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The resistive-wall mode is actively stabilized in the National Spherical Torus Experiment in high-beta
plasmas rotating significantly below the critical rotation speed for passive stability and in the range
predicted for the International Thermonuclear Experimental Reactor. Variation of feedback stabilization
parameters shows mode excitation or suppression. Stabilization of toroidal mode number unity did not
lead to instability of toroidal mode number two. The mode can become unstable by deforming poloidally,
an important consideration for stabilization system design.
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Large scale magnetohydrodynamic (MHD) instabilities
impose significant limits to fusion power production in
magnetic fusion plasmas. A formidable example is the
long wavelength kink-ballooning instability which grows
on the rapid Alfvén time scale and typically leads to
plasma pressure collapse and current disruption. This
mode rotates along with a rotating plasma and may be
stabilized by the presence of an electrically conducting
wall, but can result in the destabilization of the resistive-
wall mode (RWM) [1,2], a branch of the kink instability
that grows on the relatively slow eddy current decay time
of the resistive wall, �w. The RWM is amenable to passive
stabilization [1,3,4] that theoretically occurs due to energy
dissipation related to plasma rotation [5]. At sufficiently
high plasma pressure in relation to the confining magnetic
field (toroidal and normalized plasma beta, �t �
2�0hpi=B

2
0 and �N � 108h�tiaB0=Ip) and at plasma to-

roidal rotation speeds,!�, below a critical value, �crit, the
RWM becomes unstable. Here, p is the plasma pressure,
B0 is the vacuum toroidal field at the plasma geometric
center, a is the plasma minor radius at the midplane, Ip is
the plasma current, and brackets represent volume average.
RWM destabilization can occur when �N exceeds �no-wall

N�n� ,
the value where ideal MHD modes with toroidal mode
number, n, become unstable with no stabilizing wall
present. In this Letter, �no-wall

N � �no-wall
N�n�1�. The �crit is

usually quoted at low integer values of the plasma safety
factor, q (typically, q � 2), normalized to the Alfvén fre-
quency, !A, and �crit=!A is typically one to a few percent
[6,7]. Generally, the larger plasma rotation profile is im-
portant in determining RWM stability [4,7,8], so �crit is
more appropriately expressed as a profile rather than a
scalar. Confirmation of RWM passive stabilization physics
is still an active area of research.

RWM active stabilization can be used when !� is
insufficient for passive stabilization and is expected to be

required for burning fusion plasmas in the International
Thermonuclear Experimental Reactor (ITER) [9] operat-
ing in high performance scenarios [7]. Active stabilization
has been addressed to stabilize pressure-driven modes in
rotating tokamak plasmas [10–12] and current-driven
modes in reversed-field pinches [13]. Present tokamak
research now focuses on active stabilization of the n � 1
RWM at low levels of !� [12]. Stabilization is typically
realized by a feedback control loop consisting of magnetic
sensors capable of detecting low frequency �O�1=�w�
modes, a set of control coils to provide magnetic field in
response to the detected modes, and a control algorithm
that determines the form of the response. Control algo-
rithms aim to approximately eliminate the dominant mea-
sured field asymmetry [14]. Tokamak experiments pres-
ently focus on stabilizing RWMs with n � 1 since they
minimize field line bending and are usually the least stable.
Important corollary research includes how the RWM reacts
to stabilization, including the behavior of n > 1 modes in
this condition.

The present study demonstrates for the first time active
stabilization of the pressure-driven RWM in high-beta, low
aspect ratio tokamak plasmas, with !� significantly below
the entire critical rotation profile. The low aspect ratio
(A � R0=a, where R0 is the major radius) configuration,
or spherical torus, produces high �t and energy confine-
ment, �E, advanced tokamak equilibria with broad pressure
and current (low plasma internal inductance, li) profiles
most amenable to kink and RWM stabilization. The experi-
ments were performed in the National Spherical Torus
Experiment (NSTX) [15], recently outfitted with an
RWM active stabilization system. Current ramping to de-
crease li or other techniques to reduce �no-wall

N used to
excite RWM growth in tokamaks [12] were not required.
The role of the n � 2 RWM during active n � 1 stabiliza-
tion can be readily studied, since the device is equipped to
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measure up to n � 3, and unstable RWMs with n � 1–3
have already been observed in NSTX [4]. Plasma rotation
is measured at 51 major radial locations at the device
midplane by a charge exchange recombination spectros-
copy diagnostic using emission from C5� at 5290 Å.
Toroidally directed neutral beam injection power, Pb,
used to heat the plasma normally produces high plasma
rotation, which has reached values of !�=!A � 0:48 [4].
Plasma toroidal rotation was controlled by the application
of nonresonant, n � 3 magnetic braking [16], reducing!�

significantly below �crit, and in the predicted range of
!�=�crit for ITER plasmas. The present results have im-
portant ramifications for the design of RWM stabilization
systems planned for future devices such as ITER and the
Korean Superconducting Tokamak Advanced Research
device (KSTAR) [17].

