&) _nuclear
U fusion

PAPER * OPEN ACCESS You may also like
. . e - Invariant regimes of Spencer scaling law
Error field predictability and consequences for fr Magneiic omvession o A NG EFE

ITE R Yliarl:ir:gaMa, Ping Zhu, Bo Rao et al.

- First SOLPS-ITER modelling of an X-point
5 . . . radiator in ITER
To cite this article: M. Pharr et al 2024 Nucl. Fusion 64 126025 A. Poletaeva, V. Rozhansky, E. Kaveeva

etal

- Reduction of neoclassical bulk-ion
transport to avoid helium-ash retention in

View the article online for updates and enhancements stellarator feaclors
articie online p . C.D. Beidler, M. Drevlak, J. Geiger et al.

This content was downloaded from IP address 146.75.253.76 on 05/05/2025 at 23:44


https://doi.org/10.1088/1741-4326/ad7ed6
/article/10.1088/1741-4326/ad7ed5
/article/10.1088/1741-4326/ad7ed5
/article/10.1088/1741-4326/ad7ed5
/article/10.1088/1741-4326/ad7ed4
/article/10.1088/1741-4326/ad7ed4
/article/10.1088/1741-4326/ad7ed4
/article/10.1088/1741-4326/ad7ed4
/article/10.1088/1741-4326/ad7ed8
/article/10.1088/1741-4326/ad7ed8
/article/10.1088/1741-4326/ad7ed8

OPEN ACCESS

1OP Publishing | International Atomic Energy Agency Nuclear Fusion

Nucl. Fusion 64 (2024) 126025 (13pp) https://doi.org/10.1088/1741-4326/ad7ed6

Error field predictability and
consequences for ITER

M. Pharr!*@®, N.C. Logan'®, C. Paz-Soldan' @, J.K. Park®* and C. Hansen'

! Columbia University, New York, NY 10027, United States of America
2 Seoul National University, Seoul 08826, Korea, Republic Of
3 Princeton Plasma Physics Laboratory, Princeton, NJ 08540, United States of America

E-mail: matthew.pharr@columbia.edu

Received 3 June 2024, revised 31 August 2024
Accepted for publication 24 September 2024
Published 7 October 2024

®

CrossMark

Abstract

ITER coil tolerances are re-evaluated using the modern understanding of coupling to least-stable
plasma modes and an updated center-line-traced model of ITER’s coil windings. This
reassessment finds the tolerances to be conservative through a statistical, linear study of n =1
error fields (EFs) due to tilted, shifted misplacements and nominal windings of central solenoid
and poloidal field coils within tolerance. We also show that a model-based correction scheme
remains effective even when metrology quality is sub-optimal, and compare this to projected
empirical correction schemes. We begin with an analysis of the necessity of error field correction
(EFC) for daily operation in ITER using scalign laws for the EF penetration threshold. We then
consider the predictability of EF dominant mode overlap across early planned ITER scenarios
and, as measuring EFs in high power scenarios can pose risks to the device, the potential for
extrapolation to the ITER Baseline Scenario (IBS). We find that carefully designing a scenario
matching currents proportionally to those of the IBS is far more important than plasma shape or

profiles in accurately measuring an optimal correction current set.

Keywords: ITER, magnetohydrodynamics, tokamak, error field, magnetic island

(Some figures may appear in colour only in the online journal)

1. Introduction

Non-axisymmetric magnetic fields are known to degrade
tokamak plasma performance and destabilize magnetohydro-
dynamic (MHD) modes. These fields have been shown to
degrade pedestal confinement [1, 2], to damp plasma rotation
through Neoclassical Toroidal Viscosity (NTV) [3, 4], and to
resonate at rational surfaces with MHD modes [5—10]. Error
fields due to a device’s inherent non-axisymmetric properties

* Author to whom any correspondence should be addressed.
Original Content from this work may be used under the

terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1741-4326/24/126025+13$33.00 Printed in the UK

1

such as coil windings, inexact coil placement, coil deforma-
tion, ferritic structural elements, coil leads, and other sources,
also known as intrinsic error fields, can cause mode locking
and subsequent disruption at amplitudes as small as 10~*By
[7].

The International Tokamak Physics Activity (ITPA)
advising the planning of ITER has used several metrics to
quantify error fields. The previous metric was known as the
3-mode representation [11-14]; this was a weighted geomet-
ric average of the first three (m = 1,2,3) Fourier harmonics
of the radial magnetic field calculated in vacuum. [15, 16]
showed that these harmonics are coordinate-system depend-
ent. Alongside experimental evidence [17, 18] for the trouble
with the 3-mode metric, this was sufficient to motivate the
transition to a metric known as the resonant mode overlap.
This metric employs both Fourier harmonics of the magnetic
flux, which are half-area weighted to be coordinate system

© 2024 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA
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independent, and a singular value decomposition (SVD) tech-
nique to choose the weightings of contributions from different
harmonics. The latter is an advantage over using the 2/1 flux,
as the overlap can capture the effects of locking risk at 3/1 and
higher surfaces. This metric is now favored by the ITPA and is
now the predominant metric for identifying error fields in toka-
maks; it has been the subject of numerous studies on a range of
devices, including DIII-D [17-20], COMPASS/COMPASS-
U [21], NSTX/NSTX-U [22-24], K-STAR [25-27], among
others. As it is device-agnostic, it has also been used to fit
experimental scalign laws [28, 29] for locking thresholds.
These scalign laws allow us to skip difficult modeling of the
nonlinear locking threshold and predict it statistically based
on a database of past locked shots. The combination of a com-
plete EF source model and the empirical scalign laws provides
a self-consistent framework for measuring and managing risk
in new devices.

