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1. Introduction

Error fields—non-axisymmetric magnetic fields present in 
tokamaks due to misaligned magnets or currents in external 
conducting structures—are well known to have deleterious 
effects on plasma performance. These effects can include 
mode locking [1, 2], rotation braking from neoclassical 
toroidal viscosity (NTV) [3, 4], and a reduction in thermal 
particle confinement (‘pump out’) [5–8]. Much work has 
been done on characterizing error fields on various tokamaks, 
and on correcting these error fields either using trim coils [9, 
10] or by reducing errors in coil positioning and shape [11]. 
Fortunately, it is found that the plasma is often most sensi-
tive to a particular error field distribution, with much lower 

sensitivity to orthogonal distributions, in which case error 
field correction (EFC) can be effective with just a single trim 
coil set [12]. Models assuming that the plasma response is 
entirely due to a single error field distribution are known as 
‘single-mode’ models, and are presently used successfully for 
EFC [13].

In NSTX-U, data obtained during the 2016 operations gave 
clear indications of the presence of error fields [14, 15]. The 
data further shows that the EFC coils were not able to fully 
correct these error fields in some circumstances. These obser-
vations are summarized in section 2.1. Given the inability to 
correct the error fields with the existing trim coils, signifi-
cant effort has been made to understand the sources of error 
fields in NSTX-U as constructed in 2016, and to ensure that 
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that uncorrected error fields may result in potentially significant local perturbation to the pitch 
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the impact of error fields is reduced when NSTX-U resumes 
operation. This effort has involved extensive metrology, sum-
marized in section  2.2, and plasma response calculations, 
described in section 3. Criteria for limiting the the potential 
consequences of the error fields both on core braking and heat 
flux to the divertor plates are used to inform the physics basis 
for tolerances in NSTX-U.

2. Characterization of error fields in NSTX-U

2.1. Evidence of error fields in NSTX-U

Observations from NSTX-U operations in 2016 revealed the 
signatures of significant error fields. In particular, it was found 
that many L-mode discharges were locked from the q  =  2 sur-
face outward. There was no evidence of a distinct locking 
event, and it is believed that the plasma edge was locked ab 
initio. The locked edge was not fatal; these plasmas typically 
continued to run through their intended duration unless dis-
rupted by some other event such as loss of vertical position 
control. Error field correction using the NSTX-U mid-plane 
EFC coils was unsuccessful in preventing or unlocking the 
edge without causing the core also to lock, leading to disrup-
tion. This demonstrates the presence of multiple modes to 
which the plasma is sensitive, and indicates that the single-
mode model is not valid in these cases.

Error field correction (EFC) in NSTX-U was impeded not 
only by the influence of multiple modes, but by a dramatic 
change in the optimal EFC phase over the duration of a dis-
charge. Figure  1 shows the results of a scan of early-time 
EFC in 1 MW L-mode discharges in NSTX-U. In each case, 
a square EFC waveform of 600 A (1.2 kA-turns) was applied 
shortly after t  =  0 at various phases. Using the core rotation 
as a proxy for the efficacy of a particular EFC phase, we infer 
that the optimum phase for EFC changes from φ = 200◦ early 
in time to φ = 80◦ in the flat top. This phase rotation consti-
tutes a time (and/or scenario) dependent error field that would 
require a sophisticated EFC algorithm to correct. We note that 
the time of the phase change (roughly t  =  400 ms) is nearly 
coincident with the formation of the q  =  1 surface, which 
implies a significant m/n  =  1 component of the error field.

2.2. Metrology

At the conclusion of the 2016 NSTX-U campaign, extensive 
metrology was conducted on the primary vertical field (‘PF5’) 
coils and the center stack assembly, which includes the cen-
tral solenoid and the center rod of the toroidal field (‘TF’) 
coils. The relative positions of the inner face of the vessel wall 
and the center stack casing were measured using a ROMER 
Arm. The geometry of the outer face of the vessel wall was 
determined by adding 5/8” (15.875 mm), the nominal thick-
ness of the stainless steel vessel wall, to the ROMER Arm 

measurements of the inner face. These measurements are 
consistent with measurements from 2004, indicating that the 
vessel shape did not change substantially from that time.

Combining these measurements with ruler-based measure-
ments of the distance between the PF5 and the outer vessel 
wall yields the PF5 radius as a function of toroidal angle. The 
n  =  1–3 Fourier components of these measurements, shown 
in table 1, reveal shifts (n  =  1 component) of roughly 0.5 cm 
of the PF5U and PF5L coils relative to the vertical axis of the 
ROMER Arm coordinate system, as well as significant non-
circularities. Unlike the vacuum vessel, the PF5 coil shapes 
differ from measurements made in 2004. We believe that this 
difference is due to the fact that the radial restraints on the PF5 
coils [11] were reconfigured during the upgrade to provide 
more freedom for the thermal expansion that is expected when 
operating 2 MA discharges in NSTX-U. At this time, the tilts 
of the PF5 coils have not been measured, but this activity is 
planned as part of the NSTX-U recovery project.

The shift and tilt of the TF center rod were determined 
by combining the ROMER Arm data with data additional 
metrology conducted after the center-stack (CS) assembly 
was removed from the machine using a FARO Laser Tracker. 
Ruler-based metrology was done before and after the removal 
of the CS assembly to verify that the TF position did not 
change during that process. The Laser Tracker was used to 
measure the relative positions of the inboard vertical divertor 
targets (IBDV) and the faces of the flags on the TF center rod. 
The locations of these elements are illustrated in figure  2. 
The TF center rod orientation in the ROMER Arm coordi-
nate system was determined by using the two sets of IBDV 
measurements to transform the Laser Tracker measurements 
into the ROMER Arm coordinate system. The resulting posi-
tion of the upper and lower TF flag faces in ROMER Arm 
coordinates defines the absolute shift and tilt of the TF center 
rod, shown in table 2. As can be seen, the TF rod is tilted and 
shifted relative to the center stack (CS) casing in which it is 
enclosed. The central solenoid (OH coil) alignment was not 
measured directly, but is believed to be well aligned with the 
TF rod.

