
Observation of wall stabilization and active control of low-n
magnetohydrodynamic instabilities in a tokamak*

T. H. Ivers,† E. Eisner, A. Garofalo, R. Kombargi, M. E. Mauel, D. Maurer, D. Nadle,
G. A. Navratil, M. K. V. Sankar, M. Su, E. Taylor, and Q. Xiao
Department of Applied Physics, Columbia University, New York, New York 10027

R. R. Bartsch, W. A. Reass, and G. A. Wurden
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

�Received 10 November 1995; accepted 2 February 1996�

The High Beta Tokamak-Extended Pulse �HBT-EP� experiment �J. Fusion Energy 12, 303 �1993��
combines an internal, movable conducting wall with a high-power, modular saddle coil system to
provide passive and active control of long wavelength magnetohydrodynamic �MHD� instabilities.
Systematic adjustment of the radial position, b , of the conducting wall elements in relation to the
surface of the plasma �minor radius a� resulted in the suppression of �-limiting disruptions for
discharges in which b/a�1.2 and a positive plasma current ramp was maintained. Conducting wall
stabilization of kink instabilities was observed in discharges with strong current ramps and in
plasmas with � values near the Troyon stability boundary. The frequency of slowly growing modes
that persisted in wall-stabilized discharges was controlled by applying oscillating m�2, n�1
resonant magnetic perturbations. A compact, single-phase saddle coil system permitted modulation
of the rotation velocity of internal m/n�2/1 instabilities by a factor of 2. © 1996 American
Institute of Physics. �S1070-664X�96�94005-5�

I. INTRODUCTION

A critical objective in the design of an economically at-
tractive, steady-state tokamak fusion reactor is the simulta-
neous maximization of the plasma pressure, p �parametrized
by ��2�0p/B�

2 , where B� is the toroidal magnetic field�,
the noninductive ‘‘bootstrap’’ current, Ibs , and the energy
confinement time, 	E . Reactor designs based upon this pre-
scription, such as ARIES-II and ARIES-IV,1 rely on a close-
fitting conducting wall surrounding the plasma for stabiliza-
tion of the n�1 external kink mode. A practical wall for kink
stabilization is likely to be incomplete �with gaps for flux
penetration, auxiliary heating, and diagnostic access� and
will possess finite resistivity. These deviations from a sym-
metric, ideal wall have theoretical implications2,3 for plasma
stability: gaps may reduce the effective conductivity or
modify the effective position of the wall; external kinks, un-
der certain conditions, may ‘‘explode’’ through the gaps with
ideal magnetohydrodynamic �MHD� growth rates; finite re-
sistivity of the wall may destabilize the ‘‘resistive wall
mode,’’ a kink instability that grows on a time scale charac-
teristic of flux diffusion through the wall.

Operationally, the onset of �-limiting instabilities has
been observed in many tokamaks4 to follow the simple
Troyon5 scaling, �max
Ip/aB� , with a proportionality con-
stant that depends on the details of the current and pressure
profiles as well as the shape of the plasma cross section. This
stability boundary is generally expressed through the value
of the normalized beta, �N���%�/�Ip�MA�/a�m�B�0�T��. In
the DIII-D tokamak,6 wall stabilization due to the interaction
between the rotating plasma and the vacuum chamber is con-
sidered responsible for sustained operation at � values 30%

above the Troyon boundary.7 The installation of a fixed con-
ducting wall resulted in improved performance in the modi-
fied Princeton Beta Experiment8 �PBX-M� over that obtained
in the predecessor device, PBX,9 although direct assessment
of the role of the conducting wall was complicated by the
requirement that changes in the plasma cross section were
necessary to vary the plasma–wall separation. Internal insta-
bilities that persisted in the presence of the conducting wall
were implicated in the termination of DIII-D and PBX-M
discharges by directly causing disruptions or contributing to
arrested plasma rotation. In principle, a reduction in the
plasma rotational velocity due to the torque exchanged be-
tween wall eddy currents and the plasma not only exacer-
bates the growth of tearing modes,10,11 but may lead to
‘‘locked’’ modes which have been associated with confine-
ment degradation and disruptions.12 These considerations
suggest that a means of active plasma rotation control and
resistive instability suppression must augment a passive con-
ducting wall to ensure reliable, nondisruptive tokamak op-
eration at high values of �.

