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Abstract
Experiments studying non-resonant error fields have been conducted in the
National Spherical Torus Experiment (NSTX) using a set of six midplane error
field correction (EFC) coils. When scanning the amplitude and phase of an
applied n = 3 field, an asymmetric response in the pulse length and plasma
rotation has been observed; this indicates that there is an intrinsic n = 3 error
field. By studying this asymmetry in plasmas with varying levels of plasma
current, toroidal field and elongation, it has been concluded that the main
vertical field coil is the source of the error field. Measurements of the coil
shape indicate that the coil has a significant n = 3 distortion. The amplitude
and phase of the applied n = 3 field, which is calculated to cancel this intrinsic
error field in vacuum, are close to the experimentally derived optimal correction.
Modeling of the neoclassical toroidal viscosity (NTV) also shows that the total
NTV torque is minimized for the EFC coils’ current and phase determined to be
optimal in the experiment. Experiments have also determined that n = 2 error
fields are small, consistent with the calculated error field from the distorted
vertical field coils.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

While the ideal tokamak is perfectly axisymmetric, the construction of any real tokamak will
deviate to some extent from this idealization. For instance, the poloidal field coils may not
be perfectly circular, or have a small tilt with respect to the horizontal [1]. Coil current feeds
also disrupt the toroidal symmetry of the coil systems. The n �= 0 field components that arise
from these imperfections are known as error fields (EFs; here, n is the toroidal mode number).
While n = 1 EFs are known to limit performance at both high and low β, the importance of
n > 1 EFs has only recently begun to be understood.
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In low-density plasmas, typically with low values of β, n = 1 resonant EFs can disrupt the
plasma through a process called mode penetration [2], typically described as follows. When
the plasma rotates, the external n = 1 field that attempts to drive the island is shielded by
currents flowing on the rational surface; these currents, however, interact with the helical fields,
causing a torque which slows the rotation. When that torque slows the plasma sufficiently, a
loss of torque balance occurs, the shielding currents are dissipated and a large stationary island
forms. More recently, theoretical attention has focused on the role of non-resonant terms in
understanding the observed rotation damping and field penetration dependence on engineering
parameters [3–5]. Experimentally, this process of rapid rotation damping and island formation,
followed by confinement degradation and disruption, has been described in many tokamaks
(see, for instance, [3, 6–15]).

At higher values of βN, EFs can couple to any marginally stable kink-like mode, leading
to an amplification of the EF [16]. Here, βN is the value of toroidal beta (β = 2µ0〈p〉/B2

T)

normalized by IP/aBT, to take into account the lowest order scaling of the beta limit in a
tokamak (IP is the plasma current, BT is the toroidal field at the geometric center of the device,
〈p〉 is the volume average pressure and a is the minor radius defined as half the midplane width
of the plasma) [17, 18]. A common manifestation of this process in high-β plasmas is known
as resonant field amplification (RFA) [19, 20], where the marginally stable resistive wall mode
(RWM) amplifies the externally imposed EF. This plasma amplification can play an important
role in damping rotation, increasing the sensitivity of the high-β plasma to EF penetration [21]
and RWMs [19, 22]. Note, however, that significant plasma modifications to the externally
applied field can occur even in the low-β ohmic [23] or force-free cases [24].

Significantly less attention has been given to EFs with n > 1, although this trend has
changed with the observation of edge localized mode (ELM) suppression with n = 3 applied
fields in DIII-D [25, 26]. The plasma rotation damping due to the applied n = 3 fields was first
documented in DIII-D, in experiments ostensibly designed to study the effect of helical fields
on neoclassical tearing modes [27]. The braking of plasma rotation by n = 3 fields has been
subsequently studied in National Spherical Torus Experiment (NSTX) [28] and DIII-D [29, 30].
Furthermore, it has been shown [15, 31] that in NSTX, the plasma performance can be improved
by applying n = 3 fields that cancel an apparent intrinsic n = 3 EF; understanding the source
of these EFs, and then correcting them, is the purpose of this paper. Note, however, that
under certain conditions, n = 3 applied fields can actually accelerate the plasma [29, 30],
demonstrating that the non-resonant fields may be beneficial for maintaining rotation in certain
configurations.