2.3. Error field spectrum

The misalignments of the TF, PF, and OH coils result in an 
error field. For small shifts and tilts of the coils, the resulting 
error field will be linear in the shift and tilt and have toroidal 
mode number n  =  1. A general method for calculating error 
fields from tilting and shifting magnetic coils is described 
in appendix A. It is found that for a coil that produces field 
B⃗c  in a coordinate system (r,φ, z) in which the coil is axi-
symmetric, the n  =  1 component of that field in a coordinate 
system (R,ϕ, Z) such that (r,φ, z) is shifted by distance δ in 
direction ϕδ  and rotated through an angle α about axis ϕα 
relative to (R,ϕ, Z) is

Nucl. Fusion 59 (2019) 086021
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δB⃗ = δ ei(ϕ−ϕs)

⎧
⎪⎪⎨

⎪⎪⎩

[
−∂rBc

r + i 1
R Bc

φ

]
R̂

−
[
i 1

R Bc
r + ∂rBc

φ

]
ϕ̂

− ∂rBc
zẐ
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 (1)
to lowest order in δ and α. For small shifts and tilts of poloidal 
field coils, these results reproduce the results of La Haye and 
Scoville [18]. This error field can be written as an ideal MHD 
displacement δB⃗ = ∇× (ξ⃗ × B⃗) where

ξ⃗ = δ eϕ−ϕs

(
R̂ + i Ẑ

)
+ α eϕ−ϕt

(
i Z R̂ − Z ϕ̂− i R Ẑ

)
.

 (2)
To understand the effect of an error field on the plasma, it 

is useful to consider the Fourier decomposition of the normal 
component of the error field in straight field-line magnetic 

coordinates (ψ, θ,ϕ) based on the magnetic equilibrium in the 
absence of coil misalignments:

Bmn(ψ) =
1

(2π)2S

‹
dϕ dθJ δB⃗ ·∇ψ eimθ−inϕ. (3)

Figure 1. Scan of early-time externally applied error field correction (EFC) in 1 MW L-mode discharges in NSTX-U. The applied EFC 
current waveform is simply a square wave starting shortly after t  =  0. The amplitude of the EFC is 600 A (1.2 kA-turns) in all cases, while 
the phase is varied from shot to shot. In the panel showing core rotation at the bottom right, a phase dependence of the plasma response is 
clearly visible (see the text for further details).

Table 1. Fourier components of the measured horizontal deviation 
from axisymmetry of the NSTX-U PF5 coils during the 2016 
campaign.

Coil
δRn=1 
(mm)

ϕn=1 
(°)

δRn=2 
(mm)

ϕn=2 
(°)

δRn=3 
(mm)

ϕn=3 
(°)

PF5U 4.09 121 3.42 113 4.01 323
PF5L 6.19 55 4.09 11 9.45 292

Figure 2. Left: model of the NSTX-U Center Stack assembly as 
designed for 2016 operation. Adapted with permission from [16]. 
Right: Schematic depicting locations of NSTX-U poloidal field 
coils. Reproduced courtesy of IAEA. Figure adapted from [17]. 
Copyright 2012 IAEA.
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Here S is the surface area of the magnetic surface labeled by 
ψ; θ and ϕ are the poloidal and toroidal angles, respectively, 
and J = [∇ψ ·∇θ ×∇ϕ]−1. The impact of the error field on 
the plasma is often estimated by considering the magnitude of 
the resonant components of the error field—that is, the comp-
onents for which m = n q on a magnetic surface with safety 
factor q [5, 19]. More recently, it has been shown that a better 
measure of the impact of the error field is its overlap with the 
plasma response distribution that maximizes the formation of 
resonant currents [12, 20] or, more directly, by calculating the 
plasma response and directly evaluating the resulting resonant 
currents. This is done in section 3.

The error field spectrum depends on the coordinate system 
in which the field is measured. However, the resonant comp-
onents of the field, which correspond directly to the width 
of the magnetic islands on the mode-rational surfaces [21], 
are not coordinate dependent. This has been shown to be true 
when considering different magnetic coordinate systems [22], 
and it is also true for arbitrary rigid displacements of a magn-
etic coordinate system (or equivalently, a rigid displacement 
of the plasma and magnets). This is discussed in more detail 
in section 3.3.

Here, we consider the error field generated by shifting or 
tilting individual coils with respect to the the ROMER Arm 
coordinates, which we take to define our reference coordi-
nate frame. This error field depends linearly on the current in 
the misaligned coil, and is therefore scenario-dependent. The 
spectral decomposition defined by equation (3) also depends 
on the chosen axisymmetric equilibrium. Therefore we have 
considered several NSTX-U scenarios as part of this study. 
Here, we present two representative cases: a reconstruction 
from L-mode discharge 204077 at t  =  697 ms, which is after 
the formation of the q  =  1 surface; and a model H-mode dis-
charge, here labeled 116313 after the NSTX discharge on 
which it is based. The L-mode discharge has IP = 620 kA and 
BT = 0.6 T. The model H-mode discharge has IP = 2 MA and 
BT = 1 T.

The error field spectrum (ignoring the plasma response) 
is relatively insensitive to the plasma shape, especially in the 
plasma core. Therefore we simply show the spectrum for a 
single case (204077 at t  =  697 ms) in figure  3, using the 
n  =  1 displacements given in tables  1 and 2. In this figure, 
the −6 ! m ! −1 components are plotted. Negative m values 
are shown because these components are resonant at surfaces 
with integer q values for a left-handed plasma (i.e. where the 
toroidal current and toroidal field are in opposite directions), 
which is the standard configuration for NSTX-U. For the error 
field from each coil misalignment individually, the negative m 
components have the same magnitude as the respective posi-
tive m components. The primary differences in error fields 

among scenarios is the magnitude of the error field (due to 
differing coil currents) and the locations of the mode-rational 
surfaces. As can be seen, the TF error field is significantly 
larger than those from other coils, especially with respect to 
the m/n  =  1/1 component of the field. The error field from the 
OH coil is significantly weaker than those of the other coils, 
and therefore is dropped from subsequent plots.

It is known that additional coil displacements will occur 
when the coils are powered due to electromagnetic forces [17]. 
For example, it is expected that twisting of the TF outer legs 
could lead to displacements of over 3 mm in some NSTX-U 
scenarios. However, we do not consider those displacements 
here because they are expected to be nominally axisymmetric. 
Therefore they will not be resonant with the plasma, and will 
be automatically corrected by the plasma control system.

