inertia dissipation mode strength '\ wall response wall/edge coupling
S.~ 1/t

wall
_____________________________________________________________________________________________________________________________________________________________________________________|
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Unstable RWM dynamics follow theory

growth w/o mode rotation mode rotation during growth o Unstable n=1-3 RWM

By ! | ° ; observed
o =T no-wall unstable | ol ] ideal no-wall unstable
ol [ _n=23 | 0| N=1-3 no-wall unstablp—~ at high g,
—~ 60/ [3B,|(n=1) | 30 n > 1 theoretically less
O 40; i 20 stable at low A

F-A theory / experiment
show

20} mode growth — 110
mode rotation can

8158, 1n=2) !
O zow 20
~ 10} | 10
38 - 1 28 occur during growth
o [0B,l(n=3) Ty , rowth rate, rotation
— 10] 1 , requency ~ 1/z, .,
O 71 0 N

h

@ 200 1 200 f RWM phase velocity
O mode
Z 100" PBp(n=1) 1 100/ ° follows plasma flow

g 2 oA n=1 phase velocity
—~ 2 =
@ 10 (<49 khz, oddm \/\/M 0 | not constant due fo
o 10 | o 7 error field

20 114147 “20 114452

0.22 0.24 0.26 0.28 0.18 020 022 024 026 028 . LOW frequenC%/ tearing
modes absen

t(s) t(s)
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Camera shows scale/asymmetry of theoretical RWM
| AB,, (x10) with n=1-3 (DCON)

=92G

RWM with AB

=%

e

o
Sete

T

s

et

qﬂﬂ"

RS

o

Rl

S

114147

114147 =
(interior view)

114147
t=0.268s

(exterio view)
® Visible light emission is toroidally asymmetric

during RWM
® DCON theory computation displays mode
uses experimental equilibrium reconstruction
includes n = 1 — 3 mode spectrum
uses relative amplitude / phase of n spectrum
measured by RWM sensors

114147
t=0.250s




Soft X-ray emission shows toroidal asymmetry during RWM

USXR separated by 90 degrees —— Bay G array (0 deg)
g RWMgrowth | —— Bay J array (90 deg)
T =S 87 TR — ]
x‘ S gl . Ch°fg34 i DCON n = 1 mode
2,0 T decomposition
c | ! ;
g 5 | | V,:0.13 0.24 0.4
< [ ! i | I |
0 L. AN : 2001 1
o D] I
\E/ 6 : ] i I
i I ] o
=R : ] &1 : | :
(] F 1 4~
S I : |
L o -
E b w02 o A
~ | . | ] 00 02 04 06 08 1.0
o | Chord 5 [ .
— 6 ] - 1 ]
Z i : : Vi
> 47 | :
2 i | ®* Experiment / theory
[T SRR FENEN SN A AR SRR -92 : C ShOWRWMnOtedge
0.0 05 1.0 15 20 £ )t : - localized
114024, t=0.273s R(m) 0.27 0.28 0.29 Supported by
B =5 t(s) measured AT,
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Experimental Q_., follows Bondeson-Chu theory

Phys. Plasmas 8 (1996) 3013

(Dq)/(DA(q,t) pl’Of”GS ® Experimental ‘chit

0.5 i I | stabilized Iprofiles:
4+ stabilized B>pyree’ (DCON)

+ —- - == 1/(4q?) profiles not stabilized
A not stabilized cannot maintain

IB > IBNno-WaII

regions separated by
0w, =1/(402)

® Drift Kinetic Theory

Trapped particle
effects significantly
weaken stabilizing
lon Landau damping

_____ e Toroidal inertia
et : enhancement more
Important

¢ Alfven wave
1 2 3 q 4 5 dissipation yields
chit = (DA/ (4q )
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M,/ 0p

Q. follows F-A theory with neoclassical viscosity

0.06

O
o
=

S
o
@

0.02

0.01

0.00

o,/ w, in F-A inertial layer (edge)

_|_

-+ stabilized
T - - - 1/(4q?)

