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CONTROL OF NEOCLASSICAL TEARING MODESIN DIII-D R.J. La Haye, et al.

ABSTRACT

The development of techniques for neoclassical tearing mode (NTM) suppression or
avoidance is crucia for successful high beta/high confinement tokamaks. Neoclassical
tearing modes are islands destabilized and maintained by a helically perturbed bootstrap
current and represent a significant limit to performance at higher poloidal beta. The con-
finement-degrading islands can be reduced or completely suppressed by precisely replac-
ing the “missing” bootstrap current in the island O-point or by interfering with the fun-
damental helical harmonic of the pressure. Implementation of such techniques is being
studied in the DIII-D tokamak [J.L. Luxon, et a., Plasma Phys. and Control. Fusion
Research, Vol. 1 (International Atomic Energy Agency, Vienna, 1987) p. 159] in the
presence of periodic q=1 sawtooth instabilities, a reactor relevant regime. Radially
localized off-axis electron cyclotron current drive (ECCD) must be precisely located on
theisland. In DIII-D the plasma control system is put into a “search and suppress’ mode
to make either small rigid radia position shifts of the entire plasma (and thus the island)
or small changes in toroidal field (and thus, ECCD location) to find and lock onto the
optimum position for complete island suppression by ECCD. This is based on real-time
measurements of an my/n = 3/2 mode amplitude dB, /dt. The experiment represents the
first use of active feedback control to provide continuous, precise positioning. An alter-
native to ECCD makes use of the six toroidal section “C-Coil” on DIII-D to provide a
large non-resonant static m=1, n=3 helical field to interfere with the fundamental har-
monic of an m/n = 3/2 NTM. While experiments show successin inhibiting the NTM if a
large enough n =3 field is applied before the island onset, there is a considerable plasma
rotation decrease dueto n=3 “ripple”.
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1. INTRODUCTION

Neoclassical tearing modes (NTMs) are islands destabilized and maintained by a
helically perturbed bootstrap current and represent a significant limit to performance at
higher poloidal betain tokamaks.! (Poloidal beta Bg istheratio of plasma pressure p to
poloidal magnetic field pressure B /2, .) The m=3, n=2 mode alone can decrease
plasma energy by up to 30%.2 (m isthe poloidal mode number and nis the toroidal mode
number for tearing modes resonant at safety factor ¢ = myn.) The m=2, n=1 node
can have an even bigger deleterious effect and lead to disruption.3

The bootstrap current density j,o = )2 [Mp/By arises at finite inverse aspect ratio
€ =r/R due to trapped particles and pressure gradient Cp where r and R are the minor
and major radii respectively. In the presence of a“seed” island of full width w, the flux
surfaces are no longer nested as is shown in Fig. 1(a). A radial cut through the *“ O-point”
is different in pressure than through the “X-point” as shown in Fig. 1(b). This assumes
that parallel heat flow along field lines dominates over cross-field transport and flattens
the pressure in the island, something to be addressed further in the paper. The zero [p at
the O-point of the island produces a “missing” bootstrap current and together with the
relatively unchanged bootstrap current at the X-point makes up a helically perturbed
bootstrap current &, = €/ 2 [600p/By which is proportional to Bg /w.4> For conventional
tokamaks with q(r) increasing and p(r) decreasing with minor radius, this §j,g
reinforces the seed island and is a destabilizing effect. Actual net stability also depends
on other factors to be discussed but the nature of the NTM is a mode destabilized if By is
large enough.

(a) O!pt (b) Lose
] stored

X-pt P(r ener
A ) Shaded

island
full width

Fig. 1. (a) Torn flux surfacesof m=3 (n=2) islands of full
width w. (b) Schematic of radial pressure profiles through
O-point and X-point with island w.
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Radially localized off-axis co-current drive could replace the “missing” bootstrap
current in the island O-point and stabilize the NTM.6.7 This was confirmed both in
ASDEX Upgrade, and in JT-60U° with electron cyclotron current drive (ECCD).
Periodic long-lived q =1 sawteeth instabilities can provide seed islands to trigger the
NTM? (and are expected to occur in reactor grade tokamaks such as ITER-EDA10). In
ASDEX Upgrade, the sawteeth were often abated by the m/n=3/2 NTM and tended not
to return with stabilization by the ECCD. The optimum location was found by a routine
feed-forward sweep of toroidal field By so that the second harmonic resonance (and,
thus, the ECCD) was on the island at some time during the sweep. In JT-60U, discharges
were run with minimum q>1 to avoid sawteeth. The mirror launching the ECCD was
swept to find the optimum angle for NTM suppression and then fixed at this position on
subsequent discharges. In DIII-D, in the continued presence of q =1 sawteeth, ECCD is
used to suppress the 3/2 NTM by putting the plasma control system (PCS) into a “search
and suppress’ mode to make either small rigid radial position shifts of the entire plasma
(and thus, the island) or small changes in toroidal field (and thus, ECCD resonance
location) to find and lock onto the optimum position. This is based on real-time
measurement of the mode amplitude dBy/dt and constitutes the first use of active
feedback control to provide continuous, precise positioning.