Following the success of such coils on many tokamaks,
ITER will employ an array of error field correction coils
(EFCCs) to destructively interfere with the flux-surface-
normal component of the intrinsic error field [30]. These are
seen in figure 1. EFCCs can be used to generate a proxy error
field for locked-mode studies, and to measure the ideal cor-
rection current for regular operation. These measurements are
typically known as ‘compass scans’ [9, 31] as they involve
scanning the correction current in magnitude and phase and
measuring some critical quantity, whether that be a property
of the created island [32], NTV braking [24, 33], or simply
forcing the error field to penetrate. The former two methods
are non-disruptive, though they require accurate magnetic or
angular momentum diagnostics which may not be available
on all devices, such as a pilot plant. Forcing the plasma to lock
can cause disruption (though this has shown to sometimes be
avoidable [19, 34, 35]) is potentially dangerous depending on
the stored energy in the plasma, as a disruption can cause a
thermal quench which may damage device components. ITER
has notoriously low disruption tolerance due to its unpreceden-
ted stored energies, and as such, disruptive error field measure-
ment methods are intolerable. This motivates enabling meas-
urements in low-power plasmas that can be reliably extrapol-
ated to the Q = 10, 15 MA ITER Baseline Scenario (IBS) [36]
and similar plasmas.

This paper is structured as follows. First, in section 2 we
will lay out a model based on first order perturbations of the
ideal MHD equations and Fourier techniques that robustly
models the process of external 3D fields driving a plasma
response and thus driving tearing within the plasma; we will
also reference an engineering scalign law, which, in combina-
tion with the model, can be used to determine the risk of lock-
ing. Then, in section 3 we will document an error field source
model that exhaustively includes all primary device coils and
3D field coils, including the EFCs and ITER ELM Coils
(IECs); this concludes with an assessment of ITER’s present
risk of experiencing locked modes in the IBS. Following this,
we describe a new modeling workflow in section 4 through
which one can test how well an experimental ‘compass scan’
measurement can extrapolate to different plasmas, and argue

Figure 1. ITER’s available EFC and RMP ELM Coils for error field
correction. Coils are shown with n =1 toroidally varying currents as
will be used for error field correction. Outer coils are EFC coils,
inner coils are ELM coils. The field on the plasma shown is from a
n =1 toroidally varying field applied through an amplitude of

10 kAt in each coil set. Control surface fields shown in Tesla.

in favor of measuring the IBS error field source in a low power
plasma with coil currents scaled proportionally in unison to
those of the IBS. Finally, we conclude in section 5 with a com-
parison to using physics and precise metrology, and outline
advantages and drawbacks of both approaches to EFC.

2. Model

2.1 3D field perturbations

The DCON code [37] minimizes the Ideal MHD energy prin-
ciple with Lagrangian displacements &, for a particular tor-
oidal mode number across a spectrum, m, of M total pol-
oidal harmonics. These Lagrangian displacements are associ-
ated with perturbed magnetic fields b,, =V x (£,, x B). To
carry out this calculation, DCON reduces the MHD force bal-
ance problem to a surface layer matrix equation at the edge
of the plasma. This surface is known as a control surface.
The Generalized Perturbed Equilibrium Code (GPEC) [38—
42] uses the results of DCON and in turn calculates the linear
relationship between a flux derived from vacuum sources and
corresponding surface currents. This, along with the associ-
ated magnetic fields, is known as the plasma response. We use
Biot-Savart to calculate the half-area weighted vacuum flux as
in [11, 20, 43], which has the Fourier decomposition,

o, = Q}//bx-fze("mﬁ"’“") T [Vldedy. (1)

GPEC then finds [38] the linear relationship,
d =cd, )]

where the components <i>{ denote the effective (i.e. quantity
shielded) resonant flux at the i-th rational ¢ surface within the
computational domain corresponding to a given toroidal mode
number [39, 44]. &" is a matrix vector whose components are
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the m-spectrum of the external flux, {(fj;, Min < M < Minax }»
for a given n. We refer to C as the resonant coupling matrix.
All calculations considered henceforth will be inspecting the
n=1 physics of ITER.

This calculation is particularly advantageous compared to
previous error field modeling methods, as it includes the
effects of poloidal mode coupling, an ideal MHD plasma
response by which shielding currents inside the plasma can
transform an external perturbation peaked about one poloidal
harmonic and drive an entirely different spectrum within the
plasma. This is crucial for accurately modeling the error field
sensitivity of a given scenario [2, 17, 18, 45-48]. The other
major advantage of this calculation over considering solely
vacuum fields is that it predicts the amplification of the control
surface perturbation on the rational surfaces, which can differ
based on the plasma’s tearing stability.

