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The impact of toroidal rotation, energetic ions, and drift-kinetic effects on the tokamak ideal wall mode
stability limit is considered theoretically and compared to experiment for the first time. It is shown that high
toroidal rotation can be an important destabilizing mechanism primarily through the angular velocity shear;
non-Maxwellian fast ions can also be destabilizing, and drift-kinetic damping can potentially offset these
destabilization mechanisms. These results are obtained using the unique parameter regime accessible in the
spherical torus NSTX of high toroidal rotation speed relative to the thermal and Alfvén speeds and high
kinetic pressure relative to the magnetic pressure. Inclusion of rotation and kinetic effects significantly
improves agreement between measured and predicted ideal stability characteristics and may provide new

insight into tearing mode triggering.

DOI: 10.1103/PhysRevLett.113.255002

Magnetic fusion reactors based on the tokamak will
require operation at high normalized pressure to efficiently
generate high fusion power and to generate sufficient
pressure-gradient driven current to confine the plasma in
steady state [1,2]. The stability of such configurations is
limited primarily by pressure-driven kink instabilities which
can grow very rapidly on a near-Alfvénic time scale 7, of a
few hundred us. Importantly, the placement of a resistive
conducting wall near the plasma surface can slow kink
growth to time scales on the order of the flux penetration
time through the wall 7, leading to a much more slowly
growing (1-10 ms) resistive wall mode (RWM) [3,4]
provided the plasma pressure is below the kink stability
limit in the presence of an “ideal” (i.e., superconducting)
wall. Both active feedback control [5-9] and plasma rotation
and kinetic damping [10-18] have been shown to be
capable of stabilizing the RWM to pressure values near
the ideal-wall limit (IWL). In contrast, plasma operation
above the IWL is generally not possible due to the onset of
the ideal wall mode (IWM) which grows and/or propagates
too rapidly for practical feedback control. Toroidal plasma
rotation €2 separates the RWM and TWM branches of the
with-wall kink dispersion relation [11], and these modes
are distinguished by their characteristic growth rates y
and real frequencies w. In particular, yzy; ~ 1, @7y ~ 1
for the RWM and yz4 ~ 1%-10%, @ ~ €, for the IWM.
At sufficiently high plasma €, the IWM w1z, > 1 and
the resistive wall appears superconducting [11].

Rotation and kinetic effects for the IWM are studied
for the first time and are found to be important when
rotation approaches the ion thermal speed and for high
f = plasma pressure/magnetic pressure. High €, and f3 are
accessible in neutral beam injection heated spherical
tokamaks (STs) [19], and high €2, can also be accessed
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in conventional tokamaks. This Letter describes kinetic
stability analysis for several NSTX [20,21] ST plasmas that
are RWM stable but unstable to the IWM.

Rotation and kinetic effects are studied using the MARS-K
[15,22,23] linear stability code and can be understood from
a complex energy functional derived by taking a moment of

the perturbed force operator F with the mode perpendicular
displacement 51 [24]. The resulting dispersion relation is
O0W + 6K = 0 where the perturbed potential energy oW =
-3 dxF-& and the perturbed kinetic energy 5K =
> d&xply + i(w — nQ,)*|E |* where n is the toroidal
mode number. The real part of the dispersion relation
can be expressed as: y? = Eﬁe(él/AV) /6K, where
0K, = —1 [ dxp|é, |*. Instability occurs for Re(SW) <0
since 0K, is real and negative definite. Here, SW=
SW + 6Ky = W + W, + W, + 6W,,, where W, =
Wi+ 6K, and 6K, = —1 [ dxp(w —nQy)2|E, 2 <0
is a mode-plasma differential rotation energy.
The nonrotating ideal plasma fluid (6W;) and vacuum
(6W,) terms are given by standard definitions [25,26],
Wy =13 [d*x(V-py) - e,;i where p, is the kinetic pressure
tensor, and the rotation potential energy W, =
oWgq + 6W o + 0W . The Coriolis force contributes the
first two terms: 6Wq = — [ dxpQyly + i(w — nQy)|Z x
£-& and $Woq = [ dPxRpQ,E, VQ, - &, and the cen-
trifugal force contributes §Wo; =1 [ d%RQééiRV .pE. The
terms oW ,q and 0K, are analogous to Kelvin-Helmholtz

drive [27-35], and scalings of the 6W terms indicate
rotation will significantly impact pressure limits when

6WrotN5WVp = Ugp~ vth-ion/\/a = quTA ~ ﬂthermal/zq

© 2014 American Physical Society
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Kinetic effects [15] enter through mode-particle reso-
nances at small values of the denominator of

nlw.y + (& = 3)w.r + wg] = (0 — iy)
nl[{wp) + wg| + (ang + Dwy, — iveg — (0 = iy)’