An alternative to replacing the “missing” bootstrap current in the O-pt is to inhibit it.
Partial flattening of the pressure in the island occurs if the parallel transport along field
lines X| does not dominate over transport across field lines x ;.11 A largeincreasein X
would “wash out” the perturbed bootstrap current but is undesirable in itself. Experiments
on ASDEX Upgrade found that the existence of more than one NTM at atime usually did
not occur. This was explained as the helical field of one mode (m/n=3/2 for example)
interfering with the fundamental harmonic of another (m/n= 4/3 for example) so as to
weaken the helically perturbed bootstrap current enough to produce stabilization.12 It was
then suggested that application of alarge, preferably non-resonant, helical field from an
external coil could do the same.13 This has the attractive features that the applied helical
field could inhibit multiple NTMs (m/n= 4/3, 3/2, 2/1, etc.) at the same time and does
not require precise location. In DIII-D, use is made of the six toroidal section “C-Coil”
(usually used to correct n=1 error fields) to apply a large non-resonant static m=1,
n= 3 helical field to interfere with the fundamental harmonic of an m/n=3/2 NTM.
Thisisthefirst experimental use of large externally applied non-resonant fields to control
aneoclassical tearing mode.

In Section 2, the control of a3/2 NTM by ECCD is described including the real-time
feedback to find and lock onto the optimum position for complete stabilization. Section 3
relates the effect of the n= 3 field on a3/2 NTM and how applying the n= 3 field before
the high Bg can inhibit the growth of the 3/2 NTM until such time asthe n= 3 field itself
isturned off. Conclusions are given in Section 4.
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2. ECCD SEARCH AND SUPPRESSION OF AN NTM

A.  MODIFIED RUTHERFORD EQUATION WITH RADIALLY LOCALIZED
OFF-AXIS CURRENT DRIVE

The NTM is metastable in that the high Bg plasma without the island must be excited
above athreshold island width for the island to grow large and saturate. Thisis shown by
the modified Rutherford equation and in Fig. 2.1 A term for the ECCD isincluded.5.”

oL 0 O rw2 i
T_Rd_W:A'r+8l/2 D_qEBeD ZI’W 2_ %O' _8q2r'6€20 Eﬂj&% ’ (1a)
rodt Obod PV +Wg W WS [0 Jps
and
-1 2
n=ng (1+25%/w?) "ep(5aR/Be) 3 . (1b)

with jo./Jps theratio of the peak co-ECCD current density normalized to the local equi-
librium bootstrap current density. The radio frequency (rf) efficiency n has a coefficient
Ng = 0.4 for no modulation and allows for a reduction if the peak ECCD is not placed
precisely (AR = 0) on the island O-pt and/or if the ECCD width is greater than that of the
island [ 3. is the full radial width-half maximum (FWHM) of a Gaussian rf current
density]. All other terms are defined in Ref. [1]. For no rf, the island would be excited
above athreshold width and grow to alarge saturated value for typical DIII-D parameters
givenin Fig. 2. The minor radius r istaken at the g= 3/2 surface on the midplane with
respect to the effective major radius of the separatrix surface Ry, . By applying precisely
located jo. of 21.5 ji itis predicted that the island can be reduced to alevel such that
complete suppression should occur. Any less j../j,s Or reduced rf efficiency
(AR/3,. #0) should lead to only a partial suppression. For FWHM 3. = 3 cm, a mis-
alignment of only 1.9 cm reduces the predicted rf efficiency by a factor of 3. Integrating
radially over the assumed Gaussian rf current density givesthe total rf current I .. Thisis
about 2% of the plasma current IIO within q=3/2 for the j./j,s=1.5 case.

Coupling to other instabilities such as the gq=1 m/n=11 and 2/2 sawtooth
precursors which can act to drive “seed” islandsis not included in Eq. (1). Such coupling
can both make the destabilizing seed (w =2 cm in Fig. 2) and inhibit the suppression by
rf, to be discussed later.
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min=3/2 gl2-g5 Oec/r=0.080
[3,9 =09 Lyllp=15 Ng = 0.4 (no mod)
Nr=-3 Wyolr=0.050  ARIOec =0
r=0.36m wqlr =0.028
3
] Saturated
2 island
] wllBg

0y : -
......... s~l ,/ //
- 2} ec’bs

Fig. 2. Island growth (decay) rate calculated for different
levels of precisely aligned peak rf current density.

B. CONFIGURATION FOR OFF-AXIS ECCD IN DIlI-D

ELMing H-mode discharges with sawteeth were run in DIII-D in which large
m/n= 3/2 NTMs were made and allowed to saturate (w/r = 20%). The periodic sawteeth
continued in the presence of the NTM island. A cryopump was used to reduce the
electron density (and concomitantly increase the electron temperature) so as to improve
the rf current density driven ( jo. O Py To/N, is expected).14.15 The injected rf power P,
isup to 2.3 MW for 2 seconds from four gyrotrons. The second harmonic resonance 2,
for the 110 GHz gyrotron frequency is placed on the inboard midplane near the q = 3/2
location as shown in Fig. 3. This tends to improve j,. over an outboard resonance
location where €electron trapping effects are larger.16 Two separate launchers are used,
each with two gyrotrons; the launchers are independently steerable between discharges
but not during a discharge. The rf absorption at the third harmonic resonance is expected
to be small. The launchers are configured to maximize off-axis j,. rather than to
maximize the total driven current | ..