A not stabilized

A+AF-T|-'—tT—I_—|_-|+—|_-|_++
A+_t-__t+ n +
e T S
L2 Al A | i
4 5 8

® Experimental 2,

stabilized points:
ﬁ >IBNno-WaII (DCON)

points not stabilized
cannot maintain

IB > ﬂNno-wall

regions separated by
w,/ 0 =1/(492)

® F-A Theory

Standard F-A theory
has Q_.. ~ 1/q

neoclassical viscosity
includes toroidal

inertia enhancement
(K. Shaing, PoP 2004)

® yields Q. ~ 1/9?

rit

crit
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Plasma rotation damping described by NTV theory

® Neoclassical toroidal viscosity (NTV) ~ 8B2*T,0-5

® Rapid, global damping observed during RWM

Edge rotation ~ 2kHz maintained

Low frequency tearing modes absent

40

W
o

Q,/2n (kHz)
N
o

'initial rotation evolution

full rotation evolution E
t(s) |
0.226 :
0.236 |
0.256 B -
0.4f :theory measured
< 0.3 Tty P RZ(dIQq)/ dt)
114452 c 020 ! o
i s . s Z - : !
o P e ae N SRR ~ 01 ; ] X
0.8 1.0 1.2 1.4 1.6 : i
R(m) 0.0 Fiprreofeeemeeeeee b
. - o 01 \ | 113924
Evolution detail differs for other modes o 't=0.276s
no momentum transfer across rational surfaces e —
no rigid rotor plasma core (internal 1/1 mode) 1.0 1.2 1.4 1.6
R(m)
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Toroidal Rotation Damping Torques

O Resonant EM force on island (R. Fitzpatrick, et al.)

~0
/
quEM WIU 5Br island ‘5Br_err0r_ﬁeld XFacshielding
0
[ 2m
r, n (Q)TW)_I—(VS+/VW) :| 2
T(pEM = e 5Br_island

wall 2
Who M1t (01, 1= (ry, ) ]

O Neoclassical toroidal viscosity (NTV) theory (K.C. Shaing et al.)

2
oB™ 1.365n°
TNTV _Rﬂ- p (Q Qmode) Z ( : } ! q

v, mazo\ By 1.182+1.365\m—nq\
dominant m:
2
1/2 B
Tyry :Rﬂ- pi(Q¢_Qmode)€2’/lZQ(5 rj
th. B¢
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Resonant Field Amplification increases at high By

0.6
a o]
g B no-wall o
o

o) _

s 04 (n_1)\A o

o @) @)

®©

— 0

m %00 o ©

<

© 02 B © 00

= ®

(2}

c_g_ @ 1 //

0 \
4.0 4.5 5.0 5.5 6.0
Bn
) . . j/,/
Plasma response to applied field from .
initial RWM stabilization coil pair =

AC and pulsed n = 1 field
® RFA increase consistent with DIII-D

® Stable RWM damping rate of 300s"
measured

Sensors
Initial RWM stabilization coils

Completed coils will be used to suppress RFA, stabilize RWM, sustain high 3
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Evidence for resonance with AC error field observed

rotation: d¢g,/dt varying

frequency match

6 -
* |20 :
B, 4\ 18ABp (G),
2 (maX BT = 34%) _10: :
0l | -20} !
— %8 14.50| PF2 current (kA)
S o 1430 :
m 10/ f [V ,
_;8 (f<40 kHz, odd-n) 4.10 : npple |
t t 40 t t
e 30 [8B,|(n=1) f
I
220004 M AR L 201 (G) ]
m 100 10} ]
0 ‘ | 28 ‘ ‘
5 300 15 [8B,|(n=2)
5200%% 101 (G)
o
m 100 | 5
-e- O ¢ ¢ 18 ¢
§300’ 8 |SBp|(n=3)
£ 200 6 (G)
@ 100 | i 4
S| 114053 %*
0.270 0.280 0.290 0.301 0.270 0.280 0.290 0.30

t(s)

t(s)

F-A modified resonance

(S, /(1+md)+1)@’ . +

(S(l—md)+ Q;): 0

“static error field” response

New condition

@& —v.(1+md)/28, =0

Theory / experiment show

AC frequency match may be
responsible for mode trigger

Mode rotates counter to
plasma rotation

n=1 phase velocity not
constant due to error field

Estimate of wpc/2n ~ 350 Hz
consistent with PF coil ripple

Initial results — quantitative
comparison continues
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RWM stabilization system beinq installed for 2005 run

® RWM sensor array used in 2004 experiments Physics design (VALEN code)

® 6 B, coils now installed on NSTX

Pre-programmed capability in 2005 for RFA
suppression / MHD spectroscopy experiments

® 3-channel switching power amplifier (SPA) on-site
® Real-time mode detection and control algorithm St/
development in 2005 for feedback experiments 7
~ . j
iy
2 |7
200 lﬁ Start feedback 4 g
o
< 190 1 “ m<— Coil current ° §
WL WAY
£ ! f ye:
S 50 I ey ...n- 1 o
% 0 ‘Ltij{[[ ‘i %é!} “ ?’j \ '~ Nl 0 §
% 122 H” «—— Field at sensor ; _qi;)
150 v | (BII\I_BNNO-waII)/(?NwaII_BNNO-WIaII) =65% | e %;
0 26 46 66 80 <