A comparison of high �N plasmas with and without
RWM active stabilization is shown in Fig. 1. All discharges
have constant Pb � 6:3 MW. The plasma without active
stabilization has �N � 4:1 as !�=2� at major radial po-
sition R � 1:323 m (near the q � 2 flux surface) drops to
below 4 kHz. At this time, RWM passive stabilization
becomes insufficient and the n � 1 RWM becomes un-

stable, indicated by poloidal and radial field sensors
(�Bp;�Br�ext), and �N collapses. With active stabiliza-
tion turned off, the current in one of three control coil pairs,
IA, is the preprogrammed n � 3 braking field current
[Fig. 1(c)]. The experimentally fitted n � 1 RWM growth
rate is between 0:5–0:25 s�1. This agrees well with the
theoretical growth rate �RWM � 0:37 s�1 as computed by
the VALEN-3D code [18], using experimental equilibrium
reconstructions [19] including internal magnetic field pitch
angle constraints from a motional Stark effect diagnostic.
In contrast, the plasma with active stabilization does not
suffer an unstable RWM and continues to increase in�N up
to 5.6 and �t up to 19.4%, as !� continues to decrease to
!�=�crit � 0:2 near q � 2. The RWM is actively stabi-
lized above �no-wall

N and below �crit for significantly long
duration exceeding 90=�RWM and seven �E. The time
evolution of �no-wall

N is computed by the DCON MHD
stability code [20]. The control coil current is now the
superposition of the n � 3 braking field current and the
n � 1 active feedback stabilization current, which is de-
termined by the measured n � 1 RWM amplitude and
phase. This amplitude, �Bn�1

pu , measured by an array of
12 poloidal field sensors above the device midplane, in-
cludes both the RWM field as well as the field generated by
mode-induced eddy currents in the passive stabilizing
plates. The amplitude modulation shown in Fig. 1(d) is
attributed to the interaction of the mode and eddy current
fields. The field generated by IA is subtracted from �Bn�1

pu .
The �Bn�1

pu is larger in the nonstabilized plasma as the n �
1 RWM becomes unstable, and in the stabilized plasma is
controlled at an average level of about 5 G. During n � 1
stabilization, the n � 2 RWM does not become unstable,
although �Bn�2

pu becomes larger than �Bn�1
pu at the lowest

values of !� and highest values of �N [Fig. 1(e)]. The
actively stabilized, low !� plasmas can suffer partial �N
collapse due to largely internal modes, which do not dis-
rupt Ip, allowing �N to recover. An example is shown by
the dotted curves in Fig. 1. DCON stability calculations
show that �N > �no-wall

N�n�2� and are consistent with the iden-
tification of this mode as an n � 2 internal MHD insta-
bility. Further details of this mode will be shown in Fig. 4.

The reconstructed equilibrium at peak �N of the actively
stabilized, low-rotation plasma in Fig. 1, along with the
positions of the copper stabilizer plates, RWM sensors, and
mode control coils are shown in Fig. 2(a). There are 48
toroidally segmented stabilizer plates, covered with carbon
tiles and arranged symmetrically in four toroidal rings, two
above and two below the device midplane. Magnetic loops
measuring the radial, Br, and poloidal, Bp, flux are located
at each of the plates closest to the midplane. The sensors
are instrumented to detect modes with frequencies up to
2.5 kHz. There are 6 toroidally conformed, two-turn con-
trol coils mounted close to the machine vacuum vessel.
This configuration is similar to midplane port module coil
designs for ITER. Each coil nominally covers 60� of
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FIG. 1 (color online). RWM active feedback stabilization in
low-rotation plasmas. Solid curves, actively stabilized plasma at
!� significantly below �crit; dashed curves, RWM unstable
plasma at !�=�crit � 1 with active feedback turned off; dotted
curves, (upper two frames) actively stabilized plasma suffering a
beta collapse from an internal n � 2 plasma mode. Shown are
the evolution of (a) �N , (b) !� near q � 2, (c) current in
representative nonaxisymmetric control coil, (d),(e) mode am-
plitude of n � 1 and 2 field components measured by the upper
Bp sensor array, and (f) mode amplitude of n � 1 field compo-
nent at the midplane, external to the vacuum vessel.
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toroidal angle. In the present experiments, the coils are
powered independently in three diametrically opposed
pairs producing odd parity fields.