Discharges are run with 2, 3, or 4 gyrotrons after m/n= 3/2 mode saturation. Plasma
current IIO is 1.0-1.2 MA, toroidal field By = -1.52t0 —-1.64 T, line-averaged density
m=4x10m=3, local q=3/2 T,=T,= 1200-1600 eV, with safety factor at the 95%

flux surface qgg = 3.24.3.
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ECH

f=110.0 GHz

Facet ang = 8.0 deg
Tilt ang = 67.1 deg

w7

Rf
_~" launch

2fce 3fce
Optically Optically
Thick Thin
g g

Fig. 3. Configuration for ECCD/NTM suppression
showing q= 3/2 surface, 2f_, location and projection of
rf trajectory to crossing near ﬁfce and g= 3/2 oninboard
midplane.

C. DYNAMIC AND SHOT-TO-SHOT TOROIDAL FIELD ADJUSTMENT FOR
FINDING THE OPTIMUM ECCD SUPPRESSION OF NTM

The location of the ECCD is critical for optimum NTM stabilization. The location of
the peak jec is alittle outboard of the 2f, radius due to Doppler shift from finite Tg.
Topologicaly, jec can be aligned on a q=3/2 island by adjusting the mirror angle,
modifying By or moving the plasma (of major radius Ry ) rigidly to adjust the major
radiusof q=3/2.

The ASDEX Upgrade work3 relies on a feed forward slow sweep of the toroidal field
in each discharge and, thus, the second harmonic resonance, so that at some time during
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the sweep the positioning is transiently correct. In JT-60U° the optimum rf wave injection
angle was determined by scanning a steerable mirror during a discharge and then fixed in
a subsequent discharge at the optimum angle (as determined from the dip in Mirnov
amplitude during the scan). DII1-D uses a By sweep to find the optimum and then a fixed
By at the optimum in subsequent discharges.

In DIII-D, the sawteeth continue even in the presence of the m/n=3/2 NTM and
cause the on-axis g to vary from 0.85-1.00 which can aso affect the q =3/2 location.
Thus, time-to-time and shot-to-shot variations are both of concern for precise ECCD
location. The optimum is first found by a B; sweep as shown in Fig. 4, too fast to
achieve complete suppression with only two gyrotrons. The TORAY -GA prediction!’ of
j(p), where p is the normalized minor radius, is shown for 1 MW for the three times
indicated along with the location and width of the initial island [from fast ECE radiometer
T.(R) at the n=2 Mirnov frequency]. These profiles show: (1) the need for alignment
within £1 cmand (2) joc/jps =1.5 is margina in agreement with Fig. 2. The jps comes
from analysis by code ONETWO.18 Here the n =2 Mirnov rms amplitude comes from
Fourier analysis of atoroidal array of Mirnov probes after integrating dB /dt.

[

o~ ©o
m
o0
S0
j

n=2Mirnov (G)
amplitude

5

R (cm) of 2f, %gg

#104337
132F
130F

I .
108 == -===--~ FARCREPTY SERRE :
126 !

2900 3000 (3100 3200 3300 3400
ime (ms,

20 T T T T T

j (Alem?)

151

10-

Saturated

|« Island -+

w=7cm

Fig. 4. (a) Bt sweep to move 2f__ location past isand. ECCD on
at 3000 ms (2 gyrotrons for =1 Riw injected) (b) calculated |
from TORAY-GA [at the three different times indicated in (a
andj. from ONETWO code reconstruction [at the middle time
indicated in (8)]. 1sland width and location from ECE radiometer at
first timeindicated in (a).
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Best results (i.e. complete 3/2 NTM suppression) occur by setting the flattop B; to
the value of the biggest n=2 Mirnov dip of Fig. 4. B increases by about 25% as the
3/2 NTM is suppressed and remains at this level even after the ECCD is turned off, as
shown in Fig. 5. This case #104328 has qgg5 =3.2, and periodic q=1 sawteeth are
uncoupled from q =3/2, i.e., the n=2 Mirnov frequency fs, issubstantialy higher than
twice the n=1 Mirnov frequency f;;. Theinitid jo./jps=1.8.

The importance of fine tuning By to place the 21, location (and thus ECCD) on the
3/2 idand is further shown in Fig. 6. Before the ECCD is applied, the n=2 Mirnov
amplitude ‘I§632‘ isin steady state, i.e., dw/dt=0 and all terms on the right-hand side
(RHS) of Eq. (1) add to zero. Upon turning on the rf, Mtlally the RHS has only the rf
term. Keeping all quantities fixed, |n|t|al w 8932‘) , Ng, T, By, etc, the initial
decay rate y is Dexp% (5AR/36 ) B where AR is the mlsallgnment A shot-to-shot
scan isshown in Fig. 6 in flattop By for the qgg = 3.2 case with sawteeth “uncoupled” to
the 3/2idand, i.e. 2f; # f3,. The FWHM width d. is somewhat wider than predicted by
TORAY-GA. This may be due to the model, difference in the current drive locations of
the two gyrotrons or radial diffusion (not included in TORAY-GA) broadening the
effective current drive width.19 The fit shows that a factor of 2 reduction in effectiveness
occurs for amisalignment of only 1.9 cm.