These rotation dynamics are now understood to be due to neoclassical toroidal viscosity
(NTV) [4, 5, 30, 32–37]. The evolution of the tokamak’s toroidal rotation can be described by
the equation

mnR
∂Vφ

∂t
=

∑
T + ∇ ·

⌊
mnR

(
χφ

∂Vφ

∂r
− VPinchVφ

)⌋
. (1)

Here, Vφ is the toroidal velocity, n is the ion density, m is the ion mass, χφ is the perpendicular
momentum diffusivity and Vpinch is the momentum pinch velocity. The �T term represents
a sum over torque densities, including those from the neutral beam injection (NBI), shielding
currents at the rational surface interacting with resonant EFs [2] and NTV. Simple analytic
expressions for the NTV torque can be used to illustrate some important dependences. In the
low-collisionality ν regime [5]

TNTV,ν ∝ (δB)2(Vφ − Vφ,NC)niT
−1/2

i ω2
E, (2a)

while in the higher collisionality 1/ν regime, the torque is expressed as

TNTV,ν−1 ∝ (δB)2(Vφ − Vφ,NC)n−1
i T

5/2
i ω2

E. (2b)
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In both cases, we see that the braking torque is proportional to the perturbed field (δB) squared;
this amplitude should include the contributions from the source of the EF, any correcting fields
and the field caused by shielding currents in the plasma flowing at the rational surfaces (the
so-called ‘plasma response’) [30, 38]. Additionally, the NTV torque is proportional to the
difference between the flow velocity and a neoclassical offset velocity [5] given by

Vφ,NC = kC
1

eZ

dTi

dψ
, (3)

with kC ≈ 3.5 in the 1/ν regime and kC ≈ 0.9 in the ν regime. This offset rotation is in the
direction counter to the direction of the plasma current. When neutral beams inject significant
momentum parallel to the plasma current, as in NSTX, the NTV torque is then in the direction to
reduce the plasma rotation. In the other case, where the NB driven rotation is anti-parallel to the
plasma current, it is possible for the non-resonant EFs to actually increase the rotation [29, 30].
Note that there exists a model for the NTV torque which smoothly bridges the two collisionality
regimes, as well as including additional important particle orbit resonances [37]; this model
will be used in section 4 to understand NSTX results. Further discussion of the momentum
transport in NSTX plasmas can be found in [39–41].

In this paper we report detailed studies of the observation, understanding and correction
of non-resonant EFs in the NSTX [42]. Section 2 provides the basic explanation of the NSTX
device, including information about the coil systems which cause, and correct, the observed EF.
Section 3 presents the experimental evidence regarding n = 3 EFs, including the process by
which the main vertical field coil has been identified as the source of the EF. Section 4 uses both
vacuum field and NTV calculations to demonstrate that the measured non-circularity in the
vertical field coil is consistent with the experimentally determined correction. Measurements
which show n = 2 EFs to be under the detection threshold are described in section 5, and a
summary is provided in section 6.

2. The NSTX device

The cross-section of the NSTX device is shown in figure 1(a), along with the boundary shape
for a discharge typical of those in this experiment. The main vertical field, which is responsible
for providing radial force balance for the plasma [43], is provided by the PF-5 coils. These
coils are connected in series. The main radial field, which controls the plasma elongation and
vertical position, is produced by the PF-3 coils; although these two coils have independent
power supplies, the current in them differs by only a few hundred amperes during the flat-top
phase of these discharges. The OH coil provides a loop voltage to sustain the plasma current.
The toroidal field coil is not shown in the figure.