3. Analysis of the impact of error fields

Although the error field spectrum is not strongly dependent 
on the scenario, the plasma response to these error fields is 
strongly dependent. The differences in plasma response are 
due to the differing locations of the rational surfaces, and also 
to the relative proximity of the scenarios to marginal stability 
of kink modes and tearing modes [23]. In particular, the reduc-
tion of resonant fields in the linear plasma response, which 
corresponds to the screening of magnetic islands, is found to 
be very sensitive to the proximity of the plasma to tearing sta-
bility, which in turn is strongly dependent on the electron fluid 
rotation frequency [24]. For these cases we assume a model 
rotation profile in which the rotation is proportional to the 
square-root pressure, which is positive-definite and represen-
tative of the observed strong core rotation in NSTX-U.

3.1. Braking and locking

Resonant braking is caused by the interaction of response cur-
rents in the plasma with the perturbing magnetic field, and can 
lead to tearing mode instabilities through a reduction of rota-
tion shear, or to error field penetration and mode locking. To 
estimate resonant braking and the tendency of the error field 
to cause locking, we consider the resonant m/n  =  2/1 comp-
onent of the total field and of the parallel current density at the 
q  =  2 surface. These quantities are calculated using M3D-C1 
[24], with a single-fluid resistive linear model, and indepen-
dently with the ideal-MHD perturbed equilibrium code IPEC 
[20]. We note that in IPEC, the calculated resonant field is 
exactly zero, but an ‘effective’ total resonant field is inferred 
by considering what field would be present were the resonant 
currents to dissipate. In effect, the IPEC resonant field is a 
measure of the resonant parallel currents. An example of the 
effect of the plasma response is shown in figure 4, in which the 
total resonant field (symbols connected by solid lines) is com-
pared to the resonant components of the error fields (dotted 
lines) in an NSTX-U discharge using the error fields calcu-
lated from the metrology results. It can be seen that the plasma 
response strongly reduces the total resonant fields, especially 
in the core where the plasma rotation is large.

Table 2. The horizontal shift and tilt of the CS casing and TF center 
rod in the ROMER Arm coordinate system.

Shift 
(mm)

Shift an-
gle (°) Tilt (mrad)

Tilt 
angle

CS casing 1.8 242° 0.15 156°
TF center rod 4.9 246° 1.15 206°

Nucl. Fusion 59 (2019) 086021
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The 1/1 components, which we suspect may be playing 
an important role in NSTX-U, are not used here to estimate 
the impact on locking for two reasons. First, a correlation 
between the 1/1 component of the total resonant field and 
locking behavior has not yet been established quantitatively, 
and those studies that have considered the 1/1 component of 
the error field have found it to be subdominant to the 2/1 [25]. 
Second, equilibria containing a q  =  1 surface are typically 
unstable to MHD modes, which contradicts the assumptions 
of the plasma response calculation that the response is small 
and time-independent, and which therefore raises questions 
about the validity of the calculated 1/1 component of the total 
resonant field. We also reiterate that it is the q  =  2 surface that 
was routinely found to be locked in NSTX-U, though the 1/1 
component could be playing an important role in that process 
by affecting the rotation profile globally.

We estimate the acceptable tolerances in coil alignment by 
calculating the largest magnitude of a shift or tilt of a coil that 
would result in an 2/1 field component less than or equal to 
the 2/1 component produced in response to the NSTX-U EFC 
coils powered at 1 kA-turn. Given the single-mode model, this 
is equivalent to the statement that the error field could be cor-
rected by the EFC coils powered at 1 kA-turn, although this 
still may require a time-dependent EFC correction algorithm. 
This answer depends of course on the scenario, since the error 

field from a coil depends on the current in the coil, and also 
because the parameters of the scenario (including shape and 
plasma β) affect the extent to which various coils couple to 
the plasma response. The answer also depends on the metric 
considered. Here, we consider the resonant component of the 

Figure 3. The n  =  1, −6 ! m ! −1 spectral components of the error field, Bmn as defined in equation (3), versus the normalized poloidal 
flux Ψ due to the PF5, TF, OH, and EFC coils as calculated by M3D-C1 in NSTX-U discharge 204077 at t  =  697. The vertical dashed lines 
indicate the locations of the respective mode-rational surfaces. For the PF5, TF, and OH coils, the fields are calculated using the measured 
misalignments and currents and the n  =  1 displacements given in tables 1 and 2. For the EFC coil, the field is calculated assuming 1 kA-
turn of current in an n  =  1 configuration. Note that the vertical scales differ among the plots.

Figure 4. Results of plasma response calculations from M3D-C1 
for NSTX-U discharge 204077 at t  =  697 ms. Symbols connected 
by solid lines indicate the total resonant field from various error 
field sources. Dotted lines indicate the resonant fields from the 
applied field alone.

Nucl. Fusion 59 (2019) 086021
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error field at the q  =  2 surface (‘Vacuum B21’), the resonant 
component of the total field at the q  =  2 surface (‘Total B21’), 
and the resonant component of the parallel current density 
at the q  =  2 surface (‘J21’). The tolerances implied by these 
criteria for NSTX-U discharge 204077 at t  =  697 ms and for 
the 2 MA model scenario 116313 are shown in figure 5. (The 
PF1B and PF4 coils are not used in these scenarios, so we 
assign to them the same currents as the PF1C and PF5 coils, 
respectively, for the purpose of calculating the tolerances.) 
Tolerances were also calculated assuming that the coils carried 
the maximum current needed for any scenario in the NSTX-U 
design basis [17]. These currents are listed in table 3, and the 
resulting tolerances are shown in figure 6.