The High Beta Tokamak-Extended Pulse �HBT-EP�
experiment13,14 was designed to investigate the feasibility of
a stable, high-� tokamak using the combination of a close-
fitting conducting wall, active mode control, and plasma ro-
tation. The HBT-EP approach emphasizes modular compo-
nents: the passive stabilizer is a movable conducting wall
with 20 independently adjustable segments; active mode sup-
pression and plasma rotation control are accomplished using
five pairs of compact, toroidally distributed saddle coils.

The remainder of this paper is organized as follows. Sec-
tion II is a description of the tokamak as well as the passive
and active stabilization systems. Results from wall-
stabilization experiments and experiments involving active
control of residual instabilities in wall-stabilized discharges
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are presented in Sec. III. Finally, a discussion and summary
are given in Sec. IV.

II. THE HBT-EP TOKAMAK

HBT-EP �major radius, R0�0.92 m, minor radius,
a�0.15 m, plasma current, Ip�25 kA, toroidal field,
B��3.5 kG� utilizes rapid plasma formation to attain � val-
ues near the Troyon stability boundary. Typical plasma pa-
rameters are electron density, ne0
1�1019 m3, electron tem-
perature, Te0
100 eV, and Lundquist number, S
105.
Figure 1�a� displays a plan view of the tokamak. The vacuum
chamber was constructed from ten large stainless steel sec-
tions linked at five locations by stainless steel bellows and
‘‘spool’’ segments housing the poloidal limiters and diagnos-
tic ports. The remaining chamber segments are linked by
quartz cylinders which permit rapid penetration of the Ohmic
heating flux and equilibrium fields. In addition, the quartz
segments serve as locations for Fourier-analyzing Rogowski
coils, Mirnov loops, and high-power saddle coils.

A. Segmented, adjustable conducting wall

A unique feature of the HBT-EP tokamak is an internal,
adjustable conducting wall. Each of the ten large vacuum
chamber segments contains two wall sections, or ‘‘shells’’
�Fig. 1�b��. The shells were cut from 0.013 m thick spun
aluminum and were nickel plated to reduce sputtering. Each
of the 20 shells is mounted on an independent, movable sup-
port permitting the wall segments to be retracted on a �45°
angle to the midplane of the torus. The plasma radius is fixed
by a separate set of poloidal limiters. This arrangement al-
lows the shell position to be varied over a range of 0.01–0.09
m from the surface of the plasma �1.07�b/a�1.52, where b
is the radial distance of the shells from the plasma center�. In
the fully inserted configuration, the shells cover 78% of the
outboard half of the plasma �39% of the total plasma surface
area�. The measured eddy-current decay time due to equilib-
rium magnetic field penetration is 	n�0�8 ms.

B. Modular saddle coils

Active control of MHD instabilities and induced plasma
rotation are accomplished through the application of resonant
magnet perturbations imposed by a set of modular saddle
coils. The coil array consists of five, nine-turn coil pairs;
each pair spans only 6° in toroidal angle and generates a
magnetic perturbation of dominant poloidal mode number
m�2. Figure 1�c� shows a schematic representation of one
coil pair. The coils are connected in series and positioned
outside each of the five quartz vacuum chamber segments to
give the applied field a toroidal mode number n�1. The coil
set is driven by two 10 MW power amplifiers15 provided
under a collaboration with Los Alamos National Laboratory.
The amplifiers are transformer coupled to the saddle coils
and are capable of delivering �600 A current with a band-
width of 20 kHz.

III. EXPERIMENTAL RESULTS

A. Wall stabilization of kink modes

The effectiveness of the segmented conducting shells in
suppressing kink instabilities was demonstrated using two
types of discharges. In the first type, designated ‘‘current-
ramp’’ discharges, plasmas were formed with a sustained
current ramp of dIp/dt
6 MA/s to induce a broad current
profile with enhanced edge currents. Ideal MHD theory pre-
dicts that plasmas possessing finite current or current gradi-
ents at the plasma boundary are susceptible to external kink
instabilities in the absence of a conducting wall independent
of the value of �.16,17 These instabilities are predicted to
occur below integer values of the edge safety factor, q(a),
where q(a)�(1/2�)�0

2�(rB�/RB�)r�ad� for a circular
cross-section plasma.

