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The physical characteristics of NTV investigated in tokamaks
for rotation control and the evaluation of plasma response

2 Motivation

0 Low magnitude (8B/B, ~ O(10-3)) 3D magnetic fields are used favorably
used in tokamaks (e.g. ELM suppression, MHD mode control)

0 3D fields of this magnitude can produce neoclassical toroidal viscosity

(NTV)’ which can: K.C. Shaing, et al., Nucl. Fusion54 (2014) 033012
® Alter plasma rotation K.C. Shaing, et al., IAEA FEC 2014 Paper TH/P1-11

® Significantly reduce fusion gain, Q, by increased alpha particle transport
(0B/By ~ O(10%))

O Therefore, it is important to understand NTV in tokamaks, backed by
accurate (~0O(1)) quantitative modeling

a QOutline
O NTV physical characteristics
O NTV comparison of theory to experiment
O NTV experiments and assessment of plasma response
0O Application of NTV to plasma rotation control for NSTX-U
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Neoclassical Toroidal Viscosity (NTV) can be studied through
the application of 3D fields in tokamaks

_ _ NSTX 3D coils
a Theory: NTV strength varies with
plasma collisionality v, dB?, rotation
Sb-P <'hL§ 3 =

i} %
L N s
K.C. Shaing, M.S. Chu, C.T. Hsu, et al., _
PPCF 54 (2012) 124033 KSTAR 3D coils
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NTV force in “1/v” collisionality regime
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NTV physical characteristics are generally favorable for
rotation control

0 Non-resonant NTV characteristics (e.g. in o, alterationbyn = 2
NSTX and KSTAR) applied field configuration
: : : : : . in NSTX
0 3D field configurations with dominant toroidal 30 T ————  T——
mode number n > 1 can alter the plasma : _ t(s) i
rotation profile, , without mode locking [ outer region :
: : : - braking saturates 0.575]
0 Experimentally, NTV torque is radially : at this time 0.5851
extended, with a relatively smooth profile ;
0 NTV changes continuously as the applied 3D 20 |
field is increased I '
O Tyqv IS not simply an integrated torque =
applied at the plasma boundary, buta radial <& |
profile — e.g. @, shear can be changed S 10|
O These aspects are generally favorable for
rotation control; give potential mode control
2 Questions remain _ _
] . O .................. [FRTEERRER] INRRRRRRT] ERRRRRRAN AR INRRRER Livvnniing
0 e.g. Isthere hysteresiswhen W,y 1S altered by 0.9 1 011 1 2 1 3 1 415
NTV? R(m)
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KSTAR experiments show essentially no hysteresis In
steady-state w, profile vs. applied 3D field strength

KSTAR non-resonant (“n = 2”) NTV experiments

3D field current (kA/t)

w, (krad/s)

4L

3D field current stepped up / down

160 —

120 |

[0}
o
T

N
o

3 4 5 6 7

Plasma rotation profiles |

a

Experiment run to produce
various steady-state w, with
different 3D field evolution

The steady-state rotation
profile reached is generally
Independent of the starting
point of w,
0 depends just on the applied
3D field current level

O important for rotation control

Absence of hysteresis further
confirmed in very recent
experiments with 6 steps in
3D field current

KSTAR
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Neoclassical Toroidal Viscosity varies as 8B?, and T;%>4’ in
KSTAR experiments, expected by theory

-30

%‘ 4l n =2 field current vs. time . Best fit Stepl#1 Step#2  Step#3  Stepitd
1 2 ! ‘ 1 !
- 31 oc 6B -35¢ = Measured gradient ;
3 @ | ——P=3insB" /
5 ol 2 O ——P=2insB" ;
© k> ——P=1indB" |
E ~ 45| | I
=
Q 1t 3
oy Q
S 0 P | g
. . . Estlmate K/C,
3 4 5 6 7 ©
Time (s) ST
160 — : — ¥, =058
Plasma rotation profile vs. time Best fit: -
—t=20985 .
120| e | [ TR [ O e
@ —t=6405s = A/H
8 g ‘T/R': IT )
- 80 | g ! A B ( i, A B)
P ' = N\
|
38 \Z ® (A) Braking at high T,
40+ 89-50 - (shot 8062)
(D¢Steady-8tate © A Measured gradient at low T,
reached each 6B step 55| —— 5B7 NTV scaling atlow T,
O L L L L L L ®  Measured gradient at high T,
18 19 20 21 22 23 ¥ Z058 oy scsimgsthin T