Regardless of the chosen metric, it is found that the TF error 
field is generally the dominant source of resonant response 
from the plasma. This is true, despite the fact that the TF error 

field spectrum is generally inefficient at driving resonant cur-
rents in the plasma, due to the large current in the TF rod and 
the proximity of the rod to the plasma. The plasma response 
to the TF error field is found to depend significantly on the 
presence of a q  =  1 surface, since the TF error field is domi-
nantly m/n  =  1/1. This dependence can be seen in figure 7, 
which shows the total resonant field from IPEC calculations 
of the plasma response to the model TF and PF error fields in 
NSTX-U discharge 203077 at times before and after formation 
of the q  =  1 surface. The dependence of the plasma response 
on the presence of the q  =  1 surface is qualitatively consistent 
with results of several ‘compass’ scans performed during the 
NSTX-U run campaign, which found that the optimal error 
field correction before and after the formation of the q  =  1 
surface differed significantly. Interestingly, these discharges 
typically disrupted via locking of the 1/1 surface, since the 

Figure 5. Estimated tolerances for coil shifts (left) and tilts (right) required for resonant field component to be correctable by the NSTX-U 
EFC coils powered at 1 kA-turn. These are based on M3D-C1 calculations using NSTX-U discharge 204077 at t  =  697 ms (top) and the 
2 MA model scenario 116313 (bottom), using the actual TF and PF coil currents for these scenarios (PF1B and PF4 are not used in these 
scenarios, so these coils are assigned the currents in PF1C and PF5, respectively, for estimating the tolerances).

Table 3. The maximum current allowed in each coil in NSTX-U [17, 26], and the maximum current allowed for 6 s equivalent square 
waveform (ESW) [26]. When calculating tolerances based on divertor heat flux considerations, the 6 s ESW currents are used.

Coil PF1A PF1B PF1C PF2 PF3 PF4 PF5 TF

Max. current (kA-t) 1171.2 416 318 420 480 544 1632 4700
6 s ESW current (kA-t) 698.22 163.3 156.51

Nucl. Fusion 59 (2019) 086021
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2/1 surface was often locked ab initio. The 1/1 comp onent of 
the EFC coil spectrum is relatively weak, so this core locking 
phenom enon may be related to strong coupling between the 
2/1 and 1/1 surfaces in ST geometry. The intrinsic error field 
may contribute to this coupling by limiting the differential 
rotation between the surfaces. In contrast, the PF1, PF2, and 
PF3 coils contribute relatively little to the resonant interac-
tion, and tolerances for their alignment are correspondingly 
loose. (Of course, the !1 m tolerances calculated for the PF1s 
and PF2 coils should not be taken literally—the assumption 
of linearity we have made in these calculations will have been 
violated at displacements far smaller than this. These large 
values should simply be taken as an indication that other 
physics or engineering constraints will set the tolerances for 
these coils rather than error field considerations.)

Calculations of neoclassical toroidal viscosity have been 
carried out using GPEC [27] for a number of NSTX-U model 
scenarios. Generally, higher NTV is found at higher βN due to 
the increase in plasma response as marginal kink stability is 
approached [23]. In a typical case, GPEC finds a total NTV 
torque on the order of 2 N m in a high-beta NSTX-U model 
equilibrium. This compares with neutral beam torque of 1–2 
N m per source (depending on the particular source), and is 
therefore not negligible. Unlike resonant fields, the NTV is a 
radially distributed torque that is quadratic in δB, and there-
fore cannot be completely compensated by external coils, 
even in the ‘single-mode’ model. While NTV is an important 
consideration, setting coil tolerances based on NTV is chal-
lenging because the computed NTV torque strongly depends 
on the predicted rotation profile, which itself depends on 

Figure 6. Estimated tolerances for coil shifts (left) and tilts (right) required for resonant field component to be correctable by the NSTX-U 
EFC coils powered at 1 kA-turn, if the PF and TF coils were using the maximum rated current. These are based on M3D-C1 calculations 
using 2 MA model scenario 116313.

Figure 7. The magnitude and phase of various Fourier components of the total resonant field (applied field plus plasma response) arising 
from the calculated TF and PF error fields in NSTX-U, as calculated by IPEC. Values are shown for NSTX-U discharge 204077 at t  =  307 
(left) and t  =  697 (right), which are before and after the formation of the q  =  1 surface, respectively. The circle represents the total resonant 
field from the EFC coils powered at 1 kA.

Nucl. Fusion 59 (2019) 086021
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torques from error fields. Due to this uncertainty, we believe 
that NTV calculations should not drive engineering tolerances 
at this time.

Certain characteristics of the TF error field present new 
challenges for error field correction. Specifically, the error 
field spectrum differs significantly from that of coils on the 
low-field side (such as the NSTX-U EFC coils), and does not 
resonate strongly with the dominant kink mode, thus poten-
tially requiring multi-mode correction. Furthermore, IPEC 
calculations agree with experimental results in finding that 
that the optimal correction phase and amplitude changes as 
the plasma current density profile evolves, although the pre-
dicted correction phase disagrees with the empirical optimal 
phase after the formation of the q  =  1 surface, possibly due 
to the fact that a 2/1 island is already present in contravention 
of the assumption of linearity. This change in phase suggests 
that while EFC with the existing EFC coils may be possible, 
it would likely require a time-dependent correction algo-
rithm that will be sensitive to plasma parameters (e.g. current 
density profile), and that is not easily predictable with pre-
sent tools. This could pose a significant challenge to reliable 
high-performance operation of NSTX-U if the TF error is not 
reduced.

3.2. Divertor heat flux

Substantial heat loads on plasma facing components (PFCs) 
are predicted for high-performance NSTX-U scenarios. 
Mitigating surface heat flux through poloidal flux expansion 
may require BP/BT < 0.02. Error fields will lead to a toroidal 
variation in this pitch angle, and may therefore lead to toroi-
dally localized regions of increased heat flux. Additionally, 
the formation of lobes due to the deformation of the topologi-
cally unstable x-point region in diverted plasmas can lead to 
an expansion of the wetted area of the divertor PFCs. This 
can have the beneficial effect of spreading the heat flux over a 
larger area, but it can also be problematic if it leads to toroidal 
localization of heat flux deposition or the deposition of heat 
outside of the intended target region.

To assess the impact of error fields on the magnetic foot-
print and pitch angle at the divertor plates, we have used the 
model NSTX-U equilibrium based on NSTX H-mode discharge 
116313, with profiles scaled such that IP = 2 MA and BT = 1 T. 
Perturbed equilibria were calculated with M3D-C1, and the per-
turbation to the pitch angle was measured along the vertical and 
horizontal divertor plates (roughly R  =  0.45 m and Z  =  −1.6 m,  
respectively). It is found that the maximum perturbation to 
the pitch angle due to the error field alone (in the absence of 
plasma response) on the vertical and horizontal plates is roughly 
7.5 mrad (0.43◦) and 1.5 mrad (.09°), respectively. The plasma 
response is generally found to increase the maximum perturba-
tion to the pitch angle, especially at the horizontal target.