We must also define to what we refer as a ‘dominant mode.’
It is usually expected that a 2/1 mode will be the most likely
to tear, but to generalize we can take a SVD of the core reson-
ant coupling matrix C. Taking an SVD of this core, the right
singular vectors (RSVs) (where the number of vectors is equal
to the number of rational surfaces) have corresponding singu-
lar values which represent the core-resonant effective flux per
unit field applied in that spectrum. For the purposes of ana-
lyzing locking risk, the domain for surfaces included in the
SVD is assumed to be the ‘core’ of the plasma where tearing
modes have a high risk of disruption. Here, the ‘core’ refers
to the surfaces not in the edge of the plasma, 0 < ¥y < 0.9,
where Wy is the normalized poloidal flux coordinate—edge
surfaces are neglected from this calculation, as the aforemen-
tioned scalign laws were developed with a regression to mode
agitation on these surfaces only for practical reasons explained
in [29]. The RSV with the largest singular value is the domin-
ant mode, and likewise the most conducive to mode locking. In
order for us to consider solely the dominant mode to quantify
locking risk, the singular value of the dominant mode must
be much larger than the singular value of all other modes so
as to ‘drown-out’ the other modes. In the IBS, there is only
one flux surface within the core region, and therefore only one
mode, so this does not concern us; however, further study of
this singular value separation in ITER can be found in [51].
The dominant mode in the IBS is shown in figure 2. Typically,
the dominant mode is most sensitive to low-m perturbations
on the low-field side of the plasma; however, given the inclu-
sion of only one rational surface within the core region, the
dominant mode is unusually sensitive to high field side per-
turbations. Figure 2(b) shows the spectral breakdown of the
dominant mode, along with those of the applied fields from the
EFC coils. It is clear that the correction coils are not perfectly
coupled with the dominant mode; any 3D coil set with a spec-
trum that is non-orthogonal to the dominant mode could fully
correct it; however, an ideal coil set would do so with coils
that have a high percentage coupling, as this would minim-
ize the non-resonant spectrum being driven by the correction.
Both the physics of the dominant mode spectrum and correc-
tion coil design are explored extensively in [52]. To measure
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Figure 2. (a) Shows dominant mode on control surface. () is the
mode’s spectral breakdown in PEST magnetic coordinates as
well as the spectrum of fields applied by correction coils. (¢)
shows the IBS with its respective coil currents as calculated by
OpenFusionToolkit’s TokaMaker [49, 50]. Upper CS coils and PF
coils labeled.

this coupling, we will use a quantity called the dominant mode
overlap to quantify the precision and amplification with which
an external 3D error field spectrum drives the dominant mode.
This is defined, normalized by the toroidal field, as,
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where By is the equilibrium toroidal field and ¢%! is the
singular vector of C* corresponding to the highest singular
value, i.e. the dominant mode. The name here refers to the
external flux matrix vector ‘overlapping’ with the first RSV
of the resonant coupling matrix—i.e. the amount the induced
non-axisymmetric radial fluxes on the control surface line up
with the m-spectrum that contributes the most to driving core
resonances within the plasma. This model is effective when
there is a high separation of singular values, meaning other
modes are poorly amplified by the plasma response in com-
parison. This has shown to be an effective approximation [51].
This framework, and the SVD/dominant mode overlap met-
ric in particular, has been employed in error field correction in
tokamak experiments and studies for years [17, 18,20, 51] and
is the current metric used by the ITPA for evaluation of error
field sensitivities in ITER [2]. These are all naturally com-
plex quantities as external fields can constructively or destruct-
ively interfere, so all non-axisymmetric perturbations have a
phase. We note that in GPEC simulations, the magnitude of
i)fn scales linearly with the magnitude of the current in the 3D
field sources, and therefore J can be considered a measure of
the resonant magnetic field for a given coil current; dividing
by the coil current will give the resonant overlap (J) per kilo-
ampere. In cases where the 3D field source is a small tilt or shift
of a nominally axisymmetric coil at fixed current, the quantity
can also be considered a measure of the resonant field per mil-
limeter or milliradian. In this paper, we will use € to denote
quantities representing resonant overlap per kiloampere, and
(¢ to denote quantities representing resonant overlap per kilo-
ampere per millimeter. Thus, for a perturbation X of coil j with
current amplitude A,

5j :AEj :AXC] (4)

2.2. Resonant error field locking threshold

This model of the resonant error field is complimented by
empirical locking threshold scalign laws found in [28, 29].
These scalign laws provide an experimentally derived, device-
agnostic threshold in ¢ for the expected locking flux for a given
density, on-axis field, normalized beta, and major radius. They
therefore take the form,

L

ag
Spen = 107t n B# RO (?) . 5)

As the scalign law we use was regressed using a weighted least
squares method (labeled O,L; WLS in [28]), a; have an asso-
ciated uncertainty; this gives rise to a probability density func-
tion for the threshold ., that is near-gaussian and has a width
dictated by these uncertainties. The non-gaussian properties
of this function arise due to the fact that the uncertainties in
the different o can be large, therefore skewing the distribu-
tion function. As this regression was performed on a multi-
device database with identified locking fields  calculated by

GPEC, this provides a direct comparison for our source model;
the uncertainty contained therein therefore also incorporates
any approximations made by the model employed within
GPEC.