In order to study the physics of EFs, RWM stabilization and resonant/non-resonant
magnetic perturbations, NSTX is equipped with six window-frame coils mounted at the
midplane outside the vessel, generating primarily a radial field [44]. These coils will be
referred to as error field correction (EFC) coils in this paper. They are typically connected in
an anti-series pattern, such that they are capable of making simultaneous n = 1 and 3 fields
using the three available power supplies. As illustrated in figure 1(b), an n = 3 pattern is
achieved when the radial field direction alternates between adjacent coils. Note that with only
six coils, it is not possible to achieve arbitrary phase angles for the n = 3 field. However,
the polarities of all coils can be reversed, leading to a 60◦ phase shift. Figure 1(c) shows the
midplane magnetic field when the coils are connected in order to make an n = 2 pattern; note
that this field can be rotated toroidally. The discharges utilized in this study did not use the
n = 1 active feedback [45].

3
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Figure 1. (a) NSTX coils, along with a poloidal flux plot for a discharge used in this paper, and
top views of the device with arrows representing (b) n = 3 and (c) n = 2 applied field patterns.

3. Detection of the n = 3 EF in NSTX

The observation of n = 3 EFs in NSTX relies on the detection of modifications to the plasma
performance as n = 3 fields are applied. While maximizing pulse length at high βN as a
function of the applied n = 3 field is one indicator of the optimal correction, we have found
that a better indication comes from examining the total plasma angular momentum, defined as

L =
∫∫∫
Plasma

mP (2nD + 12nC)
R2 dV. (4)

Here, nD and nC are the density of deuterons and fully stripped carbon in the plasma, both of
which are functions of position in the plasma. 
 is the fully ionized carbon toroidal rotation
frequency measured by the CHERS diagnostic, and is also a function of position; no correction
is made for the difference between deuterium and carbon rotation frequencies. mP is the mass
of a proton, and the integral is over the volume of the plasma.

Figure 2 shows the time evolution of discharges in two different configurations: a high
plasma current case is shown in the left column, and a lower plasma current case in the right
(note that additional discharges were taken in these scans, but, for the sake of clarity, are not
shown). The bottom frame in each column shows the current in a representative EFC coil
(coil 1), while the top frame shows the plasma current and the second frame from the top
shows the evolution of βN. Note that the band near βN of 4 in frames (b) and (f ) indicates the
approximate n = 1 no-wall stability limit in this class of discharges. These discharges have
βN at or above the n = 1 limit, and so are in a stability regime where changes in the rotation
can profoundly affect RWM stability [15, 19, 22, 30, 44].
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Figure 2. Plasma current (IP), βN, total angular momentum (L) and current in a representative
EF coil (coil 1), for a set of discharges with IP = 1100 kA and BT = 0.45 T (left column), and
IP = 750 kA and BT = 0.45 T (right column). The approximate n = 1 no-wall stability limit is
indicated in the gray band of (b) and (f ).

For the IP = 1100 kA case on the left, a clear asymmetry in the pulse length is observed,
with positive EFC coil currents of 1000 A leading to a shorter pulse than the −1000 A case.
However, in the lower plasma current case in the right-hand column, all discharges have the
same length, and are limited by the current in the solenoid coil. The angular momentum analysis
described below, however, will clearly distinguish which applied n = 3 field amplitude and
phase are optimal.

The third frame from the top in each column shows the time evolution of the total angular
momentum of the plasma. The angular momentum traces for all the discharges in a set overlie
until the n = 3 fields are applied; the traces then diverge. The asymmetry is once again most
clear in those cases with the largest applied fields. In the left column with a larger plasma
current (IP = 1100 kA), the angular momentum in the discharge with IEFC,1 = 1000 is less than
that in the IEFC,1 = −1000 discharge. Similarly for the IP = 750 kA case in the right column,
the angular momentum for the IEFC,1 = −750 A discharge is larger than for the discharge with
IEFC,1 = 750. It should also be noted that for both values of plasma current (both columns),
the maximum angular momentum occurs in the black traces, when there is a negative current
in the representative EFC coil.