30 0.5 x Pgeam (MW) 104328

By ]
ool ] N
ECHPWR (MW)
1.0 L
0.0 ]
100 W n=1 Mirnov
8.0 n=2 Mirnov (G)

00600 3000 | sa0  as0 | 4200 4600
Time (ms)

Fig. 5. Complete suppression of an myn=3/2 NTM by ECCD in the

presence of continued uncoupled sawteeth (2 gyrotrons,

/R =1 MW/6 MW, fixed and )- @ By and ECH power,
(br)f n be%’“f solid) and n=1 (dashedﬁntegrat%ﬁ\/llrnov amplitudes.
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4104328

DY

/1
7

® (=32, 1MW
wir=7cm/36 cm

/:)"

w

3/2 Mirnov,

5FWHM =3.8+0.8cm
— |~ O TORAY-GA
predicts 2.7 cm

min
Initial Decay Rate (s71)
N

=

2 -1 0 1 2 3 4
AR (cm) from Variation of Toroidal Field
and thus 2f., Location, Shot-to-Shot

0

Fig. 6. Initial decay rate of n=2 Mirnov amplitude upon application of
ECCD versus shift in 2fCe location (and, thus, relative displacement of
island and peak current drive).

D. REAL-TIME CONTROL OF OPTIMUM POSITION

To alow for shot-to-shot and time-to-time variation in the optimum position,
particularly due to on-axis safety factor q(0) variation with periodic sawteeth affecting
the g =3/2 location, DIII-D has developed real-time control. For fixed By and rf launch
angles, the plasma control system (PCS) makes small rigid horizontal shifts of the plasma
cross-section (and, thus the island) across the peak ECCD. Or, for fixed plasma position
Ryrf - the PCS makes small changesin toroidal field By (and thus, the 2f, and peak jg.
location) with respect to the island. A “search and suppress’ logic looks at the real-time
n=2 Mirnov signal so as to determine which way and by how much to move the plasma
or the 2f, resonance to optimize the ECCD suppression.

For fixed By, the PCS does a AR “blind search” when the Mirnov mode amplitude
exceeds athreshold, typically 20% of the level of the even n dB, /dt before the ECCD is
applied. The plasma major radius (and island) isrigidly stepped by AR=1cm. A dwell
of 100 ms allows for checking if the mode amplitude decreases or not. If yes, but above a
threshold, a further step and dwell is made. If no, the next step is in the other direction.
Once the mode is suppressed, the PCS freezes R ¢ until such time that the mode should
reappear. An example of arigid shift of about AR=2 cmisshowninFig. 7. The q=3/2
surface follows Ry, (although perhaps with adelay as these times are £50 ms around a
PCS step command of 2 cm); the 2f_, location has a negligible change. An example of
PCS real-time control of Ry, isshown inthe “phase plot” of BDOTEVAMPL vs. Ry
in Fig. 8. The discharges are g = 3.6 such that the sawteeth become weakly coupled
just before the crashes ( f3, =2f;,) and three gyrotrons are used for 1.5 MW injected
(jec/jbsz 2.2). Complete NTM suppression is achieved (at fixed “optimum” B; and
Ryurf) 1N #106642. Given a demonstration of a condition for complete suppression, the
PCS in the example of #106654 is deliberately started with AR=-2 cm from “optimum”

GENERAL ATOMICS REPORT GA-A23843
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f=110.0 GHz

Facet ang=11.0 deg
Tilt ang=66.0 deg

]

—4

S

RJ. LaHaye, et al.

Island
moved

wrt 2fce
resonance

106654 4450
106654 4550

Fig. 7. Rigid shift in major radius by about 2 cm moves gq= 3/2 with
negligible changein 2f_, (and thus, j.) location.

NoPCS '
optimization fa

50 E T T T T
E PCS optimization
A starting from AR=-2cm
40F
@ E Dwell
ST ¢t
=2
gz VF
i AVl
> o
o = F
SEE
=8
ae
= E
10F
PCS reset at 4500 ms
0k 0 ———— I
1.680 1.685 1.690 1.695
Rsurt (M)
Major Radius

Fig. 8. Trajectory of Mirnov amplitude versus plasma major radius with
and without PCS real-time control of optimum rigid plasma position
(Ry,¢) for ECCD suppression of an nmyn=32 NTM (ECCD with
3 gyrotrons, 1.5 MW, on from 3000 to 4800 ms, B, =-1.54T flattop,

0gs = 3.6 coupled sawtooth case).
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during ECCD and searches and dwells etc. until the optimum Ry, is adjusted and
complete suppression obtained. Sawteeth continue but the 3/2 NTM does not restrike
with ECCD until at a preset time of 4500 ms the PCS resets R+ to the starting point
and a sawtooth crash induces the mode with ECCD on but now off-set. This is the
difference shownin Fig. 7.

For fixed Ry, the PCS can do a AB; “blind search”. Here the step size is
AB; =0.01 T equivalent to AR = 0.9 cm (ABy /By =0.6%) with the same dwell time of
100 ms. The logic is the same as for ARsearch at fixed By. An example of a shift in the
2f.. resonance of about 2 cm is shown in Fig. 9. The q=3/2 location is essentially
unchanged. An example of PCS real-time control of By is shown in the “phase space
plot” of BDOTEVAMPL vs. By in Fig. 10. The PCS in the example of #107390 is
deliberately started with AB;=0.02 T or AR=1.8 cm from optimum and searches and
dwells until the optimum By is adjusted and complete suppression obtained.