3. Error field source model

We must develop a model for the error field sources in ITER in
order to explore their correction. The primary sources of error
fields in tokamaks include the inherent non-axisymmetry of
real wound coils (called the ‘nominal’ error field, windings
seen in figure 3), the nonaxisymmetric coil leads that sup-
ply current (figure 3), and the misplacement of central solen-
oid coils, poloidal and toroidal field coils (see figure 4). In
this study, we will consider rigid translational shifts and tilts
along the PF and CS coils’ principal axes. Work has been
done on this in the past [2, 53, 54], but we look to improve
its completeness with complete PF/CS centerline-traced nom-
inal windings and leads, use the newer §-based model, and
conduct a new statistical analysis based on uncertainty inter-
vals in the scalign law to evaluate locking risk. We will also
include the final result of previous, robust work on the error
field sensitivity of the coherent tiltinlized overlap distribu-
tion function in our sog, shifting, and deformation of the TF
coils [55]. In toroidal field coils, as they are not individually
toroidally symmetric, the deformation of the coils can still
have significant n = 1 toroidal harmonic exposure, in contrast
with PF/CS coils, whose deformations are primarily n =2 and
higher. Unlike PF and CS coils, additionally, a simple shift or
tilt in a toroidal field coil is not individually prone to having
a large n=1 exposure; TF coils behave similarly to a delta
function about the toroidal angle, and therefore a statistical
treatment of coherent toroidal field coil shifting/tilting was
built, referenced above. We have included the final toroidal
field normalized overlap distribution function in our source
model.

We see the effect of these 3D field sources in figure 5. The
quantity ¢ is clearly the highest for the tilting and shifting of
PF coils, PF3 and PF4, which are near the center of the low
field side of the plasma. The nominal contributions look large
to begin with, but as seen in figure 5(b), these sources nearly
cancel.

Figure 6 shows the efficacy of using the 3D field coils to
correct the dominant mode. The middle EFC coil, EFCM,
exhibits the highest percent coupling with the dominant mode;
that is to say, its poloidal spectrum lines up the most of all the
coils, seen in figure 2(b). This is due to its alignment with large
features of the dominant mode, in figure 2. However, due to
their proximity to the plasma, the RMP ELM coils get more
coupling per kA-turn. We prefer to use the EFCM coil for cor-
rection, as the ELM coils have limitations in their total current
and have another critical role, suppressing dangerous ELMs.
Additionally, the EFCM coil avoids non-resonant mode ‘pol-
Iution’, which has implications for the plasma’s NTV.

To evaluate the error fields to which the IBS is subject,
we conduct a numerical Monte Carlo experiment where we
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Figure 3. Full 3D Nominal Windings. PF coils in red, TFs in black,
CS in blue.

Figure 4. An exaggerated shift (top) and tilt (bottom) in the third
Poloidal Field Coil and associated perturbed equilibria. Fields
shown are the bnorm associated with the coil perturbation. Placement
tilts/shifts of less than a centimeter are capable of creating large
resonant error fields. Transparent coil is nominal placement. Coil is
shown as a uniform block for display.

assume random tilts and shifts to each PF/CS coil within
tolerance. We can then add all the error field sources,
some constructively and some destructively interfering, and
calculate a total overlap with the dominant mode. The total
resonant overlap is given by summing over the J coils,
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Figure 5. Coil overlap magnitudes (per mm shift or edge mm tilt) at
the IBS’s currents as calculated by GPEC. These sources are
complex and therefore do not sum directly. Nominal overlaps shown
to nearly cancel in (b); CS nominal sources shown in red; PF
nominal sources shown in blue.
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Figure 6. EFC overlaps with dominant mode. The high degree of
overlap between the dominant mode and the EFCM coil is evident.
Note, the ITER ELM coils (denoted IEC) also have significant
overlap due to their adjacency to the plasma low field side.

J
5EF = ZAJ (Q,tiltéj + Cj,shifl)_(j + €j,nom) 4 (6)
J

where (jyp. is the resonant overlap per kiloampere per
millimeter and €;pom is the resonant overlap per kilo-
ampere of the jth error field source for each type of
source, and A; is the current in the jth error field source.
This allows us to scale our error field sources for scen-

arios with different coil currents. ® and X are random
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Table 1. Various notable values of §. Notably, all are below ITER’s
projected locking threshold. The largest possible overlap is the
overlap assuming the total nominal overlap and all fields from shifts
and tilts, as well as the TF error field, all line up in phase.

105
Largest possible 2.8
Most likely 0.38
Expectation Value 0.48
Expected Locking Threshold 3.5

variables representing the magnitude of the shift or tilt in
millimeters; these are sampled from a distribution func-
tion scaled to the tolerance of the given perturbation to
the given coil (‘increased’ tolerances obtained from [53]).
Tolerances used in Monte Carlo simulations appear in
table 2.

