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Stabilization of the Resistive Wall Mode by a Rotating Solid Conductor
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Stabilization of the resistive wall mode (RWM) by high-speed differentially rotating conducting walls is
demonstrated in the laboratory. To observe stabilization intrinsic azimuthal plasma rotation must be
braked with error fields. Above a critical error field the RWM frequency discontinuously slows (locks) and
fast growth subsequently occurs. Wall rotation is found to reduce the locked RWM saturated amplitude
and growth rate, with both static (vacuum vessel) wall locked and slowly rotating RWMs observed
depending on the alignment of wall to plasma rotation. At high wall rotation RWM onset is found to occur
at larger plasma currents, thus increasing the RWM-stable operation window.
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The resistive wall mode (RWM) is a performance-
limiting magnetohydrodynamic (MHD) instability com-
mon to many magnetic confinement configurations [1].
It occurs when stabilizing eddy currents in a conducting
wall Ohmically dissipate, allowing the RWM to grow
on the time scale of the wall’s resistive diffusion (7, =
Moo T, 0,,, Where o, 1, and §,, are the wall conductiv-
ity, radius, and thickness, respectively). It is known that
plasma rotation is able to stabilize the RWM [2] as stabi-
lizing eddy currents are inductively regenerated by the
moving plasma. Analogously, theory suggests [3-6] that
a system of differentially rotating conducting walls can
stabilize the RWM, as the RWM will always be rotating in
the frame of one of the two walls. RWM stabilization has
been previously achieved both by active drive of plasma
rotation [7] and the use of active feedback coils [8-10],
though next-step devices will be limited in their ability to
drive plasma rotation [11]. Stabilization by physically
moving conductors is of further interest due to its analogy
to an infinite set of active coils [12], the predicted robust-
ness of stabilization [6], and the application to future
devices utilizing flowing liquid metals for cooling, tritium
breeding, or the first wall [13].

In this Letter it is shown for the first time that a physi-
cally rotating conducting wall can successfully stabilize
the RWM. Intrinsic plasma rotation yields a kHz-scale
rotating RWM which must be braked to observe the inter-
action of the instability with the rotating wall. For suffi-
ciently braked (locked) modes, wall rotation is found to
reduce the RWM growth rate, saturated amplitude, and to
extend the RWM-stable operation window.

Experiments are performed on the rotating wall machine
[14], a 1.2 m long by 16 cm diameter screw pinch shown in
Fig. 1. A uniform 500 G axial guide field (B,) is applied by
four external solenoids and azimuthal field is provided by
up to 7 KA of plasma current (/). Plasmas are generated
by an array of 7 washer-stabilized hollow cathode plasma
guns [15] which, when electrostatically biased with respect
to an external anode, source both plasma and current. The
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bias on each gun is feedback controlled, allowing current
profiles to be tailored in both space and time. The rotating
wall itself is a precision-engineered 1 m long by 18 cm
diameter stainless steel tube with a 1 mm interior copper
liner yielding 7,, = 7 ms. The static wall (vacuum vessel)
is also stainless steel with a 0.5 mm exterior copper liner
yielding 7,, = 4 ms. The relevant nondimensional parame-
ter describing rotation is the magnetic Reynolds number
(R,, = Q,,T,, where (), is the wall angular velocity)
which sets the ratio of advection to diffusion of the mag-
netic field. Experiments here described are conducted up to
R,, = 5, which corresponds to rotation at 260 km/h
(6800 rpm). Unless otherwise noted, discharges presented
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FIG. 1 (color online). The rotating wall machine [14] experi-
mental geometry. Plasmas are illustrated as discrete flux ropes
though measurements indicate that a fully merged axisymmetric
profile is achieved by 1/3 of the distance to the anode.
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throughout this Letter contain 6 kA of [, with the central
gun disengaged to generate a less peaked current profile.
Langmuir probe measurements [16] indicate the plasma is
dense (n, =10 m~3) and uniformly cold (T, =
3-4 eV), with n, « I, while T, is insensitive to /,. An
axial flow (V, = 8 km/s, Mach number 0.3) from the guns
to the anode has also been measured by a Mach probe [17].
Measurements of MHD activity are made with a low-
profile 8 axial by 10 azimuthal B, edge flux-loop array
located in between the static and rotating wall.

Experimental data here presented will be compared to an
analytic model for RWM stability in a screw pinch sur-
rounded by thin walls, as described in Ref. [6]. This ideal
MHD model takes the plasma to be force free, with zero
flow, and with a top-hat current profile. The plasma is
treated as line tied at both ends and the walls are treated
by including the effect of wall eddy currents on the per-
turbed field structure. Stability is calculated by solving the
eigenvalue problem for a given plasma radius (r,) and
current (/,). In this model the parameter of interest to
RWM stability is the safety factor g(r):
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where L is the device length. As the model current profile
is top-hat-like, a well-defined r, exists and stability is
uniquely determined by ¢(r,). With no rotation, instability
to the RWM is found at ¢(r,) < 1, matching the Kruskal-
Shafranov limit [18,19]. When wall rotation is introduced,
the plasma can be stable at g(r,) <1 and a prediction
for the required critical rotation is provided. Coupling to
the rotating wall, and thus stabilization, is found to be more
effective as r, approaches r,,. Experimentally, a three-part
radially segmented anode provides a coarse measurement
of g(r) at r =2, 5, 8 cm as the current within the outer
diameter of each anode ring [/ p(r)] is known. Previous
results [20] have identified the RWM in the device by
noting expected scalings of the growth rate with g(r)
and 7.

