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Abstract

CrossMark

The presence of error fields in a tokamak device is inevitable, so it is of fundamental
importance to understand their impact on the operation of the device and up to what level
they can be tolerated. In this paper a prediction of the impact on the magnetic footprints

on the divertor plates due to the misalignment of NSTX-U equilibrium coils is presented.
Resistive MHD simulations are used to predict the magnetic field perturbations experienced
by the field lines due to the presence of error fields. A linear relation between the magnitude
of the misalignment and the area of the magnetic footprints is found, as well as an inverse
proportionality between the size of a magnetic footprint and the plasma penetration of the
field lines composing the footprint. This study is intended as a starting point in the process of
investigating divertor footprints associated with the plasma response to intrinsic error fields
with resistive MHD codes. A basic interpretation of the results suggests that large footprints
resulting from equilibrium coils misalignment may be desirable, to some extent, to decrease
the peak heat load on the divertor components. A more complete interpretation of the results
presented here will involve a number of complex physics issues, for example pedestal
transport and stability, along with the role of various scrape-off layer and divertor processes,

as well as experimental data to confirm the predictions.

Keywords: MHD, magnetic footprints, error fields
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1. Introduction

Although much work has been done to quantify and to mini-
mize the perturbations due to non-axisymmetric magnetic
field caused by intrinsic field-errors [1-5], they are intrinsi-
cally unavoidable in practical tokamak construction due to
engineering tolerances, thermal stresses, coil feeds and small
mechanical vibrations. It is therefore important to determine
limitations in size and type of error fields allowable in the con-
struction phase of a tokamak device, that is also a primary

1741-4326/19/076039+16$33.00

constraint in the cost of a machine. Included among the detri-
mental effects that error fields have on the plasma are: the loss
of confinement due to mode locking [6, 7], and non-axisym-
metric magnetic field perturbations that cause complex 3D
edge magnetic topologies, significantly altering the properties
of the heat and particle flux distributions on the divertor target
plates [8—11]. Although, to a first approximation, spreading
the heat and particle flux over a larger area seems desirable,
it can be problematic if it spreads out of the designated areas
(an example could be the presence of heat fluxes that exit the
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Tungsten region and strike the Beryllium tiles in ITER), or if
it leads to clustering of field lines and thus local peaks in heat
deposition [12]. Understanding the physics mechanism that
controls the heat and particle fluxes on the wall of a tokamak
device is therefore of fundamental importance to ensure its
operability and desired lifetime.

Due to several technical issues, the NSTX-U device [13]
is going through a recovery phase [14]. These activities are
expected to enable the 2 MA, 1 T, 5s flat-top operation with
neutral beam heating up to 10 MW to support the full range of
physics research envisioned for the upgraded NSTX facility.
The replacement of the 6 inner poloidal field coils and the
upgrade of some of the plasma facing components are among
the recovery activities. In particular new graphite plasma
facing components are being implemented, to meet stringent
heat flux and disruption requirements. This consists of a series
of tiles designed to handle high heat fluxes (inboard divertor
regions and part of the outer divertor region) and other
designed to whithstand large disruption loads, but reduced
thermal demands.

The main driver for the study presented here is the need
to understand the impact that errors in the installation of the
equilibrium coils have on the operation of the device. Since
the interpretation of the results presented here involves a
number of complex physics issues, this study is intended as
a starting point in the process of investigating physics effects
associated with pedestal transport and stability along with
the role of various scrape-off layer and divertor processes
for controlling heat and particle flux distribution associated
with detached and radiating divertor and pedestal plasmas.
In an ideal poloidal diverted plasma, the magnetic separatrix
divides the magnetic field lines that are confined in the plasma
from the open field lines that intersect the divertor target plates
within relatively short distances. The presence of small non-
axisymmetric perturbations generates a splitting of the sepa-
ratrix into a pair of intersecting invariant manifolds known
as homoclinic tangles [15-17] that allow magnetic field lines
from within the plasma to reach the divertor target plates. The
distribution of the magnetic field lines from within the plasma
on the divertor plates has a well-defined toroidal structure, and
it is dubbed magnetic footprint.