5Wk X

where n is the toroidal mode number, the density (V)
nd temperature (7°) diamagnetic frequencies w, for
species index j are w.y =(1/eZ;)(dT;/dy) and
w.r, = (T;/eZ;N;)(dN;/dy), the normalized particle

energy é, = E/kgT, the E x B rotation frequency wyp =
d®(y)/dy where ®(y) is the electrostatic potential on a
flux surface with poloidal flux function y = RA4, @ — iy is
the complex mode frequency, (wp) is the bounce-average
trapped-particle toroidal precession frequency, @ is an
integer = 0, 1 for trapped, passing particles, respectively,
q is the magnetic safety factor, / is the integer bounce-
harmonic number, w, is the bounce frequency, and v is
the effective collision frequency. Electrons and thermal and
fast ions are included in the calculations, and fast ions are
modeled as an isotropic slowing-down distribution.

Rotation [36] is included in LRDFIT [37,38] equilibrium
reconstructions, assuming the rotation is purely toroidal
[v;, = RQ,(w)] and using a modified Grad-Shafranov
equation with pressure of the form p(y,R)=
Py) exp{UW)[(R/Rywi,)? — 1]} [39] where U(y) o Q3.
The dominant effect of high rotation is to lower the
reconstructed g [40] in the core by Ag~ —0.1 to —0.2.
MARS-K does not presently include equilibrium rotation and
is interfaced to the static equilibrium code CHEASE [41].
The reconstructed (J,/R)(y) profile is used in CHEASE to
approximately conserve ¢(y) and plasma current /p as
pressure is varied. The CHEASE p(y) is set to either p
from the reconstruction or to the measured thermal p plus
fast-ion pressure pr,(y) from TRANSP [42,43].

The early flat-top phase of NSTX discharges was
often unstable to low-frequency n = 1 modes with f =
15-30 kHz ~ f, = Q,/2x that occur at 8 values far below
the calculated static plasma ideal-wall # limit. An important
uncertainty in this analysis is fast-ion redistribution or loss
[44-46] caused by higher-frequency Alfvénic instabilities.
For the first plasma studied, there is good agreement
between reconstructed (measured) and TRANSP-calculated
stored energy (neutron rate) prior to mode onset. However,
Fig. 1(a) shows that thermal + fast-ion f without fast-ion
redistribution (blue) is significantly more peaked than the
reconstructed total (black), and that fast-ion density
profile broadening (red) conserving fast-ion number
and stored energy can bring the total S profile into
agreement with reconstruction. Figure 1(b) shows the core
g=~?2 at mode onset, the deuterium thermal Mach
number M,_p = RQ,/vy_p has a maximum value of
0.8 which should contribute to mode destabilization,
and M, p=~6xwpry. The normalized minor

radius = 1/12'5» Yn = (l// - Waxis)/(l//edge __l//axis)’ R(l//n)E
{MaX[R(l//n79)]+MIH[R(WW€)]}/27 R():R(l)’ 7'-AERO//UA’
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FIG. 1 (color online). Radial profiles of (a) total, thermal, and
fast-ion g, and (b) safety factor ¢ and normalized €, and wg
frequencies.

vA=Bro/\/Hop(0), Brg is the vacuum toroidal field at R,
and p(y,) is the plasma mass density profile.

Figure 2(a) shows the amplitude evolution of the n = 1
mode which becomes unstable near = 0.376 s with
effective mode growth rate y. =~ 1 ms. Using redistributed
fast-ion density profiles consistent with the reconstructed
total f as shown in Fig. I(a), Fig. 2(b) shows the
experimental fy evolution and MARS-K marginal Sy
values assuming plasma resistivity # = 0. These MARS-K
IWM calculations benefit from recent extensive code
benchmarking for the RWM [47]. Here, py [48-50]
=praBpo/Ip|%mT|MA], pr=20(p)/ By, (p) is volume-
average pressure, and a is the plasma minor radius.
Figure 2(b) shows that fluid marginal with-wall f limits
at low rotation (solid green) are all more than twice the
experimental marginal fy =~ 3.5. For these calculations,