Plasma toroidal rotation profiles for several plasmas are
shown in Fig. 2(b) at various times of interest. For com-
parison to studies of DIII-D and ITER,!� is normalized to
!A � Baxis=�Raxis��0��0:5�, where Baxis and Raxis are the
magnetic field at, and major radial position of, the mag-
netic axis and � is the local plasma mass density. The
profile with peak !�=!A � 0:325 is from a rotationally
stabilized plasma. The profile with peak !�=!A � 0:125
is from the plasma with no active stabilization in Fig. 1 at
the time of RWM destabilization. It therefore defines the
�crit=!A profile. Note that at q � 2, �crit=!A � 0:038,
compared to a value of 0.02 in DIII-D, consistent with the
observed dependence of �crit=!A on aspect ratio (Fig. 15
of Ref. [8]). The significantly reduced rotation profile of
the actively stabilized plasma shown has!�=�crit � 0:2 at
q � 2, and 0.3 at the magnetic axis. Comparing to pre-
dicted plasma rotation and critical rotation speeds for ITER
advanced Scenario-4 plasmas [7], on-axis values are used,
since a q � 2 surface does not exist in this ITER equilib-
rium. Reference [7] states that !�=!A � 0:018, and that
0:015<�crit=!A < 0:03 at the magnetic axis in ITER.
Therefore, 1:2<!�=�crit < 0:6, and so the actively sta-
bilized plasma in NSTX has !�=�crit lower than ITER by
at least a factor of 2. The !� profile in Fig. 2 with the
lowest values is from the actively stabilized plasma after
the internal mode-induced �N collapse and recovery
(Fig. 1).

Variation of feedback control parameters for the active
stabilization system demonstrated both positive and nega-
tive feedback response to the RWM. The measured n � 1
amplitude and phase, �Bn�1

pu and �n�1
Bpu , are used to define

the control coil currents,

 IA��c�i�; t� � Gp�t��B
n�1
pu �t�Kc�i� cos��c�i� ��

n�1
Bpu�t�

� ��f�t��� IA0��c�i��;

where subscript i represents coil number, Gp and ��f are
time-dependent gain and relative phase between the mea-
sured RWM amplitude and the control currents, �c�i� is the
spatial toroidal phase offset for each of the control coils,
Kc�i� are calibration factors for each control coil, set to
69 A=G, and IA0��c�i�� are time-dependent currents that do
not depend on the measured RWM. The �c�i� are chosen to
create a dominantly n � 1 magnetic field. The IA0��c�i��

are chosen to create the n � 3 braking field. The effect of
varying ��f on the plasma is shown in Fig. 3(a) at Gp �

1:0. Choosing ��f constant for each discharge, and vary-
ing from 45� through smaller angles, �Bn�1

pu shows an
unfavorable positive feedback response for angles through
290�. With an unfavorable relative phase, �Bn�1

pu in-
creases, leading to lower !�, which in turn increases
�Bn�1

pu if �N > �no-wall
N , creating positive feedback and

RWM instability. As ��f is decreased, RWM instability
is delayed, until at ��f � 250� (same result at 225�) the
plasma is actively stabilized. The plasma with ��f �

225� suffers a partial �N collapse due to an internal
mode at t � 0:765 s. A damped response to this mode is
observed in �Bn�1

pu , indicating that control parameters are
favorably set to produce negative feedback. The propor-
tional gain Gp was also varied between 0.7 and 2.0 at
��f � 225�. Values up to Gp � 1:5 produced negative
feedback, while equal or greater values resulted in a high
frequency instability in the feedback control loop.