Potential gradients, and thus electric fields and £ X B
flows (shown in Fig. 2) are present in the device due to the
large axial bias voltages applied to drive [, in the relatively
cold and resistive plasma. The resulting flow profile is
complex, with strong flows near the cathode and vanishing
flows near the anode due to the equipotential at the highly
conducting surface. MHD modes are thought to take an
eigenfunction-weighted average of this flow to set the lab-
frame global mode frequency (w) [17], which is naturally
kHz scale for the experiment. Modes at this frequency are
found to be insensitive to wall rotation as w > (). Thus,
this intrinsic rotation must first be reduced in order to study
the effect of the rotating wall on RWM stability. In the
torus, this corresponds to slowing toroidal rotation as
opposed to azimuthal rotation.
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FIG. 2 (color online). (a) Measurements of floating potential
V; taken at 5 axial by 21 radial equally spaced locations by a
single-tip Langmuir probe using shot-to-shot reproducibility.
(b) Calculated Vgxp flow profiles from (a) at various axial
locations illustrating both radial and axial shear. Probe measure-
ments [16] indicate negligible radial current and uniform 7,,
justifying this calculation.

Applying an m = 1 error field (B,y,) along with increas-
ing guide field ripple (B, = 1%) is found to brake the
intrinsic plasma rotation, allowing the RWM (B,4.) tO
lock and grow beyond the equilibrium field (B.,) as shown
in Fig. 3. Bey, B, and EZ are not directly measured by the
flux-loop array as they are applied well prior to plasma
formation and flux-loop integration. However, B, forces
the resulting equilibrium to be centered off axis, thus
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FIG. 3 (color online). Time traces of (a) amplitude, (b) phase,
(c) hodogram of the m = 1 component of B, with different
applied m = 1 locking field strengths (Bey,). Beq is the plasma
equilibrium response to By, While B, is not directly measured
as it is applied well prior to flux-loop integration. B, and B, in
(c) are the Cartesian projections of the amplitude and phase. For
all time traces in this Letter the discharge begins at t = 4 ms.
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causing an m = 1 component to B, that is detected.
Displayed traces of B, throughout this Letter are experi-
mentally obtained by minimizing EZ such that the mode
rotates very quickly (kHz scale, irrespective of B.,,). Biode
is thus shielded from the flux-loop array by the static
conducting wall and only B, is measured. A critical
B = 1.5 G is necessary to transition the mode from a
rotating to a locked RWM, although this value varies with
I, and B..For B, > 3 G, the observed signal immediately
deviates from Beq and fast mode rotation is never observed,
a regime which is termed born locked. Hodograms
[Fig. 3(c)] clearly illustrate the greatly reduced (though
nonzero) w once locking occurs. It is thought that B,
damps azimuthal rotation primarily through the electro-
magnetic torque [21], though changes in viscous torques
may also be important and are the object of further study.
The role of end effects in the torque balance is also not yet
fully understood. Notwithstanding, mode locking is ob-
served to be abrupt, qualitatively consistent with a recent
bifurcation model [22] due to nonmonotonic electromag-
netic torques. Growth rates of the locked modes are incon-
sistent with exponential growth, precluding quantitative
comparison with theoretical predictions.

Stabilization of the RWM at large R,, is clearly demon-
strated for discharges which lock during the discharge
lifetime, shown in Fig. 4. Increasing R,, both reduces the
growth rate of By, from the B., baseline and imparts
rotation (w) to the locked mode, as predicted by theory [6].
For the largest R,,, By itself couples to (), and begins to
rotate despite arising from a static By, as seen in Fig. 4(b)
from 6 to 9 ms. This measurement requires maintaining
B, constant across discharges at varying R,, despite the
natural shielding effect of the fast moving wall. This is
accomplished by using progressively larger currents to
establish the same B,y inside the rotating wall as R, is
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FIG. 4 (color online).

Time traces of (a) amplitude, (b) phase,
(c) hodogram of the m = 1 component of B, at different wall
rotation rates (R,,), while holding B.,, and B4 constant. Dotted
lines in (b) indicate the rate of wall rotation. Positive (),, (and
positive R,,) is defined to be coaligned with the initial plasma
E X B rotation throughout this Letter.

increased. Holding this coil current constant while increas-
ing R,, would attenuate B, and allow the RWM to rotate
freely as would be expected by Fig. 3, illustrating another
(though indirect) dimension of RWM stabilization by (Q,,.