The role of the shells in preventing �-limiting disrup-
tions was examined in the second type of plasma, designated
‘‘rapid-formation’’ discharges. This formation scheme uti-
lized a fast startup �dIp/dt
100 MA/s� followed by a mod-
erate current ramp to produce plasmas that attained values of
�N�2. With the shells retracted, these plasmas disrupted
near �N
1.5 following the rapid growth of a global instabil-
ity. This value of �N is consistent with the predicted stability
boundary to ideal external kinks in the absence of a conduct-
ing wall.

1. Current-ramp discharges

Figure 2 compares the time evolution of two current-
ramp discharges, one formed with the conducting shells fully
inserted �b/a�1.07� and the other with the shells fully re-
tracted �b/a�1.52�. The plasma parameters in both cases
were maintained as identical as possible. The toroidal field
was held constant, so that the ramping plasma current pro-
duced a cylindrical edge safety factor, q*�2�a2B�0/
�0IpR0 , that decreased as a function of time.

In the discharge formed with the shells retracted, mag-
netic fluctuations appeared at t�1.7 ms, at which time
q*�3.6. Toroidally distributed, Fourier-analyzing Rogowski
coils and Mirnov loops indicated that the structure of the
perturbation was predominantly poloidal mode number m�3
with toroidal mode number n�1. Initially, the instability

FIG. 1. �a� Top view of the HBT-EP tokamak. �b� Cross section of the
vacuum chamber showing poloidal limiters and conducting shells in the
inserted and retracted positions. �c� Schematic diagram of one saddle coil
pair.
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grew with a characteristic growth time ��1�345 �s, after
which the fluctuations maintained an amplitude of
�B�/B�(r�a)�0.7% for 500 �s. However, as q* dropped
below 3, the mode amplitude doubled in less than 30 �s.
This instability resulted in immediate termination of the cur-
rent ramp and, after approximately 1 ms, a complete current
quench ended the discharge.

The eddy currents induced in the conducting shells by
the instability were deduced from magnetic field measure-
ments. The magnetic probes are mounted directly on two
shells located above and below the midplane. The boundary
condition at the shells may be expressed as
�̃�n̂��B̃�out��B̃�in��/�0 , where �̃ is the fluctuating surface
current, n̂ is the unit vector normal to the surface of the
shells, and B̃�out� and B̃�in� refer to the magnetic field on the
outer and plasma-facing side of the shells. In this case, the
frequency of the disruption precursors �f m�3�10 kHz� was
sufficiently high that the shells appeared to be perfectly con-
ducting ( f 	wall(m�3) 
 20), so only the plasma-facing coils
were used in the analysis. The time history of the toroidal
component of the eddy currents is displayed in Fig. 3�b�.
Note that the two shells support segments of a helical current
pattern, even though the helical currents must close individu-
ally on each shell segment. The pitch of the current pattern �a
function of both frequency and mode structure� did not

change greatly during the evolution of the instability, al-
though the eddy current amplitude was manifestly larger af-
ter the time at which q*�3. The measured pattern displays
good agreement to the pattern theoretically predicted to re-
sult from an m/n�3/1 external mode with the conducting
shells retracted �Fig. 3�c��. The arrows represent the simu-
lated eddy currents calculated using the PEST/VACUUM ideal
MHD codes18 modified to include the poloidally segmented
shells, and the shaded contours display one period of the
linearly interpolated �� measurements from 16 shell-
mounted probes.

For the plasma formed with the shells fully inserted �b/
a�1.07�, similar magnetic fluctuations appeared at q*�3.5.
As in the ‘‘shells-retracted’’ case, the instability possessed an
m/n�3/1 magnetic structure, although these fluctuations
were nonsinusoidal �perhaps due to interaction with the
shells� and were accompanied by bursts of m�2, even-n
fluctuations. This internal instability appears to have pro-
duced a reduction in the plasma current-ramp rate, possibly
due to increased plasma resistivity, during the evolution of
q* from 3.6 to 3. As q* dropped below 3, however, the
fluctuations disappeared and quiescent operation ensued, in
marked contrast to the disruptive plasma formed with the
shells retracted.