E. ECCD REQUIREMENTS FOR COMPLETE NTM SUPPRESSION
WITH SAWTEETH

Unlike ASDEX Upgrade or JT-60U, the DIII-D experiments are done with periodic
gq=1 sawteeth present. Initial experiments were done at (g = 4.3, Ip =1.0 MA,
Br =-1.64 T so that q=3/2 was at a smaller normalized minor radius (p =0.53) to
have higher T, and more current drive. However with two gyrotrons complete 3/2 NTM
suppression could not be achieved. It was recognized that there was no differential
rotation between the g =1 sawteeth precursors and the n/n=3/2 NTM, i.e,, 2f;; = f5,.
This suggests nonlinear coupling of the myn= 3/2 mode to the unstable m/n=11 (and
2/2) mode must also be overcome to stabilize the m/n= 3/2 NTM. Discharge adjustment
to lower dgs = 3.2, larger minor radius location of q=23/2 (p=0.63) at IID =12 MA,
By =-1.52 T moved q = 3/2 far enough from the axis so the coupling was broken, i.e.,
2f;1 # f3,. The differential rotation factor (Aoortear)_]/z = (250) Y2 = 0.06<<1 is
sufficient to substantially decouple the surfaces.2! [Here Aw = 21 (f32 -2 f11) and Tigy
is the tearing reconnection time at q=3/2.] In this case, two gyrotrons were just
marginally enough to get complete suppression. An intermediate case qgg = 3.6 at Ip =
1.1 MA and -1.54 T was also run with weakly coupled sawteeth, i.e., only Aw =0 near
the peak sawteeth precursor amplitude. A summary of the j./j,s VS dgs With best
alignment in each case is given in Fig. 11. Typicaly, awell-aligned level of j./j,s=2
is necessary to get complete 3/2 NTM suppression.

GENERAL ATOMICS REPORT GA-A23843
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ABy=0.018T
U AR=16cm
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wrt island

107390 3625.0000
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Fig. 9. Shiftin 2f_, (and thus, j.) location by about 2cm by AB[ =
0.018 T (1.1%) with negligible changein g= 3/2 location.
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Dwelling
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Dwelling

Searching

-1.560
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Fig. 10. Traectory of Mirnov amplitude versus toroidal field with and without

PCS real-time control of 2f

resonance location for ECCD suppression of an

m/n=3/2 NTM (ECCD with 3 gyrotrons, 1.5 MW, on from 3000 to 4000 ms,
Ry = 1.700m, dgs = 3.6 coupled sawtooth case).
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3r
© 3 gyrotrons, 1.5 beams
2F X 3 gyrotrons, 2.5 bea)r(ns
0]
2 | 2gyotrons, 2¥heams”
o 2.5beams
— X
2 gyrotrons
L with 60%
duty cycle,
2.5 beams
O 1 1 1
3.0 3.5 4.0 45
=1 sawteeth 1 t Ugs 1
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to m/n=3/2?

Fig. 11. Ratio of j_. from TORAY-GA toj, . from ONETWO for best
alignment of ECCD in each case to m/n=32 NTM vs. qy;. Open
circles are complete NTM suppression, X are partial suppression.
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3. NON-RESONANT HELICAL FIELD INHIBITION OF AN NTM

A.  MODIFIED RUTHERFORD EQUATION WITH NON-RESONANT FIELD

The model pressure profiles shown in Fig. 1(b) assume complete flattening inside the
island. This maximizes the helically perturbed bootstrap current. However, other effects
can make the pressure flattening less than complete, reducing the destabilizing term in
Eq. (1a). The usual effect appears as the “transport threshold” island size wy which for
w3>>w? would “wash out” the perturbed bootstrap current.1.11 Increasing

12 14 o . . .
Wy =(Ls/k9) (XD/X”) would ordinarily take a very large increase in perpendicular
transport X over the parallel transport X| and is both difficult to achieve and
undesirable. (Here L =gR/s iswhere sisthe magnetic shear and kg = nyr.)

A helical field of a different helicity (such as myn=3/2) from a different NTM was
found to suppress a pre-existing NTM (such as m/n=4/3) in ASDEX Upgrade if the
additional NTM was large enough in amplitude and the rational surfaces close enough.12
Theoretical explanation of these experiments led to proposing a theory of NTM
suppression by “large” externally applied helical modes.13 Preferably these applied fields
from a helical coil should be non-resonant with any g=m/n surface in the plasma so as
to drive no reconnection. It should be noted that preliminary experiments with resonant
m/n=1/1 and 2/2 fields are under invesitgation at JET.22 The simplest way to view the
physics of NTM suppression by another helicity is: (1) the applied field bends field lines
at the NTM island chain, (2) the bending puts a small fraction ‘5‘ of the very large
parallel heat transport X, in the “perpendicular” direction to add to x5. (Here
[B/=|Byn|/Bro is the ratio of the applied helical radial field at the NTM surface to the
equilibrium toroidal field Br,). This “enhanced” x interferes with the fundamental
harmonic of the NTM in the same way as the wy transport threshold in Eq. (1a). The
effective wy isl3

0 ‘5‘2 f4
= a O 2
e +“XD/XMH ?