We calculate tolerances for the shift and tilt of individual 
coils by constraining the fractional perturbation to the magn-
etic pitch angle at the divertor to be less than 10%. The 
resulting tolerances are shown in figure 8, where we have used 
the 2 MA model scenario 116313 (the L-mode discharge is 

not considered here because heat fluxes will not be problem-
atic in that case). When calculating these tolerances, we have 
considered both the actual coil currents in the scenario and the 
the maximum rated currents. In the latter case we have used 
the current allowed for an equivalent square-wave time of 6 s 
for the PF1 coils. This is because the worst-case scenario for 
heat fluxes is in the 2 MA, 5 s scenario for which the IP  wave-
form has an equivalent square wave time of 6 s. These currents 
are shown in table 3. For these tolerances, the alignment in 
question is that between the coil and the plasma facing sur-
faces, whereas the tolerances set by the resonant fields refer to 
the relative orientations of the various magnets.

Again, it is found the most stringent tolerances are gen-
erally on the TF center rod alignment. Unlike for resonant 
fields, however, the tolerances set by the pitch angle con-
straint is more severe for the PF1s and PF2 than for the PF3–5 
coils. Also unlike the result for the resonant field, the plasma 
response has a relatively weak influence on these tolerances. 
This is because the response currents inside the plasma are 
not strongly driven by the PF1s and PF2, and are relatively far 
from the divertor plates.

The divertor footprint was calculated using TRIP3D, 
taking the magnetic field from the M3D-C1 perturbed equi-
librium calculations. An example of the perturbed field orbits 
and footprints on the lower horizontal divertor from TF and 
PF5L error fields are show in figure  9. The colours in this 
figure indicate the radial depth to which a field line penetrates, 
and is used here as a rough proxy for the temperature of the 
field line, and the coloured area indicates the expected wetted 
area of the divertor plate. For a given perturbation spectrum, 
we find that the linear extent of the footprint on the divertor 
scales approximately linearly with the perturbation amplitude. 
Thus, to the extent that the plasma response remains linear in 
the error field strength, the footprint extent will approximately 
depend linearly on the shift, tilt, and current in a coil. More 
extensive calculations and analysis of the divertor footprints 
are being prepared as part of a separate publication [28].

3.3. Challenges to calculating response to shifted coils

It is clear that the plasma response to the TF shifting in one 
direction should be equivalent to shifting all of the PF coils 
in the opposite direction, up to a shift in coordinates. Due 
to the differing coordinates, δB⃗ will not be equivalent in the 
two cases. However, coordinate-independent measures of the 
plasma response, such as magnetic island widths and resonant 
field components, should be equivalent. Indeed, as noted in 
section  A.3, the difference in coordinate systems is equiva-
lent to an ideal-MHD plasma response with displacement 
ξ⃗δ = δ ei(ϕ−ϕs)(R̂ + i ϕ̂), and therefore it does not affect the 
resonant components of the magnetic field (this is proved in 
appendix B).

Thus, a numerical code must be able to represent the solu-
tion δB = ∇× (ξ⃗δ × B⃗0) in order to correctly predict the 
equivalence of the coordinate-independent properties of the 
plasma response in the two cases. In fact, as presently con-
stituted, there remain questions about whether either IPEC 
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Figure 8. The shift (left) or tilt (right) of each coil that results in a 10% fractional change to the magnetic pitch angle on the horizontal 
divertor target (HT) or vertical divertor target (VT), using 2 MA NSTX-U model scenario 116313. Tolerances are calculated for both the 
actual coil currents in this scenario (top) and for the maximum allowed coil currents (bottom).

Figure 9. Poincaré plots (left) and lower horizontal divertor footprints (right) of the magnetic field lines that hit the wall due to a 5 mm shift 
of the TF center rod and a 5 mrad tilt of the PF5L coil. The colours represent the minimum normalized poloidal flux ΨN reached by each 
field line, which serves as a proxy for the field line temperature.
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or M3D-C1 can exactly represent this solution. In the case 
of IPEC, this solution is excluded by the boundary condition 
ξ⃗ = 0 at the magnetic axis, which has been used in the calcul-
ations presented in this paper. In the case of M3D-C1, the 
boundary condition that the component of δB⃗ normal to the 
computational domain boundary (which can be far from the 
plasma) is due entirely to the field from the coils may also 
exclude the correct solution, because in the correct solution 
part of δB⃗ on the boundary is due to the shift of the plasma 
current.

To test how accurately M3D-C1 is able to represent this 
solution, we ran a calculation in which all coils were shifted 
by 5 mm in the same direction. We expect the plasma response 
to be a rigid shift by 5 mm in the same direction, so that the 
final field distribution is exactly the same as the initial equi-
librium (without shifted coils), but shifted by  −5 mm. This is 
equivalent to a coordinate shift in the opposite direction, and 
therefore should yield the ‘response’ δB = ∇× (ξ⃗δ × B⃗0) 
exactly, which can easily be calculated from the equilibrium 
magnetic field B⃗0. We compare this analytically computed 
field with that calculated by M3D-C1 in figure 10. The agree-
ment is generally good, but whereas the resonant components 
of the perturbed field vanish exactly at the mode-rational sur-
faces in the analytic result, core resonant fields on the order of 
0.1 G are present in the M3D-C1 result. While small relative 
to the non-resonant magnitudes, which exceed 30 G in some 
places, it non-negligible compared to typical tokamak error 
fields, for which the vacuum resonant fields themselves are 
of order 1 G, and the total resonant fields including plasma 
response are often smaller by an order of magnitude or more 
due to screening. Thus, even small relative errors in repre-
senting the shifted solution can lead to large errors in the total 
resonant field, due to the large magnitude of δB⃗ implied by the 
coordinate transformation.

These issues are less important for the calculations of the 
perturbed footprints and pitch angles on the divertor plates. 
These effects are not coordinate invariant, since the coordinate 

system is defined by the positions of the divertor plates. 
Furthermore, these effects are strongly influenced by the non-
resonant components of the field, which are less sensitive than 
the resonant components on a fractional basis.