These examples demonstrate the effectiveness of the
segmented shells in stabilizing a kink instability as it evolves
from a tearing-type perturbation, with the q�m/n resonant
surface �in this case 3/1� within the plasma to an external
mode in which the resonant surface lies outside the

FIG. 2. Comparison of ‘‘current-ramp’’ discharges with shells inserted and
shells retracted showing �a� plasma current, �b� cylindrical safety factor, �c�
m�3 and m�2 magnetic activity at toroidal locations ��0° and ��180°
with shells retracted, and �d� shells inserted.

FIG. 3. �a� Disruption precursor m�3 magnetic fluctuations at ��0° and
��180°. �b� Measured eddy current pattern on the segmented conducting
shells in the retracted position �gap between shells is at outer midplane�. �c�
Comparison of measured �shaded� and simulated �arrows� shell eddy cur-
rents.
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plasma. The disruption caused by the external kink was pre-
vented by the close-fitting shells. However, it was also ob-
served that the conducting shells did not completely suppress
internal modes. Although the residual instabilities in these
discharges did not cause a disruption, they did have a some-
what deleterious effect on the plasma. Experiments demon-
strating the control of internal instabilities are described in
Sec. III C.

2. Beta-limited discharges

In the previous examples, the 6 MA/s current ramp re-
sulted in relatively weak Ohmic heating and consequently a
value of �N�1 at the time of disruption for the ‘‘shells-
retracted’’ discharge. Rapid formation of the plasma
�dIp/dt
100 MA/s� produces sustained q*�3 plasmas with
� values that exceed the ideal external kink stability limit.
Figure 4�c� shows the ideal MHD stability boundaries for
HBT-EP discharges calculated using the PEST-II19 code. Con-
ventional �monotonic� profiles with no edge currents were
used in the free-boundary equilibria from which the stability
limits were determined. Although a direct measurement of
the plasma current profile was not available, equilibria recon-
structed using magnetic measurements of the poloidal field
in the shadow of the limiter were consistent with small edge
currents in ‘‘rapid formation’’ discharges at t�1.5 ms after
formation. The pressure profiles �p0/�p��3� used were con-
sistent with those estimated from the soft x-ray measure-
ments assuming negligible radial variation of Zeff and ne .
The PEST/VACUUM code permits the inclusion of a perfectly

conducting wall with one poloidal gap. In order to simulate
the two poloidal gaps present when the shells are retracted,
the model shell is extended away from the plasma near the
outer midplane as shown in Fig. 4�a�.

Several points from the diagram bear notice. First, the
stability limit to n�1 external kinks with the shells retracted
is very similar to that obtained with the conducting shells at
infinity. This indicates that completely retracting the shells
produces a good approximation to a configuration with no
conducting wall in HBT-EP. Second, with the segmented
conducting shell inserted, the attainable value of normalized
beta is predicted to double at q(a)�2.8. Finally, ballooning
modes may also appear in kink-stabilized discharges, al-
though the degree to which they may degrade the plasma is
not known. The discharges associated with the experimental
data points shown in the figure are discussed in detail below.

The role of �N in the stability of rapidly formed dis-
charges may be seen in Fig. 5. Here we compare two q*�3
plasmas with �N values of 0.8 and 1.3, respectively. In both
cases, the shells are fully retracted. The time evolution of the
normalized beta, which can be expressed as
�N(t)�20�(t)�p(t)/q*(t), is estimated using magnetic
measurements of the poloidal beta from toroidal force
balance.20 This involves combining the vertical field due to
currents in the poloidal field coils, the conducting shells, and
the vacuum chamber. The internal inductance was estimated
using internal magnetic probe measurements from lower-

FIG. 4. PEST/VACUUM code model for segmented shells showing �a� retracted
and �b� inserted configurations. �c� Calculated ideal stability diagram for
HBT-EP plasmas showing measured �N values for three ‘‘rapid-formation’’
discharges.