As we are working in Fourier space within a 6,,, o PEST
magnetic coordinate system, each quantity is complex to
reflect the toroidal phase. We consider in analyzing the Monte
Carlo results the magnitude of dgg, but each § has a complex
component. The random shifts are also complex, the real com-
ponent representing a shift in the x-direction and the imaginary
component in the y-direction. For additional precision, in the
presence of nominal coil windings, one may include both an
x- and a y- shifted and tilted coil, and add these as two separate
error field sources. In this case, separate, real ) ; and 5(, foreach
direction must be generated, as the phase information will be
contained in the 7 /2 phase difference between the x and y shif-
ted coils. Options for placement distribution functions for @j
and X; are shown in figure 7(a). The flat placement distribution
model envisions engineers shifting a coil back and forth until
it is within tolerance. A more pessimistic model, the polyno-
mial u-distribution, instead pictures engineers slowly lowering
a coil into place, and securing it in place the instant it is within
tolerance. We chose the more conservative u-curve for the fol-
lowing analysis.

Results of the Monte Carlo experiment are seen in figure 7.
The set of sampled © and X for each coil constitutes one
Monte-Carlo ‘Universe’. This calculation is repeated for a
large number of universes so we may conduct statistics on the
probability of ITER being built with a given resonant over-
lap. Table 1 shows various important values of § to consider:
the average over all Monte Carlo universes, the most likely
(i.e. peak of the PDF curve), the maximum possible assum-
ing uniform constructive interference in toroidal phase, and the
expected IBS locking threshold. We note that all § possible fall
below the expected locking threshold.

We can also use the aforementioned locking threshold sca-
lign laws to calculate a probability density of locking. As both
the threshold and the modeled overlap take the forms of prob-
ability density functions, we can doubly integrate to assign a
locking risk r,

[eS) 5
re / P () / R(5")do"ds, ™
0 0

Variation in placement distribution

—— u dist
3 A uniform dist
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(a) A pessimistic distribution function peaked at the edge,
P(z) ~ |z|®, and an optimistic distribution exhibiting
random placement within tolerance.
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(b) The PDF for resonant error field in ITER (blue) and
the locking threshold probability (red).

Figure 7. Monte Carlo PDF/probabilities for a Monte Carlo
simulation using the pessimistic placement distribution function and
a total probability curve for the locking threshhold—probability
indicates the chance the threshhold falls below the corresponding 9.

where R(0) is the PDF of the locking threshold, whose integral
is shown in red in figure 7, and P(J) is the probability density
function of the resonant mode overlap, shown in blue in
figure 7. This figure shows Monte Carlo simulations of an
uncorrected IBS based on the EF source model. The risk,
when integrated, is found to be 1.55 x 1077, indicating that
ITER’s coil tolerances as a whole are extremely conservative.
Figure 8 shows the result of raising all tolerances by a uni-
form multiple, indicating that tolerances could be increased by
a factor of approximately 2.2 and still preserve near-zero 103
probability of locking in the IBS, without beginning to con-
sider error field correction. Allowing an assumption of func-
tional error field correction, tolerances could be raised even
further. Further work in this paper will be using tolerances 2.2
times higher than prescribed, as these leaves the locking risk
at a higher 1073, In the case with prescribed tolerances, since
every ¢ possible falls below the expected locking threshold,
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Table 2. Shift and tilt coil misplacement tolerances in millimeters
used in Monte Carlo simulations. 2011 tolerances used in [53]
(labeled ‘increased’ in the reference) in first pair of columns;
tolerances further increased by a factor of 2.2 s0 Pjock = 1073
without error field correction, used in later Monte Carlo simulations
in this paper, in the second. Tilt tolerances describe the
displacement of the end of the coil when rotated about the coil’s
center of mass, the same definition used in [53].

Amoskov x2.2
Coil Shift Tilt Shift Tilt
CSI1L 3 1.5 6.6 3.3
CS1U 3 2 6.6 44
CS2L 4 1 8.8 2.2
CS2U 4 2.5 8.8 5.5
CS3L 5 0.5 11 1.1
CS3U 5 3 11 6.6
PF1 2 1 4.4 2.2
PF2 2 1 4.4 2.2
PF3 2 1 4.4 2.2
PF4 2 1 4.4 2.2
PF5 2 1 4.4 2.2
PF6 2 1 4.4 2.2
100
_D- -
S 1072
o
2 o]
._\_4 1 0 T
O ]
S
107° +
1 T 1 T
1 2 3 4

Tolerance Multiplier

Figure 8. Risk is shown to increase if all tolerances are multiplied
by the same coefficient. Tolerances can be increased beyond twice
their current values while keeping safety limits of 1073 (0.1%
chance of assembly resulting in IBS LMs), showcasing the ITER
organization’s staunch conservatism on this issue.

the only probability of locking comes from the least squares
uncertainty in the scalign law exponents.