The proceeding analysis demonstrates that an EF is present, and that it can be corrected
to at least some extent by applying an n = 3 field. It does not, however, give any indication
regarding the source of the EF. The most likely sources of the EF are the TF coil, the vertical
field coils (PF-5), the radial field coils (PF-3) or the solenoid and its leads. The current in the

5



Plasma Phys. Control. Fusion 52 (2010) 104003 S P Gerhardt et al

TF coil is a directly controlled quantity. For fixed outer gap and plasma profiles, the current in
the PF-5 coil scales with the plasma current. The current in the PF-3 coil will also scale with
the plasma current, but can be changed by making small changes in the elongation at a fixed
plasma current and outer gap. Furthermore, for a fixed IP, the PF-3 current required to achieve
a given elongation will decrease as the plasma internal inductance (li) is reduced; discharges
with a higher plasma current generally have a lower li. The solenoid current will ramp through
the discharge; different values of plasma current cause more ohmic flux to be used during the
current ramp, leading to a scan over flat-top solenoid current as IP is changed. The import of
this discussion is that by determining the optimal correction for a series of high-β discharges
with varying IP, BT and κ , the optimal correction can then be correlated with the currents
in the coils, and the source of the EF determined. Note that other parameters, such as the
triangularity, aspect ratio and outboard midplane boundary-limiter gap, are constant among
the discharges in this study.

The optimal n = 3 correction for a given [IP, BT, κ] combination was determined by
repeating the discharge many times with various levels of applied n = 3 fields; six different
combinations of these parameters were used in these studies. A time window was then chosen
during which the various coil currents and plasma angular momentum were averaged. The
angular momentum was then fit as a function of the EFC coil current with a parabola. The peak
of the parabola provides the EFC current which maximizes the plasma angular momentum;
this EFC coil current is then deemed the optimal correction.

The results of this procedure are shown in figure 3, for the six scans in this study. The
parabolas are in general good fits, as anticipated from the quadratic dependence of the NTV
damping on the perturbation amplitude (see equations (2)). The next task is then to determine
how these optimal corrections scale with the potential EF sources.

The optimal correction currents are plotted in figure 4 as a function of the various coil
currents. In each frame, the data points are shown, as well as a linear fit that is forced to pass
through the origin, and an arbitrary linear fit to the data. It is anticipated that these lines would
overlie for the true EF source, since no correction is required when there is no EF. The slopes
of the two linear fits are displayed, as well as the extrapolated EFC coil current at zero TF,
OH, PF-5 or PF-3 coil current (based on the arbitrary linear fit). The correlation coefficient r2

is also shown.
The correlation between the PF-5 (vertical field) coil current and optimal correction current

is quite good (r2 = 0.77). Equally importantly, the arbitrary linear fit extrapolates to essentially
0 A of EFC coil current at IPF-5 = 0. The inferred scaling of the optimal correction with the
PF-5 coil current is IEFC,1/IPF-5 = −14 A kA−1.

The correlation between the optimal correction and the TF current is not as strong
(r2 = 0.51). Furthermore, the arbitrary linear fit extrapolates to the large fraction of the
optimal correction when ITF = 0 (∼−50 A of EFC coil current at ITF = 0 compared with
∼−130 A for the optimal correction). Also note that a limited scan of the applied n = 3
field amplitude and phase was completed in a configuration with the toroidal field direction
reversed. The number of discharges taken in this scan was insufficient to determine the optimal
correction with accuracy necessary for inclusion in figures 3 and 4. However, it was clear that
the sign of the correction did not change, further supporting the observation that the TF coil is
not the source of the observed EF.

The correlations of the optimal correction with the PF-3 and OH coil currents are
comparable to that with the TF. However, in both cases, the extrapolated correction current at
IOH or IPF-3 of zero is far too large, and thus fails the test that there should be no correction
when there is no EF.

From this analysis, we conclude that the PF-5 coil is indeed the source of the EF.

6
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Figure 3. Angular momentum as a function of current in a representative EF coil, for the
[IP (kA), BT (T), κ] combinations studied in this report: (a) [800,0.45,2.4], (b) [750,0.42,2.3],
(c) [1100,0.45,2.3], (d) [1100,0.54,2.3], (e) [750,0.45,2.1] and (f ) [900,0.5,2.0]. Each point
corresponds to a single discharge.