4. Summary

Experiments, metrology, and perturbed equilibrium modeling 
all suggest that the dominant source of field error in the 2016 
NSTX-U configuration was likely from the misalignment 
of the TF rod. This field error is dominantly |m| = n = 1, is 
expected to couple strongly to the plasma through resonant 
interaction (i.e. excitation of kink modes) primarily in the 
presence of a q  =  1 surface. Plasma response calculations 
from both codes suggest that the resonant currents elicited by 
the TF error field are comparable to those elicited by the EFC 
coils powered at 1 kA-turn, despite the significantly larger 
vacuum fields from the TF error. Error fields from eddy cur-
rents in the vacuum vessel and passive plates during IP ramp-
up were also calculated using VALEN [29]. The resonant error 
fields from these currents were found to be below 1 G, and are 
therefore not presently considered to be a likely source of the 
observed error fields. The PF5 error field, while significant, 
is also expected to be more easily corrected by the NSTX-U 
EFC coils than the TF error field, especially when multiple 
response modes are important, due to the spectral similarity 
between the PF5 error field and EFC coil field. Calculations 
of total resonant fields due to possible misalignments of other 
poloidal field coils generally find a weaker response per mm-
Amp-turn or mrad-Amp-turn, especially for the coils in the 
divertor region (the PF1s and PF2). Changing the alignment 
of these coils within mechanical tolerances is not expected 
to have any appreciable effect on resonant braking or mode 
locking, with the exception of the PF4 coils, which are found 
to couple to the plasma response nearly as well as the PF5.

Tolerances on coil alignments were calculated based on 
two constraints: first, that the 2/1 resonant error field remained 
smaller than the resonant field from the EFC coils powered 
at 1 kA-turn; and second, that the fractional perturbation to 
the magnetic field pitch at the divertor plates remained less 
than 10%. The alignment tolerances of the PF4 and PF5 coils 
are found to be set by the first constraint, and the tolerances 
of the PF1s and PF2 are found to be set by the second. Both 
constraint lead to relatively tight (∼1 mm and  ∼1 mrad) toler-
ances for the TF alignment, both relative to the other magn-
etic coils, and relative to the plasma facing components of the 
divertor.

We believe the tolerances obtained here represent conserv-
ative estimates, for several reasons. First, the requirements 
that the resonant field be correctable by only 1 kA-turn of cur-
rent in the EFC coils (which have a maximum current of 6.6 
kA-turns [30]) and that the fractional variation in the pitch 
angle is less than 10% are relatively conservative. Second, it 
is plausible that a spuriously resonant field is being calculated 
for the TF tilt and shift for the reasons outlined in section 3.3. 
Finally, although edge locking was observed in the low-den-
sity L-modes that were frequently run in the 2016 NSTX-U 

Figure 10. Solid lines: an analytic calculation of the spectral 
components of δB⃗ resulting from a horizontal shift of the coordinate 
system by  −5 mm for an axisymmetric NSTX-U model equilibrium. 
Dotted lines: an M3D-C1 calculation of δB⃗ for a perturbed plasma 
equilibrium given error fields corresponding to a horizontal shift of 
all coils by a distance 5 mm. The vertical dashed line is the q  =  3 
surface (this model equilibrium does not have a q  =  2 surface).
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campaign, this locking was not observed to cause disruptions. 
The locked edge was also observed to unlock upon entering 
H-mode, when density increased. Therefore we have confi-
dence that stable, high-performance plasmas can be run even 
with the coil alignments outside of the tolerances described 
here, as they were during the 2016 campaign. Still, this anal-
ysis gives a useful indication of the relative impact of locking 
and heat flux considerations on coil tolerances, and of the rela-
tive effect of misalignments of the various coils.

These results, together with calculations for other NSTX-U 
equilibria and model scenarios, have been used to drive new 
engineering tolerance requirements for NSTX-U as it is 
rebuilt. A trial fit-up of the TF center rod has found that it can 
be aligned to the CS casing to within 0.4 mm and 0.14 mrad. 
This should alleviate the most serious concerns about toroi-
dally localized heating of the inner vessel plasma facing comp-
onents, which are aligned to the CS casing. This should also 
simplify the reduction of magnetic braking and locking by 
providing a clear reference frame for aligning the vertical field 
coils. If this alignment can be made successfully, we expect 
a dramatic reduction in electromagnetic torque and an expan-
sion of accessible parameter space, particularly with regard to 
density and collisionality, when NSTX-U resumes operation.
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Appendix A. Shift-tilt coordinate transformation

In this section, we describe in detail the transformation of 
the magnetic field components from a coordinate system 
r⃗ = (r,φ, z) in which the field components are known to 
a new coordinate system R⃗ = (R,ϕ, Z) that is shifted and 
tilted with respect to r⃗ . The difference between the field in 
the ‘lab’ coordinates and the field in the ‘coil’ coordinates, 
δB(R⃗) = B⃗(R⃗)− B⃗(⃗r), is equivalent to the error field due to 
a shift and tilt of the coil. The generic transformation is con-
sidered first, and this is then specialized to the case where the 
shift and tilt are small, and the coils are axisymmetric in ⃗r . In 
this limit, our results are consistent with a previous analysis of 
the error field from the shift and tilt of poloidal field coils by 
La Haye and Scoville [18].

A.1. General transformation

Let R⃗  be shifted with respect to ⃗r  by δ in the direction ϕ = ϕs, 
and a tilted by angle α along the axis ϕ = ϕt. It is most con-
venient to calculate the coordinate transformation from ⃗r  to R⃗  
by using Cartesian coordinates, where

x = r cos(φ) y = r sin(φ)

X = R cos(ϕ) Y = R sin(ϕ).

We can express the Cartesian coordinate transformations 
using a series of rotations and a translation:

x⃗ = Rx(−ϕt) · Ry(α) · Rx(ϕt − ϕs) ·
[
Tx(−δ) + Rx(ϕs) · X⃗

]

 (A.1)
where

x⃗ =

⎛

⎝
x
y
z

⎞

⎠ X⃗ =

⎛

⎝
X
Y
Z

⎞

⎠

Rx(u) =

⎛

⎝
cos u sin u 0
− sin u cos u 0

0 0 1

⎞

⎠

Ry(u) =

⎛

⎜⎝
1 0 0
0 cos u sin u
0 − sin u cos u

⎞

⎟⎠

Tx(u) =
(
u 0 0

)
.