4. Conducting accurate compass scan
measurements

Compass scans are a standard measurement technique for
observing apparent error fields and optimizing their correc-
tion. The simplest form of compass scan involves ramping the
n=1 current in an array of correction coils continuously until
mode locking occurs. This is repeated with different phases
of the current in the correction coils, until a circle is drawn in
the complex plane of coil phase/magnitude. This circle is fit
with a least squares or other method, and the center is taken
as the optimal correction current. However, as is central to the
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Figure 9. Low-power early ITER equilibria can be seen here (a) LL
and (b) LH, alongside their scaled coil currents, ;Il;s: %. Relative
magnitude and direction of coil currents is crucial to consider in
measuring error field via compass scans as equilibria that require
radically different proportional currents will offer an entirely
different error field source, as different coils have different
placement errors.

premise of this work, mode locking is prone to causing dis-
ruptions and therefore must be avoided in plasma shots with
a high quantity of stored energy. This applies for ITER, and
any proposed pilot plant, which will need large quantities of
stored energy in the pursuit of fusion power gain. Therefore,
we must consider how to measure the resonant error field,
without mode locking in high-energy scenarios. This section
presents a method for optimizing compass scan extrapolation
from low power scenarios to complement the plethora of meth-
ods presented in section 1.

We propose designing scenarios that operate with low I,
and Br, and possibly which are shaped fairly differently from
a scenario that we wish to correct, but which hold the currents
in PF and CS coils proportional in magnitude relative to each
other in comparison with the high-power scenario. The scen-
ario we will use as a reference for correction is the IBS. We will
therefore compare currently proposed early ITER scenarios
(see figure 9) to both a scenario where shape matching was
prioritized but with different coil currents proportional to each
other and a scenario with similar coil currents but a different
shape, in their effectiveness in determining the optimal error
field correction of the IBS. The reason for picking a scenario
that proportionally matches coil currents is fairly simple—we
wish to preserve the error field source, a majority of which is
expected to come from the PF and CS coils, both in their nom-
inal non-axisymmetry, and their slight placement error due to
engineering realities.

Once we have a Monte Carlo method for evaluating the
error field in a given equilibrium, we may simulate the process
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of completing a compass scan. To do this, we consider what
this would look like in each Monte Carlo ‘Universe,” defined
by a unique set of tilts/shifts and a unique value of the TF coil
error field. We do the following calculations in each Universe,
which will create a new distribution of the different total § in
each Universe. This will enable a statistical assessment of a
compass scan measurement. As compass scans are conduc-
ted in the complex EFC current phase space, we proceed by
defining an exact, complex-valued current amplitude Appe-™,
which would be measured as the optimal error field correction
current in the EFCM coil in an experiment with zero uncer-
tainty. This is defined as,

Mexact _ OfF

,exact

Agfc =7 (®
€EFCM

where the M superscript designates its association with the
measurement scenario, 5{;”1: is the total resonant overlap for
that scenario, and €%, is the resonant overlap per kiloampere
associated with the EFCM correction coil. In order to assign
a measurement uncertainty, we sample points from a ran-
dom distribution centered at Apec™". The type of distribution
used here can significantly affect what qualifies as a tolerable

‘uncertainty’; we will discuss this later. This is carried out as,
Afrc = Ag}fgaa (1+7Yexp (i0)), ©

where © is sampled from a uniform phase distribution [0, 27)
and Y from the aforementioned uncertainty distribution.

From here, the residual resonant error field after applying
the measured current A} in the EFCM correction coil can be
calculated, including a scalign by plasma current across dif-
ferent scenarios:

J1BS
IBS IBS M _IBS
Oresidual = OFF 7AEFC€EFCM;7M (10)
P
BS _ sm Cirem b ¥ s
=gy — O L (14 Yexp (i©)). (11
€ErcM 1P

This form exposes the two approximations that are often
assumed in employing compass scans. As 552%“31 is to be min-
imized, we are assuming that the EFCM coupling to each scen-
ario is similar so that elog. /eM -\ ~ 1, and that Jgr maintains
its phase across scenarios and scales with Ip. The first criterion
has found to be somewhat accurate in ITER plasmas [2, 51],
though this should be tested when considering extrapolability
on other devices with a code like GPEC. The second criterion
is true in some cases but not all. DIII-D employs a slightly
more complex scalign, but the conclusion is the same; for
optimal error field correction, a measurement scenario should
be designed such that 62185 /5185 ~ 1 (or with whichever
scalign is found to be effective).

Enabled with this method, we will test the measurement
efficacy two of planned scenarios, LL. and LH, and two new
scenarios, MS, and MC, against the IBS. LL is an early 2 MA
L-mode ITER plasma with no shaping, and LH is a later 5 MA
H-mode plasma with IBS-like shaping [36], seen in figure 9.
MS is a 2.4 MA L-mode scenario constrained in shape but
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Figure 10. (a) Scenaro MS; (b) Scenario MC. New Tokamaker
Scenarios either constraining shape or relative coil currents.

Relative coil currents ﬁgg % will dictate the similarity of the 3D

coil

field source across plasmas.

choosing coil currents disproportionate to those of ITER, and
MC is an L-mode scenario designed to match coil currents
proportionally based on a scalign of /p. These are shown with
their respective coil currents in figure 10. Due to the limitation
that the toroidal field can only take on full, half, and third-
field values, and given the toroidal field’s huge contribution to
the total resonant overlap, this means that we choose a 5 MA
plasma to match the toroidal field for MC which has a third-
field toroidal field.