4. Comparison with the modeled n = 3 EF

The measurements in the previous section were motivated by the observation that the main
vertical field coil is out-of-round. In this section, we present the measured deviations of that
coil shape from a circle, a calculation of the optimal vacuum correction and an optimization
of the correction using the recent NTV theory.

The current centroids of the PF-5 coils were measured with a coordinate measuring arm
as follows. There are a number of fiducial markers inside the NSTX vessel that are used
to establish an absolute coordinate system; it is not possible, however, for the arm to both
reference to those fiducials and reach points around the circumference of the coil. Instead, the
radius of the vacuum vessel inner wall was measured with the arm. Then, the radial distance

7
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Figure 4. Optimal correction current in EFC 1 versus the current in (a) main vertical field coil
(PF-5), (b) toroidal field coil (TF), (c) radial field coil (PF-3) and (d) ohmic solenoid (OH); see
text for additional details.

between the outer wall of the vacuum vessel and the inside and outside radii of the coil were
measured. This information, along with the thickness of the vacuum vessel, is used to calculate
the toroidal variation of the coil centroid. This process was repeated for both the upper and
the lower PF-5 coils.

This toroidal variation of the coil centroid is shown in figure 5, as a function of toroidal
angle. The quantity shown is 100 × (R(φ) − R̄)/R̄, where R̄ = 2.0 m is the mean coil
radius. It is clear that there are up to 2 cm deviations of the coil radius from an ideal circle.
Additionally, note that there are three peaks in the deviation, and that they are at approximately
the same phase for the two coils. This alignment implies that there will be a significant n = 3
component to the EF created by this distortion.

This is confirmed to be the case in figure 6. The magnetic field due to the two PF-
5 coils was calculated on a series of circles at Z = 0. The radial field along each
circle was decomposed as BR,S(R, φ) = ∑

n CS,n(R) cos(φ) + SS,n(R) sin(φ); note that the
subscript ‘S’ indicates the source of the EF. The amplitude and phase were then calculated

as AS,n(R) =
√

C2
S,n(R) + S2

S,n(R) and φS,n(R) = a tan(SS,n(R)/CS,n(R)). The curve in the

upper frame shows the amplitudes of the various spectral components at R = 1.5 m for 10 kA
in the PF-5 coils; the n = 3 component is clearly the largest, as expected from the curve in
figure 5.

The optimal vacuum correction can be derived in a similar manner. The amplitude (AC,n)

and phase (φC,n) of the correcting BR n = 3 field produced by 1 A in the EFC coils are
calculated as described above. The amplitude of the EFC field was then scaled by the quantity
mean (R2AS,3(R)/R2AC,3(R)), where mean is the average over 1 < R < 1.5. These radial

8
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Figure 5. Fractional deviation of the upper and lower PF-5 coils from circularity; see text for
additional details.

profiles of the n = 3 amplitude match best with ∼18.5 A in the EFC coils per 1 kA of current in
the PF-5 coil. The amplitude and phase of the optimal matching field are shown in figures 6(a)

and (b). The radial profiles of the n = 3 amplitudes are shown in figure 6(c); an excellent fit
to the radial profile is achieved. The optimal correction is the opposite of this matching field,
and is thus approximately IEFC,1/IPF-5 = −18.5 A kA−1, which is essentially consistent with
the experimental correction of IEFC,1/IPF-5 = −14 A kA−1. Note the small n = 9 sideband in
the spectrum of the EFC coil in figures 6(a) and (c).

The correction is not, however, perfect. As shown in figure 6(b), the phase of the n = 3
source and correction fields is not perfectly matched; they differ by ∼20◦. However, with only
six correction coils, the n = 3 phase cannot be further optimized. Additionally, the EFC coils,
when configured to make n = 3 fields, also create an n = 9 sideband component noted above;
this sideband can create additional NTV braking [28], and is thus undesirable. Finally, the
poloidal spectrum of the error and correction fields will differ, even for perfectly toroidally
aligned n = 3 fields at the midplane. A correction coil set with more than six coils, and with
a poloidal distribution of coils, could in principle further improve the correction.