-60 - . . |
R (m) KS5TAR . t(kATt) :
n = < curren
O NTV torque Ty7y €xpected to scale
as 6B? and T2°in the “1/v regime” Y.S Park, et al., IAEA FEC 2014: EX/P8-05 (Fri. PM)
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3D field perturbation experiments conducted to measure
the Tyqy profile in NSTX

2 High normalized beta plasma targets typically chosen
O Typically near or above n = 1 no-wall limit (for higher T))

2 Apply or otherwise change 3D field on a timescale
significantly faster than the momentum diffusion time,

0 Analysis before/after 3D field application isolates Tyt in the
momentum diffusion equation; -dL/dt = Tty

0 dL/dt measured experimentally and compared to theoretically
computed Tyry ON this timescale

a dL/dt profile can change significantly on timescales > r,,, (diffuses
radially, broadens, leads to significant error compared to Tyty)

2 Focus on non-resonant applied 3D field configurations
0 To avoid driving MHD modes
0 Resonant fields (e.g. n = 1) are more strongly screened by plasma
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Theoretical NTV torque density profiles, T\, are computed
for NSTX using theory applicable to all collisionality regimes

3D field definition
5B=be(B/ B)+($.VB)
)

plasmadisplacement

Non-axisymmetric coils fully modelled in 3D

0 General considerations

0 Intokamaks, & not typically
measured, can lead to large error

0 NTV analysis of NSTX — data interfaced o “Fully-penetrated field constraint”

to NTVTOK used to define & (BZD V= 5)
(Y. Sun, Liang, Shaing, et al., NF 51 (2011) 053015) ® Singularities avoided by standard
finite island width assumption
0 Use Shaing’s “connected NTV model ; O ForNSTX, |£] ~ 0.3 cm << £5p,
covers all v, superbanana plateau regimes therefore. ion banana width-
(K.C. Shaing, Sabbagh, Chu, NF 50 (2010) 025022) averaging is used for ion channel
0 Full 3D coil specification and B spectrum, ® Can explain why strong resonant
lon and electron components computed, peaks in NTV profile are not
no aspect ratio assumptions observed in experiment
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Measured NTV torque density profiles quantitatively compare
well to computed Tygy using fully-penetrated 3D field

n = 2 coil configuration n = 3 coil configuration
‘ ! i o5+ ——— T v ]
0.4 |-<-From ions NSTX | -<-Total NSTX |
_ ==From ions (banana avg.) ; '||[T |==Fromions (banana avg.)
0.35: -+-From electrons 04+ T -+-From electrons
0.3 ] 3 Experimental
Ng 0.95 | T Experimental . NE 03+ \ -dL/dt
= T -dL/dt Y : < \
= iy ; Z N
> 0.2 N
Z
=N
01 | N
O«ﬂ-u-u-n—;f_ P
|- 7L . - L NTVTOK
0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
UN

VN
O Tyrv (theory) scaled to match peak value of measured -dL/dt
0 Scale factor ((dL/dt)/Ty1y) = 1.7 and 0.6 (for cases shown above) — O(1) agreement

a O(1) agreement using “fully-penetrated 3D field” indicates that plasma response is not

strongly amplified from this “vacuum field assumption” (T, ~ oB?)
9
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Plasma response from fully-penetrated 3D field used in NTV
experimental analysis matches M3D-C! single fluid model

O NTV experimental data is a
strong quantitative constraint
on plasma response of 6B

Surface-averaged 8B from fully penetrated
model vs. M3D-C!single fluid model

40 — M3D-CL 0 Because the measured NTV
O 35 | | scales as Tyry « 8B2,
~ 0 L Penetrated Field (NTVTOK) h
<°§ -5 - (n = 3 configuration) O Level of agreement varies
> : | o along the profile
® C 1 \
@ 20 | b 0 Good agreement between
g 1 i A et NTVTOK / M3D-C! single fluid
7 10 T / | models in strong NTV region
3 5 — -~ coe /[ ./ edge 0 M3D-C!core <8B> larger than
- =T ; NTVTOK