Distributions of 683,  are seen in figure 11 for compar-
ison with the distribution of dggr for the IBS. We chose four
scenarios for comparison, as viewed in table 3. The Low
power L. mode (LL) is akin to an early first stage plasma soon
after breakdown is first achieved, within the Start of Research
Operation stage. The Low power H mode (LH) is an H-mode
scenario from far later in the same campaign. The first new
case (MS) a scenario constrained in shape but choosing coil
currents and a toroidal field disproportionate to those of the
IBS. The second new case (MC) is a scenario designed to
match coil currents proportionally based on a scalign of Ip.
These new scenarios were created for this error field study
using TokaMaker [49, 50].

Figure 12 displays the distribution of 633,  integrated with
the locking distribution, giving us a risk for the IBS using an
EFC scheme derived from a compass scan in the labeled scen-
ario. We see that using the MC scenario to conduct a com-
pass scan significantly collapses the resonant overlap distribu-
tion leftward and massively reduces locking probability from
the risk of running the IBS with no error field correction.
The locked mode risk is reduced from 1072 to 5.0 x 10~’
through a correction measured in MC. This stands in contrast
to scenario MS with a similar shape but different PF 2, 3, and
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Figure 11. In a compass scan Monte Carlo, the un-corrected, tolerance-boosted (tolerances multiplied by 2.2 to uncorrected 10> risk
factor) ¢ distribution (blue) is shifted based on the effects of error field correction to a new 055, . distribution (black) either towards or

away from the locking threshold (red).

Table 3. Summary of scenarios shown in figures 9 and 10. Note the extreme difference in stored energy in the IBS v.s. the selected
scenarios. Scenario MC was designed to proportionally match the coil currents used in the IBS while decreasing the stored energy.

Alias Ip Br K 1 Bp Uplasma qos Source Equilibrium Type
LL 2 MA 1.76 T 1.0 0 33 % 380 kJ 2.58 DINA Planned Scenario
LH 5 MA 2.65T 1.84 0.45 3.66 % 2.28 MJ 4.34 DINA Planned Scenario
MC 5 MA 1.76 T 1.75 0.40 23.2 % 149 MJ 2.75 TokaMaker Currents Matched
MS 2.4 MA 1.76 T 1.86 0.47 48.3 % 7.02 MJ 6.19 TokaMaker Shape Matched

IBS 15 MA 53T 1.86 0.47 53.1% 298 MJ 2.89 DINA Planned Scenario

0 _
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T T T T
W g S &
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Figure 12. Risks are shown for the IBS using correction currents measured in each scenario, both at 10% and 50% assumed measurement
uncertainty. Y-axis is log scale; lower is more effective EFC.

4 currents, i.e. a completely different error field source; if we  highest power non-IBS scenario we tested; this scenario had a
use this scenario to measure the resonant error field for the IBS, somewhat similar error field source, as all the highest contrib-
using EFCM on this basis actually increases locking risk. We  utors to ¢ have similarly signed currents (figure 9).

also find that the LL scenario suffered due to not being a 5 MA

(one third of IBS current) scenario while having a one-third-

field toroidal field. The worst case scenario would then be a 5. Comparisons with a model-based approach
scenario with PF/CS currents proportional to those in the IBS

but opposite in direction and Ip far less than 5 MA. Effective The use of GPEC and its supporting codes is clearly an
error field source extrapolation can be observed as well in the  effective tool for studying error field physics in tokamaks.
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Current and future devices such as ITER have or have planned
excellent metrology [56—61] that can help determine coil
placement errors such that an error field source model may be
built for the constructed device without compass scan meas-
urements. We are therefore interested in evaluating the advant-
ages and disadvantages of each approach as well as the overall
effectiveness at preventing error field penetration.

To evaluate this, we will perform an additional Monte Carlo
calculation in which we add random complex-valued uncer-
tainty to each X; and ©; and recalculate the total resonant
3D field, which this time is the resonant error field we would
expect to calculate using a code like GPEC; we denote this
quantity dggrcac. Then, the correction current an operator of
the device would apply based on the model is simply,

IBS met
calc __ YEF
EFC 1BS
€EFCM

where €[B%,, | is as before and 4155 ™! is the total resonant over-

lap as calculated by GPEC; included in this is uncertainty from
error in metrology. This current AB%.° is not assigned an
additional uncertainty as we assume all physics inaccuracies
in the model are integrated into the uncertainties in the scalign
laws, as described in [29]. We will assume a range of values
for this uncertainty to inspect sensitivity. The residual overlap
is now,

IBS IBS 5115?:5 "™ s IBS  <IBS
—_ — met
Oresidual = OFF — 1BS  €EFCM — Ogr’ — OpF . (13)
EFCM

The risk of locking, here, is now defined as the distribution of
SIBS . integrated with the locking probability.