We have also computed the NTV torque expected from the vertical field coil non-
circularity and correcting fields. These calculations use the Ideal Perturbed Equilibrium Code
(IPEC) [24, 38] to model the plasma response to the perturbations, and a generalized NTV
theory [37] to calculate the NTV torque.

The IPEC code solves the perturbed ideal MHD force balance equation,

	F = 0 = 	∇δp − δ 	j × 	B0 − 	j0 × δ 	B0, (5)

subject to the constraint that the resonant magnetic perturbation at each rational surface
vanishes. This constraint is met by calculating appropriate shielding currents at the rational
surfaces. The resulting ideal equilibrium can have magnetic surfaces with significant 3D shape
variations. More details regarding the IPEC code can be found in [24, 38].

The magnetic equilibrium used in the IPEC code is then used to calculate the NTV
damping, using the formulation described in [24, 37]. Many previous calculations of NTV
rely on formulations for two separate collisionality regimes: the 1/ν regime for ωE 
 ν, and
the ν − ν1/2 regime for ωE � ν (here, ωE is the toroidal E × B procession frequency) [24].
However, many tokamaks, including NSTX, reside in a parameter space between these two
regimes. The present NTV formulation smoothly connects the regimes, eliminating the

9
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Figure 6. Assessment of the vacuum EF, and n = 3 field which would compensate it. Shown
are the midplane (a) amplitude and (b) phase spectra of the EF from the PF-5 coils, as well as the
vacuum fields from the EFC coil configuration that approximately matches the EF. Also shown are
the vacuum radial profiles of the n = 3 fields, and the n = 9 sideband from the EFC coils.

ambiguity of which to choose. It also includes multi-harmonic calculations of resonance
effects between the electric precession and bounce orbits.

The results of these NTV calculations are shown in figure 7, for the experimental case with
IP = 1100 kA and BT = 0.55 T, where the vertical field coil had about 10 kA during the time
of interest. The NTV calculation requires the total magnetic field on the magnetic surface to be
specified as B = B0(1 − ε cos θ)+δB. The perturbation field δB comes from two sources: the
vertical field coil, whose current is set to be 10 kA, and the EFC coil, whose current is scanned
in repeated calculations to make the figure. The calculation in figure 7(a) shows the net NTV
torque without a calculation of the plasma response, i.e. without the self-consistent distortion
of the magnetic surfaces. Here, the field variation δB in the NTV calculation for this case is
the Eulerian variation at a fixed point, δEBx = δ 	Bx · 	B0. The calculation does indeed show
a minimum in the torque at correction currents of ∼−200 A (for 10 kA in PF-5). However,
the magnitude of the torque is too small by ∼2 orders of magnitude. This underestimation

10
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Figure 7. Calculation of the total NTV torque (EF and applied field) as a function of the n = 3
applied field amplitude and polarity, for the scan at IP = 1100 kA and BT = 0.55 T. The calculation
in (a) is based on only the vacuum superposition, while that in (b) considers the total plasma response
in calculating the field variations; see text for additional details.

of the NTV torque while using the Eulerian field variation has been noted previously
in [24].

The same calculation, but using the 3D equilibrium from IPEC and the full Lagrangian
formulation for δB, is shown in figure 7(b). In this Lagrangian formulation, the local field
variation is given by δLB = δ 	B · 	B0 + 	ξ · 	B0, and hence accounts for variations in field
strength along the field line due to changes in both the 3D field magnitude and the field line
trajectories [24, 46]. Once again, the optimal correction is displaced toward negative values
for coil 1, consistent with all previously shown results; the optimal correction in this case is
found to be in the vicinity of IEFC,1/IPF-5 ≈ −13 A kA−1.