The final rotation (Rx(−ϕt)) in equation  (A.1) is done to 
ensure that φ = ϕ in the limit that α and δ vanish. This results 
in the following relation between the Cartesian components of 
the coil coordinates and those of the lab coordinates:

x⃗ = M · X⃗ + b⃗ (A.2)

where

M =

⎛

⎜⎝
cos2 α

2 + cos(2ϕt) sin
2 α

2 (1 − cosα) cosϕt sinϕt − sinα sinϕt

(1 − cosα) cosϕt sinϕt cos2 α
2 − cos(2ϕt) sin

2 α
2 sinα cosϕt

sinα sinϕt − sinα cosϕt cosα

⎞

⎟⎠

b⃗ = δ

⎛

⎜⎝
− cos2 α

2 cosϕs − sin2 α
2 cos(ϕs − 2ϕt)

− cos2 α
2 sinϕs + sin2 α

2 sin(ϕs − 2ϕt)

sinα sin(ϕs − ϕt)

⎞

⎟⎠ .

Noting that
⎛

⎜⎝
r̂
φ̂

ẑ

⎞

⎟⎠ = Rx(φ)

⎛

⎝
x̂
ŷ
ẑ

⎞

⎠ (A.3)

we obtain an expression relating the unit vectors in the coil 
coordinates to those in the lab coordinates:

⎛

⎜⎝
r̂
φ̂

ẑ

⎞

⎟⎠ = Rx(φ) · M · Rx(−ϕ) ·

⎛

⎜⎝
R̂
ϕ̂

Ẑ

⎞

⎟⎠

 (A.4)

= D ·

⎛

⎜⎝
R̂
ϕ̂

Ẑ

⎞

⎟⎠ (A.5)
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where
Dr̂R̂ = cos2 α

2
cos(φ− ϕ) + sin2 α

2
cos(φ+ ϕ− 2ϕt)

Dr̂ϕ̂ = cos2 α

2
sin(φ− ϕ)− sin2 α

2
sin(φ+ ϕ− 2ϕt)

Dr̂Ẑ = sinα sin(φ− ϕt)

Dφ̂R̂ = − cos2 α

2
sin(φ− ϕ)− sin2 α

2
sin(φ+ ϕ− 2ϕt)

Dφ̂ϕ̂ = cos2 α

2
cos(φ− ϕ)− sin2 α

2
cos(φ+ ϕ− 2ϕt)

Dφ̂Ẑ = sinα cos(φ− ϕt)

DẑR̂ = − sinα sin(ϕ− ϕt)

Dẑϕ̂ = − sinα cos(ϕ− ϕt)

DẑẐ = cosα.

 
(A.6)

Given the magnetic field in the coil coordinates (r,φ, z), we may evaluate the field in the lab coordinates (R,ϕ, Z) by expanding 
(r,φ, z) in terms of (R,ϕ, Z) using equation  (A.2) together with the standard definitions of cylindrical coordinates; and by 
expanding ̂r , φ̂, and ẑ in terms of R̂, ϕ̂, and Ẑ  using equation (A.5).

A.2. Linear transformation

In the limit where α≪ 1 and δ ≪ R, the coil coordinates ⃗r  are approximately related to the lab coordinates R⃗  by linear func-
tions of δ and α. We find

∂

∂δ

⎛

⎝
r
φ

z

⎞

⎠ =

⎛

⎝
− cos(ϕ− ϕs)
1
R sin(ϕ− ϕs)

0

⎞

⎠

 (A.7)

∂

∂α

⎛

⎝
r
φ

z

⎞

⎠ =

⎛

⎝
Z sin(ϕ− ϕt)
Z
R cos(ϕ− ϕt)

−R sin(ϕ− ϕt)

⎞

⎠

 (A.8)
and therefore, noting that ⃗r = R⃗ in the limit that δ → 0 and α→ 0,

r ≈ R − δ cos(ϕ− ϕs) + Zα sin(ϕ− ϕt) (A.9)

φ ≈ ϕ− δ

R
sin(ϕ− ϕs) +

Zα
R

cos(ϕ− ϕt) (A.10)

z ≈ Z − Rα sin(ϕ− ϕt) (A.11)

∂

∂δ

⎛

⎜⎝
r̂
φ̂

ẑ

⎞

⎟⎠ =

⎛

⎝
0 1

R sin(ϕ− ϕs) 0
− 1

R sin(ϕ− ϕs) 0 0
0 0 0

⎞

⎠

⎛

⎜⎝
R̂
ϕ̂

Ẑ

⎞

⎟⎠

 

(A.12)

∂

∂α

⎛

⎜⎝
r̂
φ̂

ẑ

⎞

⎟⎠ =

⎛

⎝
0 Z

R cos(ϕ− ϕt) sin(ϕ− ϕt)

− Z
R cos(ϕ− ϕt) 0 cos(ϕ− ϕt)

− sin(ϕ− ϕt) − cos(ϕ− ϕt) 0

⎞

⎠

⎛

⎜⎝
R̂
ϕ̂

Ẑ

⎞

⎟⎠

 

(A.13)

⎛

⎜⎝
r̂
φ̂

ẑ

⎞

⎟⎠ ≈

⎛

⎝
1 δ

R sin(ϕ− ϕs) +
Zα
R cos(ϕ− ϕt) α sin(ϕ− ϕt)

− δ
R sin(ϕ− ϕs)− Zα

R cos(ϕ− ϕt) 1 α cos(ϕ− ϕt)

−α sin(ϕ− ϕt) −α cos(ϕ− ϕt) 1

⎞

⎠

⎛

⎜⎝
R̂
ϕ̂

Ẑ

⎞

⎟⎠ .

 (A.14)
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We may Taylor expand B⃗  in α and δ, noting that ⃗r(δ = 0,α = 0) = R⃗ :

B⃗(R⃗) ≈ B⃗(⃗r) + δ ∂δB⃗(R⃗) + α∂αB⃗(R⃗) (A.15)

where (here and henceforth all quantities are evaluated at R⃗):

∂δB⃗ =Br ∂δ r̂ + Bφ ∂δ r̂ + Bz ∂δ ẑ
+ [∂rBr ∂δr + ∂φBr ∂δφ+ ∂zBr ∂δz] r̂

+ [∂rBφ ∂δr + ∂φBφ ∂δφ+ ∂zBφ ∂δz] φ̂
+ [∂rBz ∂δr + ∂φBz ∂δφ+ ∂zBz ∂δz] ẑ.