0.0 0.54 ‘ g 10 ® Core mode in M3D-C!
V¥n 0 M3D-C!edge <8B> smaller

Strong Tymy_region

® Experimental Typ, too smallin
this region to constraint 6B
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Non-resonant NTV and NBI used as actuators in state-space
rotation feedback controller designed for NSTX-U

2 Momentum force balance — w, decomposed into Bessel function states

Znimi<R2>%ct0:(avj 0 pr Snmz, <(Rvp) >gﬂ+TNB' +Tarv

i op) Op

a NTV torque:
Ty o Kx f (ne,iKlTe,iKz)g (58(,0) [Icoilzw] (non-linear)

Rotation evolution and NBI and NTV torque profiles 3D coll current and NBI power (actuators)

00125 & 2 7
104 desired o, t, = 0.00t % » gl (max )
w 8 / t = 0.681 2.0 = &9 | -
-‘SG ‘ :3 i i::r z) 2 W % 5|
= 6 18 o T4
= s 31 :
o 4 105 3 =
: - 22—
o J
3 27 105 z , ' feedback | 1 ! feedback 1
- o] ! on ' on
o = 00 2 0 | 0 ‘ |
00 02 04,06 08 1.0 05 0.6 0.7 0.80.5 0.6 0.7 0.8
VN t (s) t (s)

l. Goumiri (PU), S.A. Sabbagh (Columbia U.), D.A. Gates, S.P. Gerhardt (PPPL)
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When T, is included in NTV rotation controller model, 3D field
current and NBI power can compensate for T, variations

Rotation evolution and NBI and NTV torque profiles

=
o

Plasma rotation (rad/s) c|§
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NBI, NTV torque density (N/m?)

Ty o Kx £ (0T ) g (5B (p))| I’ |

O NTV torque profile model for feedback

K1=0,K2=25

dependent on ion temperature

3D coll current and NBI power (actuators)

2.0 —
(max.)
1.8 6 —‘
—~ /\57
%1.6 54
S1.4 L g
O irrent 8_ 3 km Powe|
51.2 =
S 22
1.0 1|
0.8 L a0
05 07 099 05 07 09
t(s) t(s)
8
§ 12 1 I
= : : I f
0.6 ! I ]
00' Lk 1ty [ t(s)

‘0.4 05 06 0.7 08 0.9

NSTX-U 25 IAEA Fusion Energy Conference: Characteristics of NTV for Rotation Control / Plasma Response (S.A. Sabbagh, etal.) October 14th, 2014 12



Physical characteristics of NTV are investigated in tokamaks
for rotation control and the evaluation of plasma response

0 Experiments on NSTX and KSTAR show that non-resonant NTV torque
Tnrv from applied 3D field is a radially extended, relatively smooth profile

2 Analysis of KSTAR shows Ty « (8B3p)?; Tty ¢ Ti%47; no hysteresis on
the rotation profile when altered by non-resonant NTV (key for control)

0 3D field perturbation experiments in NSTX using bothn=2and n=3
field configurations measure the Tyq, profile

0 The measured Tygy profile quantitatively compares well between

experiment and Shaing’'s “connected NTV theory” g-zcé-o gg;ﬂing, etal,, NF 50 (2010)

0 Non-resonant Ty profile in NSTX is quantitatively consistent with “fully-
penetrated field” assumption of plasma response

0 Surface-averaged 3D field profile from M3D-C? single fluid model
consistent with field used for quantitative NTV agreement in experiment

0 Rotation controller using NTV and NBI designed/tested for NSTX-U
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Measured NTV torque density profiles quantitatively compare
well to computed Tygy using fully-penetrated 3D field

n = 2 coil configuration n = 3 coil configuration
0.35; |-<-Total NSTX | ||| |7 ~Fromions ; NSTX |
_ |==From ions (banana avg.) ||| |===Fromions (banana avg) ; 4 ]
0.3[| |-+-From electrons ] 0.4 1| ||| ¢-Fromelectrons T
0.95 | T1] - Experimental < f :‘ )
”g Experimental m’; 0.3/ \ -dL/dt 3 !
s 02 -dL/dt S / | [T N\ )
~— 4 ~— N N o
> 0.15 | . 0.2 S
= E
= = \
K0! n LN e |
' 0.1 ™ T I 5
4 - NAT g ;
0.05 | # \/ U | =L
Om — , . _;..-;e;;.m_\' pr 5::.;:.-..‘:‘._t.:._._«._,’-.;.‘.u.;.,_,:.:-_:‘-_, a_| “I, -~ _?'-'0
L L] | NTVTOK
0 02 0.4 06 0.8 1 O 02 04 _ 06 08 1
VN YN