vngisr:;vmgu 5 ! ( ) E
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E T T T
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B E  Dashed: nowall | /\mnmiﬂdom =Expt 3
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E 4 w E
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FIG. 2 (color online). Time evolution of: (a) mode amplitude,
(b) fy values, (c) mode frequency, and (d) plasma rotation
frequency.
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the experimental Q; and wy, profiles are scaled linearly by
the same factor such that Q,(0)z, = 0.03. The marginal
with-wall By values using the experimental €, (solid
orange) decrease from 8.3 to 5.5 at mode onset consistent
with increasing destabilization from the increasing f,
shown in Fig. 2(d). Wall stabilization is important at both
low and higher €, as evident from the Afy = 1.5 to 3
difference between the solid and dashed green and orange
curves. As shown by the solid red curves in Fig. 2(b), only
full kinetic MARS-K calculations including wall stabiliza-
tion, experimental Q, and non-Maxwellian fast ions have
marginal S values consistent with experimental mode
onset time and marginal f,. As indicated by the two red
plus symbols with no fast-ion redistribution, the predicted
marginal fy ~ 1.8 is much lower and the predicted w
higher than experiment, highlighting the importance of
fast-ion profile broadening.

Importantly, by 15 ms after mode onset, all computed
stability limits are well above the experimental By value,
but the mode persists for another 120 ms. This suggests the
slowly decaying mode in the experiment is a tearing mode
possibly triggered [51-55] by proximity to the kinetic WM
limit. Figure 2(c) shows that the kinetic predicted f is near
the experimental f =~ 26 kHz at mode onset and that the
fluid f (orange) is well below this frequency. This implies
that fast ions increase the mode f toward f at the g = 2
surface which may facilitate seeding [56-61] of a m/n =
2/1 tearing mode. Figures 2(c) and 2(d) show that the mode
f drops by ~10 kHz within 10 ms after mode onset and
f = fg at the ¢ = 2 surface thereafter.

To assess whether the observed mode is ideal or
resistive at mode onset, the method of Callen [62] is used.
Figure 3(a) shows the computed 7yp for the kinetic MARS-K
analysis at t = 0.374 s from Fig. 2. Figure 3(b) shows the
experimental fBy(7) (black) and the linear fit (green) used
to determine y,. The predicted marginal By = 3.41 agrees
with the experimental marginal Sy = 3.48 to within the

0.4F JRSrepampTTy :
MARS-K (a) Vo= [ﬁNdledBN] =31800 s’

(1ta)® 0.2} Pu=3414
[10°] =
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151
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FIG. 3 (color online). (a) MARS-K y vs fy, (b) experimental
B (t), and (c) comparison of measured and predicted effective y.

uncertainty of the diamagnetic flux measurement used to
constrain f# [see Fig. 2(b)]. Using an amplitude smoothing
width 0.5 ms such that a time-evolving fit to the Callen
model &= & exp[(yet) "] results in a nearly constant a
immediately after mode onset, Fig. 3(c) shows that 1 + a =
1.5 (blue) for the first 0.5 ms of mode growth consistent with
ideal instability. This figure also shows the predicted ideal
growth-rate evolution 7p (7,,1)'/? (green) is consistent with
the fitted y.¢(¢) (red) for the first 0.5 ms of mode growth.
Soft x-ray (SXR) data can also be used to check
consistency with an ideal eigenfunction. Assuming SXR

emission e(y,0,¢) =e€o(y) + de(y,0,¢) and de E - Ve,
Fig. 4(a) shows the perpendicular displacement profile
from MARS-K and Figs. 4(b)—4(e) show the simultaneous
best fit to the 4(b) total emission, 4(c) line-integrated
fluctuation amplitude profile, and 4(d) and 4(e) mode
phase. The free parameters in the fit are the ¢ (y) profile
(red) and the MARS-K mode amplitude and phase. As is
evident from the figure, the predicted mode eigenfunction
peaks between 9> = 0.5 and 0.8 consistent with the SXR
data, and a smoothly increasing ¢, (y) profile (from core
to edge) can reproduce the mean and fluctuating emission
features using the kinetic eigenfunction from MARS-K. SXR
fits during the mode decay phase show poor agreement
with MARS-K but good agreement with a perturbed-helical-
flux island model [39] of a 2/1 tearing mode. Overall, the
agreement between the measured and predicted marginal

1 [ Poloidal harmonic m=1
Normalized f 3
E 5

Re(&:Vyo%) E
E t=374.0ms I
E (a) MARS-K eigenfunction }

8E(b) e (y)dl

kW
‘m?

3|2

JErQuy

3=
bQthcho N A O

(c) foandpass = 24.0-28.0 kHz

N

# periods
o

# periods
o

FIG. 4 (color online). (a) MARS-K mode displacement, (b) equi-
librium, and (c) fluctuating line-integrated SXR emission from
simulation/fit (black lines) and measurement (squares), (d) mea-
sured and (e) simulated line-integrated SXR fluctuation signal
versus w03 and time spanning two mode oscillation periods.
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FIG. 5 (color online). Time evolution of: (a) mode frequency,
and (b) Sy, radial profiles of: (c) f, (d) ¢ and normalized Q, wg.