where Wdo:(Ls/ke)]/2 (XD/X”)]/4 as before. For X /x| =2 x1078 and ‘6‘:2 x1073,
Wy isincreased by a factor of 3. This is enough weakening of the helically perturbed
bootstrap destabilization to completely suppress a typical NTM as shown in the
evaluation of the modified Rutherford equation in Fig. 12.
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For less ‘6‘ there would be partial suppression of a previously saturated NTM and
complete inhibition before onset of not too large a seed island. This hysteresis is
explained in Fig. 13 by plotting the perturbed bootstrap current only vs. island size at
different applied helical field. For large saturated islands, w =7cm for example, ‘6‘ has a
wesk effect as w2>> w3 even for large ‘5‘ =2 x1073. However, for small seed islands,
w < 2 cm typicaly,l the destabilizing term is substantially weakened.

min =312 €12 L4Bg =0.675
r=36cm L_p
. Wy =18cm ~ .
37 A= Xc/x) = 2x10°8

wyg =1.0cm, IEI =0
Saturated w [B ¢

w (cm)
10

Wy =3.0cm, 1Bl = 2x10-8

Fig. 12. Modified Rutherford equation evaluated with and without
(ﬁ:o external helical field applied.

0 | |

0 5 10
w (cm)

Fig. 13. Perturbed bootstrap current vs. island size w for_different levels
of external helical field [b| applied. Here wy =1cm for [b|=0.
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B. NON-RESONANT HELICAL FIELD FROM THE “C-COIL”

The “C—Caoil” on DIII-D is used to apply toroidally asymmetric magnetic fields.23.24
The six section coil, shown in Fig. 14(a), is used in this study to apply an n= 3 magnetic
field. Both n=1 resonant error field correction and n=3 fields can be applied
simultaneously depending on the relative coil currents. Each section is four turns with a
maximum current allowed of 5000 A. The n=3 helical field is predominantly non-
resonant, as confirmed by Fourier analysis on the highlighted surface in Fig. 14(a) which
is about at normalized minor radius p=0.6. For safety factor on axis gq;=1 and g
monotonically increasing with radius, i.e., q = q;=1 everywhere, the dominant helicities
from the C—Coil are m/n=1/3 and 2/3 and non-resonant.

The n= 3 field from the C—Coil issimilar to a“ripple” field from toroidal field coils
but at much lower n. [Thereis n= 24 ripple of +0.55% of B; at the outboard midplane
boundary of DIII-D (R=2.34m) which falls off rapidly as (R/RTF)24 to only
15x107%% at R=2.06m, p=0.6 where Rr=2.90m is the outboard midplane
location of the toroidal field coil.25] The n= 3 field radial fall off is shown in Fig. 14(c)
to be quite gradual and the field is significant across the plasma volume.

C. APPLICATION OF n =3 FIELD AFTER A SATURATED m/n=3/2 NTM

As in the ECCD work, an myn=3/2 NTM was excited on a sawtooth crash and
allowed to evolve to alarge saturated island at constant neutral beam power. The plasma
shape was as in Fig. 3, with qgg =3.7 and “weakly” coupled sawteeth as in Figs. 7 and
10. However, as tuning to the 2f_, resonance was not necessary, plasmas were run at
lower toroidal field and plasmacurrent so asto allow ‘b‘ to be larger. ( |, =750KA, By =
—11T, n=5.7x108cm™3, B =2.2, By = 0.95, with T, = 0.85 keV and T, = 0.89 keV
at the q=3/2 surface.) The island size w estimated from Mirnov analysisis about 7 cm
full width or w/r=20%. The critical island wy for incomplete pressure flattening is
about 0.8 cm with )(Dzl.?mz/s at p=0.5 from ONETWO transport analysis,
X =7- 7 %107 m2/s from ion collisional transport (mean freepath Mmfp =Vi /Vii =260m
less than parallel connection length )\ =4ml /kgwy =620m where L =gR/s=4.2m for
shear s=0.6 and kg=m/r=9.4m"~ -1 for m=3 and r =0.32m).1 Notethat the banana
ions are in the trapped regime as v;; /ew,; =0.1<<1 for wy; =€%2v; /gR the ion bounce
frequency.26

For evaluation of the effective non-resonant n= 3 helical field from all m compo-
nents, both left and right handed, the Fourier components of Fig. 14(b) are added in
quadrature as B, as each separate component should theoretically act cumulatively in
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Fourier
Analysis o
Surface o

[epep——— S
T

C-Caoil
15— n =3 left hand (b)
right hand is similar
Bmn (rig )
(G) 10
5
O0 1 2 3 4 5
m
5 100 (c)
>Bm3 n =3 on midplane
m=0 (8=0°at @=79°
G
q=¢3/2qI2 ria
0 1 1 1 1 |

1
0 10 20 30 40 50 60
R-Rsurf (cm)

Fig. 14. (a) The six section C—Coil. Also shown is surface for Fourier
analysis; (b) Fourier analysisat p=0.6 of perpendicular (“radia”) n=3
magnetic field at maximum C—Coi| current of 5000 A; (c) Gradual fall off
of total n=3 radial field (¥ Brm33 on midplane location. R, ¢ is major
radius of plasma.