 (A.16)

Thus, the linear transformation is

B⃗(R⃗) = B⃗(⃗r) + δ

[
−∂rBr cos(ϕ− ϕs) +

1
R
(∂φBr − Bφ) sin(ϕ− ϕs)

]
R̂

+ δ

[
−∂rBφ cos(ϕ− ϕs) +

1
R
(∂φBφ + Br) sin(ϕ− ϕs)

]
ϕ̂

+ δ

[
−∂rBz cos(ϕ− ϕs) +

1
R
∂φBz sin(ϕ− ϕs)

]
Ẑ

+ α

[
Z
R
(∂φBφ − Bφ) cos(ϕ− ϕt) + (Z ∂rBr − R ∂zBz) sin(ϕ− ϕt)

]
R̂

+ α

[(
Z
R
(Br + ∂φBφ)− Bz

)
cos(ϕ− ϕt) + R ∂zBφ sin(ϕ− ϕt)

]
ϕ̂

+ α

[(
Bφ +

Z
R
∂φBz

)
cos(ϕ− ϕt) + (Br + Z ∂rBz − R ∂zBz) sin(ϕ− ϕt)

]
Ẑ.

 (A.17)

Note that the ‘perturbed’ field, δB⃗(R⃗) = B⃗(R⃗)− B⃗(⃗r) is equivalent to that obtained through the ideal-MHD displacement

ξ⃗ =δ
[
cos(ϕ− ϕs) R̂ − sin(ϕ− ϕs) ϕ̂

]

+ α
[
−Z sin(ϕ− ϕt) R̂ − Z cos(ϕ− ϕt) ϕ̂+ R sin(ϕ− ϕt) Ẑ

]

 
(A.18)

where the perturbed field is

δB⃗ = ∇×
[
ξ⃗ × B⃗(⃗r)

]
.

A.3. Axisymmetric fields

For fields that are axisymmetric in the coordinate system of the coil, ∂φ → 0. In this case, the toroidal dependence of the field 
in the shifted / tilted coordinate system is entirely due to the shift and tilt. To first order in δ and α, this perturbation has toroidal 
mode number n  =  1; i.e.

B⃗ = B⃗0 + ℜ
[(

B̃δ + B̃α

)
eiϕ]. (A.19)

If B⃗δ is known, the real and imaginary parts of B̃δ can be determined simply by evaluating B⃗δ at ϕ = 0 and ϕ = −π/2, 
respectively.

cos(ϕ− β) → cos(−β) + i cos(−π/2 − β) = e−iβ (A.20)

sin(ϕ− β) → sin(−β) + i sin(−π/2 − β) = −ie−iβ . (A.21)

Therefore, we can write the linear transformation, equation (A.17), of axisymmetric fields, in complex notation as

B⃗(R⃗) = B⃗(⃗r) + δ e−iϕs

⎧
⎪⎨

⎪⎩

[
−∂rBr + i 1

R Bφ

]
R̂

−
[
i 1

R Br + ∂rBφ

]
ϕ̂

− ∂rBzẐ

⎫
⎪⎬

⎪⎭

+ α e−iϕt

⎧
⎪⎨

⎪⎩

[
i(R ∂zBr − Z ∂rBr)− Z

R Bφ + iBz
]

R̂
+

[ Z
R Br + i(R ∂zBφ − Z ∂rBφ)− Bz

]
ϕ̂

+ [−iBr + Bφ + i(R ∂zBz − Z ∂rBz)] Ẑ

⎫
⎪⎬

⎪⎭
.

 

(A.22)

Nucl. Fusion 59 (2019) 086021



N.M. Ferraro et al

14

We note here that the perturbed field δB⃗ = B⃗(R⃗)− B⃗(⃗r) can 
be written as the an ideal MHD displacement

ξ⃗ = δ eϕ−ϕs

(
R̂ + i Ẑ

)
+ α eϕ−ϕt

(
i Z R̂ − Z ϕ̂− i R Ẑ

)
.

A.3.1. Toroidal field coils. Toroidal field coils produce the 
magnetic field

B⃗TF =
µ0I
2πr

φ̂. (A.23)

Transforming this into (R,ϕ, Z) coordinates yields

B⃗TF(R, Z) =
µ0I
2πR

φ̂+
µ0I
2πR

⎧
⎪⎨

⎪⎩

[
i δR e−iϕs − α Z

R e−iϕt
]

R̂
+

[
δ
R e−iϕs + iα Z

R e−ϕt
]
ϕ̂

+ αe−iϕt Ẑ

⎫
⎪⎬

⎪⎭
.

 (A.24)

A.3.2. Poloidal field coils. Specializing to the case of poloi-
dal field coils, for which Bφ = 0, the transformation becomes

B̃(R, Z) = B̃(r, z) + δe−iϕs

[
−∂rBrR̂ − i

1
R

Brϕ̂− ∂rBzẐ
]

+ αe−iϕt

⎧
⎪⎨

⎪⎩

i (Bz + R ∂zBr − Z ∂rBr) R̂
+

( Z
R Br − Bz

)
ϕ̂

i (−Br + R ∂zBz − Z ∂rBz) Ẑ

⎫
⎪⎬

⎪⎭
.

 (A.25)

Appendix B. Proof that resonant field components 
vanish under ideal displacement

For any perturbation of the form δB = ∇× (ξ⃗ × B⃗),

δB⃗ ·∇ψ eimθ−inϕ = ∇× (ξ⃗ × B⃗) ·∇ψ eimθ−inϕ

= B⃗ ·∇(ξ⃗ ·∇ψ) eimθ−inϕ

= B⃗ ·∇(ξ⃗ ·∇ψ eimθ−inϕ)− i ξ⃗

·∇ψ B⃗ ·∇θ (m − n q) eimθ−inϕ.

Here we have used the fact that B⃗ ·∇ϕ = q B⃗ ·∇θ in a 
straight field-line coordinate system. Inserting this expres-
sion into equation (3), the first term will vanish, leaving only 
the term proportional to (m − n q) in the integrand. Thus, the 
resonant components of δBmn (i.e. those for which m = n q) 
must vanish.
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