Time (ms)
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Between-shots equilibrium reconstruction with rotation
e Data introduced in 2004 (EFIT)*

51 radial channel, At =10ms CHERS data generated between-shots
® Dynamic (rotational) pressure Py (y,R)|,-o

® P, available — reduces error bars on “partial kinetic” P(y,R)|,-o
Significant upgrade of divertor magnetics set / vessel voltage monitors
® Reduces uncertainty in X-point position and plate currents
Over 350 total measurements are used per time point
¢ Allows fit with no artificial constraints
® One or two artificial constraints may be necessary to reduce noise

Over 11,000 shot*times run — further testing still needed for 100% reliability

® Physics constraints

Flux iso-surface constraint

® Use T, = T,(y(R)|,-o) directly from Thomson scattering data - rapid analysis
required to insure self-consistent solution with toroidal rotation

¢ Better flux surface / q profile determination
® Other data (e.g. soft X-ray emission) can be used as constraint

*in collaboration with Lang Lao (GA), C. Zhang (IPPCAS)
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Expanded magnetics set reproduces 3-D eddy
currents as axisymmetric currents during OH ramp

plate eddy Cu rrents ﬁ 10 PPS\U‘UI/ Mod‘e\ Comp‘orisom 10 PPS\U‘LI/ Mod‘e\ Comp‘or\'som
2 —~ |1 1 2|4
1 4] 9 5 ?
| N g—’; 0 0 ir===y
=a ==l ) 3 — _5 L I ] _5 L i
3 -10~ G -10 |
T 8 PPPOU‘UE/ Moqe\ Com;?om'som 10 PPPOU‘LE/ Moqe\ Comporison
—~~ F 3 :
} :
IO 5 Zan 24
= == = — == = ¢ %f
i \
) ® Black points: plate current
J = approximated from V,,,, sensors
= ® Solid lines: EFIT reconstructed plate
SRR — currents using all magnetics data
VALEN =EE== Fitted currents match 3-D eddy

currents as a 2-D analog
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Pure toroidal flow allows a tractable equilibrium solution

® Solve V¢, Vy, VR components of equilibrium equation
MHD: pv e¢Vv = UJxB — Vp ; p = mass density
° Vo: f(y)=RB,
* VR: 2P4(w,R)/R =p'(y,R)l,; Py = p(v,R)0*(y)R?/2 (Bernoulli eq.)
* Vy: AMw = - R%p(W,R)|g - o* (w)/(472) (G.S. analog)
Pure toroidal rotation and T = T(vy) yields simple solution for p
* P(W.R) = py(w) exp (Mg, @ (W)(R? — R#)/12T(y))

® Constraints for fit

EFIT reconstructs two new flux functions: P, (v), Py(v)

* P,(v) = p(v) R2e*(y)/2; Py(vy) defined so that:

* p(w,R) = Po(y) exp (P (W)/Py(w) (R - R?)/ R¢?)
Standard input: P (), Py(v) from approximation or transport code
New approach:

® Solve for P, (y), Py(v) in terms of measured P(y,R)|,-o, P4(V,R)|,=

I ———
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Significant shift of peak pressure off-axis due to rotation

Poloidal flux and pressure

113460
0.50100000

05 1.0 15 2.0

R(m)

60

113420 |
_t=0.501s |

- magnetic axis
f —

OH

0.5

10

R(m)

1.5

2.0

\|I |sotherm constralnt

(me/rad*10)

I magnetlc axis
—> ‘

1.0 15 20

0.5
R(m)
(Rpmax aX|s)/a =11%

V,, broadens P profile
and reduces q

No significant reduction
in reconstructed 3
compared to static case
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Passive stabilization research at low aspect ratio
illuminates key physics for general high 3 operation

®* Plasma g, = 39%, B, = 6.8, B\/I.= 11 reached; pS,/B,°"3" > 1.3
® Unstable n = 1-3 RWMs measured (n > 1 prominent at low A)

® Critical rotation frequency ~ w,/q? strongly influenced by toroidal
inertia enhancement (prominent at low A)

® Rapid, global plasma rotation damping mechanism associated with
neoclassical toroidal viscosity

®* Resonant field amplification of stable RWM increases with
increasing By, (similar to higher A)

® Evidence for AC error field resonance observed
® Effect of rotation on equilibrium reconstruction evaluated

Completed RWM active stabilization coil to be used for research in 2005
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