Locking of the RWM to (},, is found to be asymmetric in
the wall rotation direction. Inspection of Fig. 3(c) illus-
trates that even in the R,, = 0 case a low level residual
mode rotation remains whose direction is opposite to the
initial plasma E X B rotation. This requires an additional
anomalous torque (7,0m) Which does not vanish when
o = 0. Figure 5 illustrates the consequences of Typom:
wall rotation with ), counteraligned to T,,,, decreases
the residual rotation, yielding mode locking to the static
wall (vacuum vessel). Discharges with ), coaligned to
Tanom increases the residual rotation, bringing w closer to
Q,,. Reversing B, is found to reverse this asymmetry
[shown in Fig. 5(d)]. Despite the asymmetry in rotation,
reductions in the growth rate and mode amplitude are seen
in both directions.

Figure 6 illustrates that |R,,| > 0 operation increases the
window of RWM-stable operation, as predicted by theory
[6]. It is also found that the stabilizing effect is relatively
modest until high R,, is achieved. Experiments are done at
constant B, and B..,, such that RWM onset is found as /,, is
increased [g(r) decreased]. Born-locked modes (largest
amplitude traces of Fig. 3) are used to avoid confusion
between locking thresholds and RWM onset conditions.
Onset is determined by noting where Bj,oq. + B diverges
from the B, baseline, as shown in Figs. 6(a)-6(c). illus-
trates the residual B,,.q. amplitude, with higher R,, opera-
tion yielding mode onset at lower g(r) as measured by
the 5 cm radius anode ring. Figure 6(d) compares experi-
mental and theoretical critical ¢ for instability (gg;0)-
Experimental ¢, data are obtained from the zero crossing

-1 (G)

Bim

8 (rad)

FIG. 5 Time traces of locked-mode

(color
(a) amplitude, (b) phase, (c) hodogram of the m = 1 component
of B, at different wall rotation rates (R,,), while holding B, and
B, constant. Dotted lines in (b) indicate the rate of wall rotation.

online).

(d) Hodogram at similar R,,, B
reversed.
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FIG. 6 (color online). (a) B, ,,—; amplitude diverges from B4
at a critical 7, which is raised as R, increases. (b) Phases of
Biode T Beg also vary as I, increases. (€) Byoq. amplitude as a
function of g as measured by the anode ring at r =5 cm.
(d) Comparison of experimental data and theoretical predictions
of the critical g (g, for instability. The squares in (d) have been
offset such that ¢.; = 1 for R,, = 0.

of the fits in Fig. 6(c), with errors derived from this fit.
Theoretical curves are directly calculated from Eq. (54) of
Ref. [6] taking r, = 6.5, 7.5 cm (upper, lower curve). The
model g profile is constant for r < r,. The experimental
i 18 larger than the theoretical prediction for all R, as
will be later discussed. Offsetting the experimental data
such that g, = 1 when R,, = 0, the change in g as |R,,|
increases ( = Agq,;) is found to be in agreement with
theory. Furthermore, although ¢(5 cm) has decreased by
~ 25% [1,(5 cm) increased by =~ 25%], total current A/,
has increased by =~ 40% as shown in Fig. 6(a). Larger /I,
plasmas are thus less peaked and have a larger plasma
radius r,, providing a second-order stabilizing effect.

Experimental RWM eigenfunctions (shown in Fig. 7)
are found to be anode localized in contrast to theoretical
predictions [Eq. (27) in Ref. [6] ] It is believed that signifi-
cant axial flows measured in the device [17] are advecting
the RWM eigenfunction away from the device midplane,
an effect predicted by theory [23] (though not included in
Ref. [6]). Additionally, the large sheared azimuthal flows in
the cathode region (shown in Fig. 2) are speculated to be
stabilizing the instability in this region. Structure in the
cathode (Z < 60 cm) side of Fig. 7(a) is without helicity
and is dominated by B.,.

This experiment has shown qualitative agreement with
the theory of Ref. [6], with wall rotation increasing the
RWM stability window, decreasing the mode growth rate,
and imparting rotation to the RWM. Notwithstanding,
several discrepancies remain. Exponential growth is not
observed, likely due to the inherent nonlinearities present
in mode-locking phenomena. The neglected effect of
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FIG. 7 (color online). Contour maps of (a) experimental vs
(b) theoretical mode eigenfunctions as measured by the B, flux-
loop array. Distances are measured from the cathode while the
anode (not shown) is at Z = 123 cm. The smaller size of (a)
reflects the axial extent of the flux-loop array.

plasma flow is also thought to be the cause of the anode
localization of the RWM eigenfunction, the residual
locked-mode rotation, and the subsequent asymmetry in
wall rotation direction seen in experiment. Further,
although Ag,., is found to be in agreement, g is mea-
sured to be larger in experiment [¢(5 cm) = 1.3] than in
theory [¢(r,) = 1.0]. However, as the experimental current
profile does not resemble the top-hat model [14,17], a more
accurate treatment of the current profile is likely required
to reach better agreement. Effects neglected in the plasma
model may also account for the discrepancy, such as
plasma flows and flow shear, resistivity, and finite pressure.
Experimentally, the coarseness of the g(r) measurement
also introduces uncertainty, as would any axial variation in
the current profile.
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