By.@.7, and &- VS strongly indicate the presence of a
kink mode with a 3y limit reduced by rotation and fast ions
that initiates an m/n = 2/1 tearing mode that subsequently
decays after kink drive has been reduced.

The large reduction in marginal 5y from Q4 and fast ions
and resultant triggering of tearing modes is not a universal
result. Figure 5 plots the evolution and profiles of a
higher By = 5.1-5.5 state typical of the later phases of
high-performance NSTX H-mode plasmas in which the
minimum ¢ evolves downward to ¢q.;, = 1.2-1.5. The
reconstruction methodology for this shot is the same as
for the previous case. It is again found that the TRANSP
Prast(w) computed without redistribution is significantly
more peaked than the reconstructed Sy, = reconstructed
Priotal — Pinermats and the reconstructed Sy, 1s used in the
stability analysis. Figures 5(a) and 5(b) show the onset of a
fast-growing n = 1 mode which leads to a 25% drop in By.
Figures 5(c) and 5(d) show f, ¢, and rotation profiles.
M,_p(y, =0) is again ~0.8 which should contribute to
mode destabilization, and M;_p x4 X @pT,.

Figure 6(a) shows that experimental €25 again reduces the
predicted Sy limit—in this case, from 5.6 (black) to 4.2
(red). However, for this plasma, the inclusion of full kinetic
effects substantially restabilizes the rotation-destabilized
IWM as indicated by the three y curves (green, blue, orange)
for the varied fast-ion pressure profiles shown in the figure
inset. The figure shows variations in fast-ion pressure
peaking (consistent with reconstructed p,) lead to only
small variations in the marginal fy = 5.3-5.5, and that the
kinetic marginal f,; is more consistent with the experimental
marginal fy range than the fluid IWM prediction.
Figure 6(b) shows that inclusion of kinetic effects results
in predicted mode f more consistent with experiment than
the fluid treatment, and that the most peaked fast-ion profile

4
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E 0.03 - fluid, low rotation
E- 0.20 - fluid, experimental rotation
E 0.20 - kinetic: hollow / peaked /
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N

FIG. 6 (color online). (a) Fluid and kinetic IWM y vs fy and
€, and (b) predicted and measured mode frequency vs fy.

(blue) has a mode f most consistent with experiment.
Figure 6(b) also shows that the measured/predicted mode
f = 22-24 kHz is significantly higher than f at the ¢ = 2
surface (15—-16 kHz) which may reduce the drive for tearing
mode triggering despite exceeding the IWM £ limit.

Figure 7 summarizes the instability drives for both shots
near marginal stability and shows the fast-ion 6W)_; domi-
nates W, and thermal species contribute less. Analysis not
shown here finds, for both cases, that 5W_  is dominated by
the nonadiabatic part of 6W,, through the precession
resonance [63] @ ~ (wp) + wg between w9 = 0.45 and
0.75, 6W,_, is also dominated by the precession resonance,
and 6W,_; has contributions from precession, bounce, and
passing resonances. Figure 7 shows shot 119621 has a
smaller 6W,_; fraction consistent with a lower fast-ion f
fraction evident from comparing Figs. 5(c) and 1(a). The
destabilizing W, from the equilibrium J is comparable for
both shots and is also comparable in magnitude to 6W . Shot
138 065 has a more negative 8W,,, than 119 621 consistent
with a larger decrease in marginal f from rotation, and the
rotation-shear-related 6K, and 6W, terms are dominant.

In conclusion, MARS-K linear kinetic stability calcula-
tions show that including rotation, slowing down fast ions,
and drift-kinetic effects can substantially improve agree-
ment between predicted and measured IWM stability
characteristics in rapidly rotating high-f plasmas. Future
work will broaden the equilibrium conditions studied,

RG(BW) / [ 6me (magnetic bending) + 8Wmc (magnetic compression) + 6Wvb (vacuum wwth-wall)]

Wice (electrons)

Wi thermal ions)
SWics (rast ions)
SWoeur o)

W,

Wes
= 138065, t=0.374s W
u119621, t=0.610s 5K

! i ’

W,

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

FIG. 7 (color online). Kinetic, J;, and rotation Re(éVV) terms
normalized by the sum of positive-definite (i.e., stabilizing) fluid
terms.
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assess the impact of anisotropic fast ions, and further study
tearing mode triggering by the IWM.
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