O Tyrv (theory) scaled to match peak value of measured -dL/dt
0 Scale factor ((dL/dt)/Ty1y) = 1.7 and 0.6 (for cases shown above) — O(1) agreement

a O(1) agreement using “fully-penetrated 3D field” indicates that plasma response is not
strongly amplified from this “vaccum field assumption” (T 1y ~ 6B?)
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Very recently, high beta plasmas transiently reached
By=4 In 2014 campaign

KSTAR operating space containing ~11,500 equilibria

| T T I | I T I | I T T | I I T | T | T
gL Nn=1with-walllimit B/l =5 |
e MP2014-05-02-007
B by Sabbaghand Y.S. Park | |
4 - BN > BNno-waII
g —
Bn L 2 mni®a =1 no-wall limit i
3 3
2
1
KA]
2014 KSTAR operation *
0 | | | | | | | | | | | | | | | | | | | |

0.6 0.8

Y.S Park, et al., IAEA FEC 2014 paper EX/P8-05 (Fri. PM)
S.W. Yoon, etal., IAEA FEC 2014 paper OV/3-4 (Tues. AM)

O Values obtained using fully
converged KSTAR EFIT
reconstructions

0 High values reached
transiently at lowered B;

Brinrange0.9-1.2T

By uUp to 4 with |, ~ 0.8 for
duration longerthan
~60 ms in these
discharges

Bp/li=5is ~ 40% over the
computedn =1 ideal MHD
no-wall limit

0 Adding newly available 31
neutral beam source may
further increase the
operating performance in the
ongoing device campaign

KSTAR
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Non-resonant Neoclassical Toroidal Viscosity (NTV) physics
will be used for the first time in rotation feedback control

2 Momentum force balance — w, decomposed into Bessel function states

S (R 22 =(24) 2 2 Sy 1, (R90)°) 2 |+ oy +Ta

op ) Op
a NTV torque:

Ty o« Kx f (ﬂe,iKlTe,iK2 ) g (58 (,0))[ Icoilza):l (non-linear)

State-spacemodel  TRANSP run Feedback using NTV: “n=3" 6B(p) spectrum
@ . | 46 T T 0.8
> gy e 133743 2 P 10% t, =0.347 &E\
5 e gl 5 TR : —~ [ t, = 0.91t —=
= P 1 : n I =
£ i 3 t,=3.01t 10.6 £
c 14l 14,5 E 4 L _B\
O s : — i D
E | : ‘-12\3 CC) i GC.)
2 o = NTV 04 o
g 06, o's\év ..g i . %
% 0'4\5' 04 ; 2 L ?Icn g
ol " _ 02 2

o E desired o, >

7, \) 1 1

% " 0.4 ° t(S) 1 04 oo t(;; O — 00

0.0 0.2 0.4 0.6 0.8 1.0

I. Goumiri (PU), S.A. Sabbagh (Columbia U.), D.A. Gates, S.P. Gerhardt (PPPL) VN
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Plasma rotation control has been demonstrated for the first
time with TRANSP using NBI and NTV actuators

3D coll current and NBI power (actuators)

600 ‘ 6
500r 1 5r
1D4 g S
- 2 400) 1 % 4
B, qt) =
@ 4 Q200 { = 2}
= O o0
3 a) Z
5 . ® 100 | |l feedbacKon
T ;' '
5" 0 5 9 5
S o 0 0.5 t(S) 1 0 0.5, t(S) 1
@ o x 10"
E 107 w ‘ i i
9 @ | Rotation evolution vs. desired
o s rotation setpoints
S o . feedbackon_|
"é' w_:ll . ".A
g | desiredo, ()~
7 Vo - :
| ' S 2 desired o, (#2)
This case uses pre-programmed 3D caoill