The work presented in this paper is focused on the area
of the magnetic footprints due to the presence of error fields
caused by the misalignment of equilibrium coils on NSTX-U,
to determine the precision required to install them in order to
contain the heat flux on the designated tiles. Of all the pos-
sible misalignments (shifts, tilts, out-of-plane deformations,
non-circular effects, etc) associated with the equilibrium
coils that may have a significant effect on the footprints, the
focus of this work is on shifts and tilts. This study represents
the first detailed investigation of these effects based on the
linear resistive MHD plasma response to intrinsic error field.
Experimental validation studies and non-linear MHD mod-
eling, in order to assess the physics in the MHD model and
to provide insight into the importance of other physics effects
not included in the results discussed here, will be needed in
future studies.

The 3D effect of the intrinsic error fields due to tilts and
shifts of the poloidal and toroidal field coils on the axisym-
metric equilibrium and on the plasma response is simulated
using the linear, single fluid version of the resistive MHD
code M3D-C1 [18-20]. The resulting perturbed equilibrium
is then used by the GPU accelerated version of the field line
integration code TRIP3D [21, 22] to estimate its impact on
the edge topology of the plasma and the magnetic footprints.
To perform the study, a model unperturbed NSTX-U equilib-
rium representing a high-performance and a high heat flux to
the divertor discharge was chosen. The equilibrium is char-
acterized by a plasma current of 2 MA, a toroidal magnetic
field on axis of 1 T, a Oy of 4.2 and a ¢ profile ranging from
qo = 3.1 to gos = 6.68 with a minimum of g, = 2.2 at the
normalized flux coordinate n = 0.18. These calculations
show that in a double null NSTX-U plasma a 5 mrad tilt of
one of the two outermost poloidal field coils produces two
8 cm wide magnetic footprints, one in the upper outer divertor
plate and one in the lower outer one. Additionally, a 5mm
shift of the toroidal field coils produces magnetic footprints
12cm wide. The area of the magnetic footprints is found to
be linearly proportional to the magnitude of the misalignment
considered and the size of the area due to the combination of
two or more error fields can be larger or smaller depending on
their relative phase.

The paper is organized as follow: In section 2 there is a
description of the modeling setup, in particular the M3D-Cl1
simulations, the TRIP3D computations and the importance of
including the plasma contribution to estimate the magnetic
footprints. Results are presented in section 3 for a misalign-
ment: of the outermost poloidal field coil; of the innermost
poloidal field coil; of the toroidal field bundle; and of their
combination. In sections 4 and 5 a discussion of the results
and the conclusions are presented respectively, and some pos-
sible future work is also introduced.

2. Modeling setup

In this section the methodology used in the study of the field
line distributions on the divertor plates is presented. The first
part presents the calculation of the perturbed equilibria due to
misalignment of the shaping and toroidal field coils using the
linear single-fluid version of the MHD code M3D-C1. The
second part describes the use of the field line integration code
TRIP3D to estimate the effect on the plasma footprints of such
misalignment, starting from the M3D-C1 reconstructed equi-
librium and using its high-resolution mesh to evaluate the local
magnetic fields. The last part shows the impact of including
the plasma contribution on the field line tracing results.

2.1. Perturbed equilibria from M3D-C1

NSTX-U has 14 poloidal field (PF) coils to shape the plasma
column and a bundle of 12 coils to produce the toroidal magn-
etic field (TF). They are shown in the cutaway representation
of NSTX-U in figure 1.
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Figure 1. Cutaway representation of NSTX-U. PF1A, PF1B and
PFI1C indicates the 3 upper coils that are being replaced during the
recovery phase (the correspondent lower coils are being replaced as
well), in blue there are the other 8 shaping coils (PF) and in red the
12 coils producing the toroidal magnetic field (TF). The coils are
up-down symmetric.