FIG. 5. Comparison of quiescent and disruptive discharges formed with the
shells retracted showing time evolution of �a� normalized beta, �b� cylindri-
cal q and �c� m/n�2/1 magnetic fluctuations.
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temperature discharges and transport simulations. The q*�3,
low-�N discharge was produced by reducing both the plasma
current and the minor radius. The stability properties of the
two discharges are quite distinct: the higher-�N plasma dis-
rupts at �N
1.3 with large-scale precursor oscillations while
the lower-�N shot remains quiescent.

In Fig. 6, the evolution of the plasma current and radial
position are compared for six similar discharges in which
position of the conducting shells was systematically varied
with respect to the plasma surface. With the shells retracted,
the plasma was terminated by a disruptive instability at
�N
1.3. A clear relationship may be seen between the prox-
imity of the conducting shells to the plasma and the plasma
lifetime. Evident in this data, and supported by larger data
sets is the indication that discharge-terminating disruptions
are prevented if a moderate current ramp is maintained
�dIp/dt
0.5 MA/s� and the shells are positioned such that
b/a�1.2. Note that the plasmas formed with close-fitting
shells eventually disrupt, although these disruptions occur
during the current ramp-down phase and appear to be caused
by slowly growing internal instabilities.

The termination mechanism for �-limited discharges can
be elucidated by a closer examination of the disruption pre-
cursors. Figure 7 displays the sequence of events that lead to
a disruption with the shells fully retracted �b/a�1.52�. The
termination sequence appears to have been initiated by
changes within the plasma core, where a sawtooth-like col-
lapse of the soft x-ray profile precipitated the growth of in-
stabilities characterized by m/n�2/1 and 3/2 magnetic fluc-
tuations. Approximately 20 �s prior to the complete collapse
of the soft x-ray profile, magnetic field detectors indicated
the growth of an m�3, n�1 perturbation with a large inter-
nal m�1 component as shown by soft x rays. A plasma cur-
rent ‘‘spike’’ ��Ip/Ip�10%� appeared coincident with

the thermal collapse, at which time radial equilibrium was
lost.

Figure 8 shows the MHD activity in a similar discharge
formed with the shells completely inserted �b/a�1.07�. Al-
though both m�2 and m�3 components were present, the
growth rates and amplitudes of the fluctuations were reduced
and the mode appeared to have no deleterious effects on the
plasma as long as a moderately positive current ramp was
maintained.

B. Residual instabilities in wall-stabilized discharges

Although the segmented conducting shells, when posi-
tioned sufficiently close to the surface of the plasma, pre-
vented the growth of large-scale disruptive instabilities,
Mirnov coils and soft x-ray measurements detected slowly
growing and saturated rotating perturbations in these dis-
charges. Instabilities with m/n�1/1, 2/1, and 3/1 compo-
nents are routinely observed in ‘‘wall-stabilized’’ discharges
�that is, discharges in which rapidly growing disruptive in-
stabilities are suppressed by the conducting shells�. The per-
turbations rotate in the electron drift direction and generally
possess the same frequency. In addition, the m/n

FIG. 6. �a� Evolution of the plasma current and �b� magnetic axis for similar
discharges showing effect of conducting shell position, b , with respect to the
surface of the plasma, a . Suppression of �-limiting disruptions occurs for
dIp/dt�0 and b/a�1.2.

FIG. 7. Disruption sequence for discharge formed with the conducting
shells fully retracted �b/a�1.52�. �b� Sawtooth-like collapse leads to growth
of global instability showing �d� m/n�2/1, �e� 3/2 and finally 3/1 magnetic
perturbations. �c� Soft x-ray contours show strong m�1 displacement prior
to thermal collapse.
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�3/2 perturbation is occasionally visible at twice the fre-
quency of the n�1 components, implying rigid toroidal ro-
tation. As previously noted, these instabilities often precede
disruptions in the ramp-down �dIp/dt�0� phase of the dis-
charge even in the presence of the close-fitting shells. In-
deed, internal, current-gradient-driven tearing modes, par-
ticularly the m�2, n�1, have long been associated with
disruptions in tokamaks.21 A means to control such instabili-
ties in HBT-EP is presented in the following section.