Many future devices plan to have a very detailed metro-
logical documentation of their devices for error field source
modeling among other uses—this makes it pertinent to discuss
the applicability of compass scans in the presence of excel-
lent metrology. We address this with a statistical experiment
in which we scan an assumed random gaussian error in the
compass scan centroid. We also do a similar set of calcula-
tions varying a percent error in the measured tilts and shifts
of coils. Figure 13 shows the probability of locking based on
the Monte Carlo simulations of compass scans as well as the
additional Monte Carlo simulation of metrology error. We note
that there is no reason to consider these two separate forms of
measurement on the same scale of uncertainty. The metrology
process itself is expected to have far lower than 50% meas-
urement uncertainty, though coils move within their casings
via thermal expansion and J x B forces, which can raise this
uncertainty significantly.

There are multiple takeaways from this result. First, we
conclude definitively that conducting EFC with currents meas-
ured through a compass scan in the wrong scenario can be
disastrous, as seen from MS. Second, GPEC is shown to be
very effective even with a high degree of metrology error; even
getting the general ‘direction’ (measured position randomly
sampled up to the entire tolerance away from its true loca-
tion, corresponding to the right end of figure 13) can provide
a reduction in resonant error field, though less effective than
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Figure 13. Curves showing the relationship between risk of locking
while using a given error field correction strategy versus the
expected accuracy in compass scan or metrology measurements. For
metrology and GPEC, the x-axis refers to the relative uncertainty in
metrology measurements. A value is omitted at zero uncertainty for
the model curve as risk is definitively zero.

a compass scan with a reasonable [62, 63] 50% measure-
ment uncertainty. We also see the robust advantage of the spe-
cially designed MC scenario, save for extremely low uncer-
tainty. This leads to the conclusion that an exercise on ITER
using both the metrology data and GPEC as well as a compass
scan in a use-tailored plasma in which one tests for agreement
would be able to set a very reliable baseline for correction cur-
rents in IBS-like scenarios with low risk to the device.

Figure 13 tells us two important things; that accurate met-
rology is often superior to a compass scan with 50% assumed
uncertainty (assuming coil positions are able to be accurately
measured), and that the scenario tailoring strategy of match-
ing currents can still provide robust and reliable results, even
in the context of moderate uncertainty.

6. Conclusion

3D Field physics will be a recurring topic in future research
as progress is made towards achieving burning plasmas in
toroidal fusion devices and the prospect of a pilot plant
grows nearer. Utilizing our probability distribution function
approach to both the resonant overlap and the scalign law, we
find that existing ITER tolerances have 1.5 x 10~ chance of
locking in the IBS with no error field correction. Existing tol-
erances are shown to be approximately 2.2 times tighter than
necessary to achieve 99.9% certainty of no locked modes in the
IBS. We also find that using compass scan data from newly
proposed equilibrium MC, we can both increase tolerances
uniformly by a factor of 2.2 and simultaneously keep locking
probability to 5.0 x 10~7. Further, with error field correction
from the MC equilibrium, tolerances could be increased by a
factor of about 3.4 while keeping locking probability to 1073,
The use of metrology even with a wide range of measurement
uncertainties is validated as an effective approach to error field
correction. Our complete error field source model of ITER and
associated locking risk analysis has shown that while engineer-
ing tolerances in ITER are more than sufficient for adequately
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controlling risk of disruption due to error fields, such mod-
els must be paid attention to closely when designing new tor-
oidal fusion systems. One qualification, however, is that we
only present results corresponding to a single time slice of an
IBS shot. As plasma density (on which locking threshold is
heavily dependent) and the dominant mode both change sig-
nificantly between plasma startup and flattop, further work is
needed to scan a full shot and make further recommendations
on tolerance constraints from the risk of mode locking.

Experiments and future energy-producing tokamaks built
by industry have great interest in cost-saving through relax-
ing engineering constraints; such a risk analysis workflow is
crucial in managing the upper bounds of coil design and man-
ufacturing error in a context where resonant mode overlap is
allowed to be higher. The coils for ITER were designed before
this analysis was developed, and therefore were constructed
and evaluated using an older model; however, this analysis is
expected to hasten/cheapen design and construction of coils in
the future on devices such as SPARC [64, 65].

In ITER and other future experiments, the analysis we
have presented in section 4 is likely to be an effective tool
to get more reliable error field correction information from
a crude compass scan. Since a small change in the total m-
spectrum of radial fluxes on the plasma exterior can dramat-
ically alter the 3D field coupling to the dominant mode, tak-
ing care in conducting a compass scan in a scenario where the
error field source is controlled to be similar to that of scenarios
in which one hopes to employ this correction measurement is
both important and effective. We have also shown that paying
no mind to the error field source for the measurement scen-
ario when measuring optimal correction currents can lead to
counter-productive correction fields; if a correction current is
measured in scenario MS, applying EFCC counter-intuitively
increases the error field. While more accurate methods exist of
determining the optimal correction current for a given plasma,
these techniques require specific and accurate diagnostics and
metrology that are not present on all current devices, and will
likely not be present in a fusion pilot plant. Nevertheless, error
field correction will remain a concern for managing disruption
risk and other unwanted 3D field effects. For that, our source-
matching technique is an attractive and practical option for
measuring optimal correction currents in low-power plasmas
to be used in correcting high stakes plasmas.
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