Additionally, note that the magnitude of the torque is approximately correct in figure 7(b).
For instance, in figure 2(g), the angular momentum changes by ≈0.05 J s in a duration of
≈0.1 s when the EFC coils are energized at the 750 A level; the inferred change in torque is
thus 0.5 N m. This is consistent (within a factor of 2) with the change in torques predicted
by the IPEC + generalized NTV formulation. As described in [24], the NTV calculation is
generally only accurate to within this accuracy; further refinements to the theory are necessary
in order to refine these comparisons. We also note that the torque does not go to zero due to
the imperfect match between the applied field spectrum and EF spectrum.

11
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Figure 8. Time evolution of a series of discharges used to look for n = 2 EFs. Shown are (a) the
plasma current, (b) the normalized β value, (c) the plasma angular momentum and (d) the current
in EFC coil 1.

5. Measurements of n = 2 EFs in NSTX

The experimental measurement and correction of the n = 3 EF motivated a search for n = 2
non-resonant EFs. The typical midplane field pattern in the n = 2 configuration is shown
in figure 1(c). While the n = 2 component is the largest term, there are large sidebands.
For instance, the outboard midplane value of the n = 4 component is ∼60% of the n = 2
component amplitude, while the n = 8 component is about 20%. Given the n2 dependence of
the NTV torque, these higher order terms can also be very important.

An experiment similar to those described in section 3 was conducted in order to assess
the presence of n = 2 EFs in NSTX. The results from a representative experiment are shown
in figure 8. The phases of the n = 2 field are indicated in the text in figure 8(c), where ‘Ref.’
indicates that no n = 2 fields were applied. In each case, the maximum current in any EFC coil
was 500 A. The two reference shots develop an RWM at ∼0.7 s; the application of n = 2 fields
leads to a shortening of the shot in all cases. The angular momentum of the plasma is also
reduced in each case with applied n = 2 fields; the reference shots with no applied fields have
the largest angular momentum. The phase scan in this experiment was repeated for cases with
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both 250 and 750 A as the maximum current in any EFC coil. For the 250 A case, the braking
was observed for all phases, although without a significant impact on the shot duration. In the
750 A case, the braking was larger in all cases, and the shot duration severely reduced.

This uniformity of the plasma response to the n = 2 fields of various phases implies
that n = 2 EFs are likely small in NSTX. This confirms our picture of the vertical field coil
EF source, which is calculated in figure 6(a) to have only small n = 2 components. This
conclusion must be treated with some caution, however, due to two considerations. First, the
n = 4 and 10 sidebands of the applied fields, which are unavoidable given the NSTX EFC coil
geometry, might produce additional magnetic braking that would cancel the beneficial effect
of n = 2 EF correction. Second, any n = 2 fields which do not couple strongly to the fields
from the EFC coils would not be properly corrected by the scans in this experiment.

6. Summary

In this paper, we have shown that the detection and correction of non-resonant EFs can be an
important element in improving the performance of a tokamak. The asymmetric response of
the plasma to n = 3 fields of varying phases demonstrates that an intrinsic n = 3 EF is present
in NSTX; correcting this EF can lead to improved performance at high βN. Repeating this
experiment for various values of IP, BT and elongation has enabled the conclusion that the main
vertical field coil (PF-5) is the source of the EF. This is confirmed by analysis of the coil shape,
which does indeed have an n = 3 radial modulation. The optimal correction for the field from
this distortion is calculated from two different perspectives: the vacuum correction field that
best cancels the vacuum EF, and the correction field that results in a minimal NTV braking.
The two methods generally agree with each other, and with the experimentally determined
optimal correction. Experiments designed to study n = 2 EFs, however, were unable to find
an asymmetric response as the applied field phase was changed. This implies that n = 2 EFs,
if present in NSTX, are likely small enough to not impact plasma performance.

The results from this and other works imply that future tokamaks and spherical torii should
have the ability to apply and correct n > 1 EFs. EF strategies for ITER [47], for instance,
have focused on n = 1 EFs [48]. These studies should be expanded to include likely sources
of n > 1 EFs, detection methods and mitigation strategies.
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