RWM stabilization can fail due to a change in the
poloidal form of the mode. An example is shown in
Fig. 3(b), where the n � 1 components of both upper and
lower Bp and Br sensors, and �Bn�1

r�ext sensor signals are
shown. Note that since the latter sensor is outside the

45o (119761)

315o (119755) 290o (119764)

225o (119770)

negative
feedback
response

f

6

4

2

0
8
6
4
2
0

30

20
10

0

N

/2 (kHz)

Bpu
n=1 (G)

0.50.4 0.6 0.7 0.8 0.9
t (s)

(a) (b)

0.590.55 0.63 0.67 0.71 0.75
t (s)

6
4
2
0

8
4
0

20
10
0

4
2
0

6
4
2
0

N

/2 (kHz)
Bpu,l

n=1 (G)

Bru,l
n=1 (G)

Br ext
n=1 (G)

N collapse

120048bulge

feedback on
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vacuum vessel, the signal lags those of the internal sensors
by�O��w� � 6 ms for n � 1. Approaching the time of�N
collapse, �Bn�1

pu and �Bn�1
pl first decrease to near zero, as

the radial field sensors increase by a small amount. Then,
�Bn�1

pu increases strongly, while �Bn�1
pl lags, and the ratio

�Bn�1
pl =�Bn�1

pu never gets above 0.5. There is also a strong
increase in �Bn�1

r�ext while �Bn�1
ru and �Bn�1

rl decrease,
indicating that the mode is bulging through the midplane
gap in the stabilizing plates and decreasing in amplitude in
front of the plates. This observation may indicate a lack of
‘‘mode ridigity,’’ normally assumed theoretically and ob-
served experimentally [11]. Similar behavior is observed
under passive stabilization alone, indicating that the stabi-
lizing plate geometry may play a role. The result has
applicability to future devices with similar passive plate
geometry, such as KSTAR. This poloidal deformation
appears to occur when large IA are requested and some-
times when the central q is near unity. These conditions
may lead to nearby stable n � 1 MHD modes becoming
less stable, causing the primary RWM eigenfunction to
change poloidal structure.

The measured n � 1 and 2 RWM amplitude and phase,
along with chord integrated soft x-ray (SXR) measure-
ments spanning from the plasma core to the edge [21]
are shown in Fig. 4. Without active stabilization, the n �
1 RWM becomes unstable. At early times in the figure,
�n�1
Bpu appears to wobble between 150� and 300�, eventu-

ally settling to the lower end of this range, and as �Bn�1
pu

grows exponentially, �n�1
Bpu shows mode rotation in the

direction of plasma rotation, as expected by theory. SXR
data show the mode amplitude largest in the outer region of

the plasma, propagating toward the core during mode
growth. The n � 2 RWM amplitude shows periods when
�Bn�2

pu > �Bn�1
pu , but the n � 2 mode growth that even-

tually occurs, although strong, is subsidiary to n � 1 mode
growth. Figure 4(b) shows analogous detail for the actively
stabilized plasma suffering a largely internal mode shown
in Fig. 1. Both n � 1 and 2 RWM activity is stable, with
�n�1;2
Bpu wobbling within some range. SXR data show that

mode growth on an ideal MHD time scale, much faster
than �w, is largely internal, and the measured 25 kHz
frequency indicates that the mode is n � 2, since it appears
in a region of the plasma with!�=2�� 12–15 kHz. The n
spectrum measured by a toroidal array of magnetic pickup
loops also shows n � 2 mode activity at this frequency and
time.

The first RWM active stabilization experiments in low
aspect ratio tokamak plasmas have demonstrated n � 1
RWM stabilization at low plasma rotation with direct
applicability to future burning plasma experiments, includ-
ing ITER. Stabilization of n � 1 did not lead to n � 2
RWM destabilization. Under certain conditions, the RWM
is observed to deform poloidally, allowing destabilization.
This may be due to the present combination of the stabi-
lizing plate geometry and the location of sensors used for
stabilization. Further study will assess the effect of using
various sensor combinations on RWM active stabilization
performance.
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FIG. 4 (color online). Mode activity in plasmas with and
without active stabilization. Frames from top down show upper
Bp sensor amplitude, phase, and ultrasoft x-ray emission span-
ning from the plasma core to edge vs time. Solid lines, n � 1;
dotted lines, n � 2. Column (a), discharge with active feedback
off; column (b), RWM actively stabilized plasma with internal
n � 2 plasma mode. Lower frame inset: n spectrum from mid-
plane toroidal magnetic pickup coil array.
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