C. Active control of MHD instabilities

The indication that disruptions with slowly growing pre-
cursors may occur in plasmas formed with the shells posi-
tioned close to the plasma points to the necessity of provid-
ing an active means of suppressing the growth of residual
instabilities in wall-stabilized discharges. The approach taken
in HBT-EP utilizes the application of oscillating magnetic
perturbations for mode rotation control and closed-loop syn-
chronous feedback for mode suppression. Both are accom-
plished using the high-power amplifiers with the modular
saddle coil set described in Sec. II B.

1. Mode locking to rotating external magnetic
perturbations

The HBT-EP saddle coils are positioned outside the
vacuum chamber at the locations of the five quartz insulating
gaps. This coincides with the spaces between the segmented
conducting shells, and allows the applied field to be imposed
upon the plasma with relatively little distortion by the shells.
Previously-reported experiments14 demonstrated that the
magnetic field created by this compact coil set could produce
a strong interaction with the plasma. Application of an
Isc�600 A quasistatic pulse to the coils resulted in the slow-
ing and locking of pre-existing m�2, n�1 fluctuations. This
level of current corresponded to a toroidally averaged ap-
plied field at the resonant surface of B̄r(rs)�4 G
�1�10�3B� . Similar locking thresholds have been reported
in tokamaks employing large-area saddle coils22 and helical
coils.23 Greater levels of saddle coil current produced stimu-
lated disruptions, as has been observed in earlier resonant
magnetic perturbation experiments.24,25

Here, we report on the ability to influence the mode
rotation velocity by imposing oscillating resonant magnetic
perturbations on the plasma. Figure 9 displays a plasma
formed with the shells completely inserted which exhibited

FIG. 8. �a� Plasma formed with the shells fully inserted �b/a�1.07� exceeds
�N
1.5, limited by available Ohmic heating power. Internal fluctuations
�b�–�e� do not lead to disruption during the current-ramp phase.

FIG. 9. Imposition of an oscillating, frequency-modulated m�2, n�1 reso-
nant magnetic perturbation using the modular saddle coil array results in
controlled acceleration of a slowly growing m/n�2/1 internal instability.
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m/n�2/1 fluctuations of nearly constant amplitude. At t�3
ms, an I0sc�350 A oscillating current was applied to the
saddle coils. The frequency of the applied field was ramped
linearly from 4 kHz to 12 kHz over a period of 2 ms. The
pre-existing plasma fluctuations decelerated, locked to the
applied perturbation, and accelerated with the applied field
over the frequency range f MHD�5–12 kHz. After the applied
perturbation was removed, the plasma mode relaxed to the
natural rotation frequency of f MHD�8 kHz in a time 	M�500
�s. Controlled deceleration of instabilities was carried out
over the same frequency range in similar discharges.

2. Synchronous magnetic feedback

Synchronous magnetic feedback, a method whereby the
phase and amplitude of the instability are detected and an
opposing magnetic perturbation is applied, has shown prom-
ise as a technique for controlling internal instabilities in
tokamaks.26,27 Closed-loop feedback experiments have been
initiated on HBT-EP by using a time-delay control scheme.
For this experiment, a pickup coil mounted on the plasma-
facing side of a conducting shell was used to sense magnetic
fluctuations due to a plasma instability. The signal was par-
tially integrated, time delayed, and input to the saddle coil
power amplifiers. Figure 10 displays the time evolution of
the reference signal, saddle coil current, and phase difference
between the signals as a function of frequency for a case in
which the time delay was adjusted to be 50 �s. The saddle
coils were energized at t�4.5 ms, at which time a significant
reduction in the f �15 kHz mode amplitude was observed. A
change in mode frequency of � f �5 kHz occurred at t�5.1
ms following a sawtooth collapse and resulted in a 
90°
change in the relative phase of the input and output signals,

as expected for a feedback scheme based on a simple time
delay between signals. The mode growth following the
change in frequency is attributed to an unfavorable phase
relationship between the detected signal and the feedback
response. Although the data indicate that time-delay feed-
back can reduce the amplitude of modes present in wall-
stabilized discharges, the example exposes the inability of a
time-delay system to maintain negative feedback as the
mode frequency changes. A more sophisticated arrangement
employing a phase-locked loop is presently being tested.