Eqg. (2).27 Finally, we also here introduce the effective m/n=2/1 resonant error field
Boenp1 Which can induce rotation drag, locking or reconnection at =2 and which the

P
C—Cail isroutinely used to minimize.24
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The result of switching on the n= 3 field to |b|=B,a /Bro=1.6 x1073 in 500 ms,
about three confinement times, is shown in Fig. 15. The three C—Coil pairs are all at
maximum currents of —5000, 5000, and —5000 A respectively at ¢=79, 139 and 199
degrees. The principal effect isareduction in plasmarotation [Fig. 15(c)] to be discussed
in the next section. While thereisatransient dip in n= 2 Mirnov amplitude [at 3200 ms,
Fig. 15(d)] thisis not maintained and B, (and Tg) drop by about 20%. The reduction in
By isdueto asimilar decrease in density (no filling gasisinput) with central T; (and T,)
about unchanged and neutron production (deuterium plasma) also about unchanged. As
indicated in Fig. 13, ‘5‘ ~1.6 x 1073 appears to be insufficient to make a significant effect
on alarge (w=7cm) island. Additional experiments used lower By (1.0 T) and Qg
(3.2) which both somewhat increase ‘6‘ (g=3/2 moves to larger minor radius at lower
Ogs) and larger transient dipsin n= 2 Mirnov amplitude were obtained but only in long
ELM-free periods. Results and modeling of these other discharges will be reported else-
where. The plasma parameters of Fig. 15 were repeated in the inhibition, i.e., early, low
Bg n= 3 field application before the n=2 NTM, and are discussed in the section after
next.

6000.0 106247

C139CURRENT
079CURRENT

-6000.0

20.0
Braeff
© Bpen21
0.0 = - rvon .

200

n=2 model

kHz

2xfCERQ5 at ) = 3/2

0.0
3.0

n=2rms gG) IR A

2.0 H— B

oL ST

0.0 -“mu SERFRE

2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
Time (ms)

Fig. 15. (&) C—Cail currents switched to make n=3 field starting at
3000 ms; (b) effective n=3 field B ;4 =18G for |bj=1.6x107° at

= 1.1T; (c) rotation drops as shown by n=2 Mirnov frequency
solid ling) and twice ion toroidal rotation frequency at chord #5 which is
closest to q = 3/2 (dotted line) with n =2 ripple damping rotation model
(dashed line) aso shown; (d) n=2 integrated Mirnov amplitude, B
(dotted line) and D, light.

D. ROTATION REDUCTION WITH n =3 FIELD

The rotation reduction asthe n= 3 field isturned on is prompt and eventually reduces
the global momentum confinement time T,, by 83%. The reduction is across the entire
profile as shown in Fig. 16 as measured by charge exchange recombination (CER)
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W t=2200
@ t=3000
20 A 1=3800
@ (*10,t=3000

< fap
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< fap

1014
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& /A}L‘\ < f3, Mirnov
0
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R-Rgy (€M)

o

(N
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Fig. 16. Profiles of twice (for n=2 comparison) ion toroidal rotation
frequency with m/n=3/2 NTM at times (2200 and 3000) before n=3
field and also at 3800 with n=3 field. R, = 170 cm, the q profile
from EFIT is included and f3/2 is the Mirnov frequency at each time
(2200 highest, 3800 |owest).

analysis of CVI ion toroidal rotation. The ion toroidal rotation is in good agreement with
the n= 2 Mirnov frequency before and after the n= 3 field isturned on.

The decrease in rotation is not compatible with an induction motor model involving
the drag of resonant fields and slipping.29:30 In that model, a resonant m,n helical field
acts on a slipping, rotating plasma at the rational surface g=m/n to induce an m,n
helical current sheet which opposes reconnection but whose small phase shift due to finite
reconnection/tearing time T, leaves anet J x Bm,n drag. In an induction motor model
for natural rotation f, and confinement time t,,,

df _fo—f _CmdB2

o rmn 33
dt  Tyo f (%)

for m/n=2/1 for example, with

. . 42
f_10 Twefl, 1 ot 0 413CingB )
f, 26 f, H 2

fo 2 o g g

and locking, i.e. adecreasein f of 50%, occursfor B, = f2 /4C 4 Tyo- This mode fits
neither the larger rotation decrease nor the time dependence.

The switch to maximum n=3 C—Cail currentsin Fig. 15 turned off the n=1 error
field correction causing Boen21 1O increase to the intrinsic uncorrected error field level.
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For co-injected beam driven rotation this should not be a significant enough 2/1 field to
damp the rotation. However, checks were made. In another discharge, the n=1 C—Cail
correcting currents were maintained and the n= 3 currents increased to about 80% of the
level in Fig. 15. A large rotation reduction was still observed. In yet another discharge, no
n= 3 field was applied but the n=1 correction slowly turned off and then the n=1field
increased as in magnetic braking; a substantially higher Bpen21 than in #106247 was
needed to reduce rotation by 50% to the locking level of Eg. (3b) consistent with a
resonant error field. Thus, the tests indicate that the rotation damping is not due to an
applied resonant field.

What does fit the rotation reduction is ripple damping of beam-induced toroidal
plasma rotation. The closest related low n ripple experiment is the use of nine toroidal
field (TF) coils in ISX-B (the standard was 18) which observed a reduction of centra
toroidal rotation velocity by a factor of six and momentum confinement time a factor of
seven.31 The n= 9 ripple, peak to average field, was 2% to 10% from the plasma axis to
the outboard midplane boundary. The n= 3 ripple for DII1-D #106247 is similarly about
0.3% to 0.9%. Detailed modeling of the n= 3 ripple drag is beyond the scope of this
paper and will be reported on elsewhere. However, modeling of ripple drag32 related to
“transient time magnetic pumping,” has aform

df _fo- 1

—=0 _-C. B2 , 4a)
dt Tio rip Br3eff (48)

for the n= 3 effective field for example, with

fo 1+TMoCripBr23eff

(4b)

The fit to the model in Fig.15(c) has f;=15kHz, T1),=0.19s and
Crip:0.029 s1G2, Note that the form of Eq. (4b) has no critical condition for locking
and that the rotation decreases continuously as B3¢ iSincreased.