% 0.2 0.4 ]

current and NBI feedback 06 ¢ (s) OF
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Several ordered publications by K.C. Shaing, et al. led to the
“Combined” NTV Formulation

0 Publications (chronological order) O Topic
1) K.C. Shaing, S.P. Hirschman, and J.D. Callen, Phys. Fluids 29 (1986) 521. > Plateautransport
2) K.C. Shaing, Phys. Rev. Lett., 87 (2001) 245003. > Island NTV
3) K.C. Shaing, Phys. Plasmas 10 (2003) 1443. » Collisional, 1/v regimes
4) K.C. Shaing, Phys. Plasmas 13 (2006) 052505. > Banana, 1/v regimes
5) K.C. Shaing, S. A. Sabbagh, and M. Peng, Phys. Plasmas 14 (2007) 024501. » Multiple trapping
6) K.C. Shaing, S. A. Sabbagh, M.S. Chu, etal., Phys. Plasmas 15 (2008) 082505: Orbit squeezing
7) K.C. Shaing, P. Cahyna, M. Becoulet, et al., Phys. Plasmas 15 (2008) 082506. > Coll. b'dary layer, v 9>
8) K.C. Shaing, S. A. Sabbagh, and M. S. Chu, PPCF 51 (2009) 035004. > Lowv regimes
9) K.C. Shaing, S. A. Sabbagh, and M. S. Chu, PPCF 51 (2009) 035009. Superbanana plateau
10) K.C. Shaing, S. A. Sabbagh, and M. S. Chu, PPCF 51 (2009) 055003. Superbanana regime
11) K.C. Shaing, M. S. Chu, and S. A. Sabbagh, PPCF 51 (2009) 075015. Bounce/transit/driftres.
12) K.C. Shaing, M. S. Chu, and S. A. Sabbagh, PPCF 52 (2010) 025005. Jpootstrap W/resonances
13) K.C. Shaing, S. A. Sabbagh, and M. S. Chu, Nucl. Fusion 50 (2010) 025022. Combined NTV formula
14) K.C. Shaing, J. Seol, Y.W. Sun, et al., Nucl. Fusion50 (2010) 125008. VB drift in CBL analysis
15) K.C. Shaing, M. S. Chu, and S. A. Sabbagh, Nucl. Fusion50 (2010) 125012. Flux/force gen. coords.
16) K.C. Shaing, T.H. Tsai, M.S. Chu, et al., Nucl. Fusion51 (2011) 073043. SBP regime refinement
17) K.C. Shaing, M.S. Chu, C.T. Hsu, et al., PPCF 54 (2012) 124033. NTV brief overview

YV V V V VYV VYV V V V
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EX/1-4: Physical Characteristics of Neoclassical Toroidal Viscosity in
Tokamaks for Rotation Control and the Evaluation of Plasma Response

HiC]h”C] hts Perturbation_experiments measure NTV
: . torque profile and compare to theory
0 Experimental NTV characteristics oS \ \ :
O NTV experiments on NSTX and KSTAR oall[[ | Fromions (banana ava.)
O NTV torque Ty from applied 3D field is a T Experimental

0.3t T -dL/dt

ol

0.1 |

radially extended, relatively smooth profile
0 Perturbation experiments measure Tyyy profile

2
-T NTV (N/m?)

O Aspects of NTV for rotation control ||

.. . . NTVTOK
collisionality regime for large tokamaks 0 02 o4, 06 o8 i
N
altered by non-resonant NTV is key for control 10 - , , | | 05
. . i , t,=000t] £
0 Rotation controller using NTV and NBI tested . fes'red @ wmosec|
i t,=1.997 |£-

for NSTX-U; model-based design saves power

O NTV analysis to assess plasma response

O Non-resonant NTV guantitatively consistent
with fully-penetrated field assumption

0 Surface-averaged 3D field profile from M3D-C*
single fluid model consistent with field used for 0
o ) : 00 02 04 06 08 1.
guantitative NTV agreement in experiment VN

t,=4.78¢

(@)
—
(@]

N
Pl

N
o
18

Plasma rotation (rad/s) _?:
o
NBI, NTV torque density (N/

Oo
o
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