IV. DISCUSSION AND SUMMARY

The segmented shells have been shown to suppress the
growth of �-limiting instabilities in HBT-EP discharges. The
disruptions caused by these instabilities when the shells were
retracted were initiated in the core of the plasma as indicated
by a sawtooth-like collapse of the soft x-ray profile. The
presumed broadening of the current profile caused by this
event gave rise to the rapidly growing global mode �display-
ing m�1, 2, and 3 components� that terminated the dis-
charge. Although soft x-ray collapses of this nature were
routinely observed in plasmas formed with the shell in-
serted, the resultant growth of the m�2 and m�3 compo-
nents was mitigated and disruptions were eliminated. Pre-
liminary experiments indicate that plasmas formed with only
50% of the shells fully inserted also undergo significant wall
stabilization, possibly a result of the natural rotation of the
plasmas in HBT-EP.

To date, HBT-EP has relied solely on Ohmic power for
plasma heating. This has restricted the maximum �N to 
2
�limited by transport� for plasmas of �Te��50 eV. The
planned addition of 100 kW of ICRF heating will allow
HBT-EP to probe the boundary above which kink modes are
again predicted to become unstable with the segmented
shells fully inserted �see Fig. 4�c��.

The resistive wall mode has not been unambiguously
identified in HBT-EP, although the predicted slow growth of
the instability combined with the presence of other slowly
growing internal modes may obscure its diagnostic signature.
There is, however, theoretical28 evidence that rapid rotation
combined with plasma dissipation can stabilize this mode.
Typically, the natural rotation frequency of HBT-EP plasmas
inferred from Mirnov oscillations is found to be f MHD�6
kHz �v��35 km/s�0.6vS�0.02vA , where vS is the ion
sound speed and where vA is the toroidal Alfvén velocity�.
Experimental data from the DIII-D tokamak29 suggests that
this level of rotation may be sufficient to stabilize the resis-
tive wall mode.

The ability to provide rotation control using a series-
connected �single-phase� saddle coil set may be heuristically
understood by considering that an oscillating current applied
to the coil set generates, in effect, electromagnetic waves
traveling in opposite toroidal directions. Theoretically,30 the
torque exchanged between the applied perturbations and the
rotating plasma occurs near the resonant surface �in this case
q(rs)�2/1�, and the strength of this interaction is a nonlinear
function of the frequency difference between the applied per-
turbation and the rotating magnetic island that generates the
measured fluctuations. The plasma will seek to maintain a

FIG. 10. Synchronous feedback using a time-delay circuit between �a� the
reference signal and �b� the saddle coil drive. �c� Time evolution of the
dominant frequency components of �a�; mode growth follows change of
frequency and phase difference �shaded contours� between �a� and �b�. Ar-
rows indicate sawtooth collapse events.
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natural mode rotation velocity through a viscous restoring
torque—a linear function of the mismatch between the mode
rotation velocity and the plasma rotation velocity. For the
single-phase saddle coils, the large frequency difference be-
tween the rotating island and applied perturbation traveling
opposite the island results in a negligible electromagnetic
torque which is easily overcome by the viscous drag of the
plasma �the so-called ‘‘high-slip’’ condition�. Thus, only the
component of the applied perturbation traveling with the
mode provides substantial coupling to the plasma. The ad-
vantage of a single-phase system is simplicity, albeit at the
expense of increased power requirements over a multiphased
array of saddle coils.

In summary, results from the conducting shell experi-
ments demonstrate that fast-growing, low-n kink instabilities
were suppressed if the shells were positioned sufficiently
near the surface of the plasma �b/a�1.2� and a positive
dIp/dt was maintained. Wall stabilization was observed both
in plasmas with strong current ramps and in discharges near
the Troyon limit. Active control of internal instabilities in
shell-stabilized plasmas was demonstrated using frequency-
modulated resonant magnetic perturbations applied by a
compact set of m�2, n�1 saddle coils. In addition to pro-
viding plasma rotation control, this method may be extended
by using an additional saddle coil set to induce differential
rotation of multiple resonant surfaces within the plasma. The
resulting shear in the plasma flow velocity is predicted to
produce enhanced stability and confinement.31
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