In consideration of drag from n=3 transit time magnetic pumping in the frame
moving with the plasma at toroidal velocity V(p (oo:k(pV(p where k(p:n/ R and n=3),
the plasma at the q=3/2 outboard midplane location { R, =2.07m, |B;|=0.9T, n=3
ripple field Br(l) =50G [from Fig 14(c)] at maximum C—Coil current} isin the regime
Vi >>V,>>Vp, Here V, :(ZkBTi /mi)]/ =300km/s is the ion thermal speed,
V(p =100km/s is the ion toroidal flow (before turning on the n=3 field) and
Vpe =20km/s is the ion toroidal drift speed |kgT; /6By Ly;| . The n=3 ripple field
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exerts drag on the plasma rotation which, using Eq. (57) of Ref. 32 can be put into the
form

df "FV n +170 " p(® f

dtirrmp

V4 II%utD n U an"'z)(l:\())ut_Rn)%BTE . ©
evaluated at the outboard midplane q=3/2 radius R, (2.07 m) where the [ ] averages
the combined major radial variations in k,, B, and By from R, to the inboard
q=3/2 radius R, (1.43m). At full C-Coil current d1‘/dt|TTNIP from Eqg. (5)
~-8.6s10f compared to the empirical fit drag term from Eq. (4a) of
-CripBaest f == 9.4 571 Df .

E. APPLICATION OF n =3 FIELD BEFORE THE m/n=3/2 NTM ONSET

Given the difficulty for the n=3 field in affecting a large saturated NTM
(w2 >>w§), asindicated in Fig. 13, the same parameter plasmas asin #106247 of Fig. 15
were run but with the n= 3 field turned on in the low 4 phase before the neutral beams
increase beta so that the discharges could start in the regime w? <<w§ with large enough
n= 3 field. Three discharges are shown in Fig. 17, #106339 with the maximum n=3
field (as in #106247), #106336 with 0.5 times the maximum n= 3 field and #106334
with no n= 3 field. The maximum n= 3 field inhibits the onset of the m/n=3/2 NTM
until late in the discharge when the n= 3 field is ramped off and the NTM appears. At
half the maximum n=3 level, the NTM is not inhibited and appears early in the
discharge. In both n= 3 cases, the plasma rotation is reduced as before. The consistent
critical level for inhibition is [b|=B,a /Brg 1.2 x1073. Note that based both on n=3
Mirnov analysis and on electron cyclotron emission data, all of these discharges have
frequent (every 50 ms) sawteeth of about the same amplitude which can act as m/n=3/2
NTM seeds. Suppression of the m/n=3/2 NTM does not increase 3y, which may be due
to the offsetting reduction in confinement caused by the reduced rotation in H-mode.
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Fig. 17. Different levels of n = 3 field applied before neutral beams raise
beta. Same parameters as in #106247 of Fig. 15. B, iseffective n=3
field, twice toroidal rotation measured by CER at agout q=3/2, n=2
rms Mirnov amplitude and {3 .
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4. CONCLUSIONS

A.  ECCD NTM CONTROL

Large (w/r =20% full width) m/n=3/2 neoclassical tearing modes in the presence of
sawteeth are completely suppressed by precisely located (to £1cm) off-axis electron
cyclotron current drive. A level of peak j,, of about twice j,g is required for
stabilization. A little higher value may be necessary if there is direct coupling of q =1
and q = 3/2 surfaces. The DIl1-D plasma control system (PCS) has been developed to do
real-time search and suppress position control using either rigid radial plasma shifts or
adjustment of the toroidal field and thus second harmonic electron cyclotron resonance
location. This represents the first use of active feedback control to position the ECCD.
After NTM suppression, with continued ECCD, beta could be substantially raised above
the onset level. Future work is to apply ECCD to inhibit the onset of NTMs and will
require the PCS to locate the q=3/2 surface, for example, and position the ECCD in the
absence of the NTM, particularly as betaisincreased and a Shafranov shift occurs. Future
work will also be to suppressthe m/n=2/1 NTM.

B. n=3 NON-RESONANT FIELD NTM CONTROL

A large ‘6‘ > 1.2 x1073 non-resonant field can inhibit the onset of neoclassical tearing
modes in sawteething discharges which would otherwise have large (w/r=20%)
m/n=3/2 NTMs. The saturated NTMs could not be suppressed at ‘B‘Slﬁ x1073. This
method has the advantages that no precise positioning is needed and that it can act on
multiple possible NTMs simultaneously (4/3, 3/2, 2/1, etc.) The disadvantage is that the
plasma rotation is strongly damped. Future work is to make use of proposed C—Coil
extensions poloidally above and below the existing C—Coil to examine if moving the peak
n= 3 ripple off the outboard midplane, for example, can reduce the rotation damping.
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