The effect of small shifts and tilts in the installation of
the toroidal field coils bundle and shaping coils on the equi-
librium field is simulated using M3D-C1. The simulations
are linear since only n =1 perturbations are considered
(thus neglecting any shaping issue with the coils themselves
and considering only error field from installation misalign-
ments); and they are single-fluid computations. All the
results presented in this paper are done for a single equilib-
rium case since the plasma response is sensitive to the dis-
charge conditions and will cause changes in the results that
are complicated to separate from the changes due to different
coils misalignments. On the other hand, a sensitivity study
to the equilibrium would be important, but it is beyond the
scope of this work.

Given the up-down symmetry of the PF coils, only the
misalignment of the lower coils has been considered. In par-
ticular, the results from the outermost and innermost coil
(PF5L and PF1AL, where the suffix ‘L’ stays for ‘lower”) will
be presented. The toroidal field coils bundle is represented as
an infinitely long conductor up the center of the tokamak, and
is therefore misaligned as a solid object neglecting the posi-
tion of the outer legs.

2.2. Field lines tracing using TRIP3D

To study the effect that the equilibrium coil misalignments
have on the magnetic field lines and their strike point, the field
line integration code TRIP3D is used. Important features of
TRIP3D are:

o the possibility to set the integration step size in the toroidal
direction to be variable, which is very important given the
low aspect ratio (R/a =~ 1.7) of NSTX-U, so that on the
low field side (LFS), where the pitch of the magnetic field
is larger, an adaptive integration step size of 0.1 degrees is
used, 10 time smaller than in the high field side (HFS);

o the perturbation field is evaluated at each integration step,
providing high accuracy;

e the code is specifically designed to model elongated flux
surfaces in poloidally diverted plasmas.

TRIP-3D extracts the axisymmetric field from the standard
EFIT [23] equilibrium file and couples it with the perturbed
fields from M3D-C1 simulations, both vacuum component and
plasma response. Given the linearity of these M3D-C1 calcul-
ations, the magnitude of the perturbation is scaled to desired
values in TRIP3D instead of running a separate MHD simula-
tion, thus facilitating a broad range of studies based on a small
set of M3D-C1 simulations. In the recovery of NSTX-U the
total misalignment (tm) of the TF and PF5 coils combined is
not expected to exceed a value of tm = 6, with tm calculated
as the sum of the shifts of the two coils in mm and the tilts in
mrad [24]. This sets the magnitude of misalignments consid-
ered in this study, although also larger misalignments than the
expected following the recovery will be shown to better illus-
trate the mechanism that link them to the magnetic footprints.

A similar approach used to scale shifts and tilts is used also
to scale the current in the coils. Although a change in the cur-
rent would also change the equilibrium, for maximum currents
comparable to the simulated current the difference is negli-
gible. In the cases presented here the equilibrium coil currents
are ITE = 4700 kA, IP'5" = 534 KA and IP5AL = 387 kKA.
For the TF coils this is the maximum current, for the PF5 coil
this is 93% of the maximum current while for the PF1AL this
is 53% of the maximum current [24]. Although for the PF1AL
coil the difference in current is not negligible, it is still accept-
able for the present study, since the footprints produced by
its misalignment are found to be negligible compared to the
other cases.

The footprints on the divertor plates are estimated both fol-
lowing field lines from the plasma toward the divertor plates
and from the divertor plates toward the plasma, depending
on the quantities to be studied. In the following sections we
describe how the footprint locations are estimated when
looking at the trajectory of the field lines composing them and
how the footprints are estimated to compute their area.

2.3. Field loss fraction

In order to estimate the location and the size of the divertor
footprints, a series of TRIP3D runs have been performed
launching field lines from the plasma both toward positive and
negative toroidal field directions. The former resulted in field
lines hitting the upper outer and lower inner divertor plates,
whilst the latter ones hit the lower outer and upper inner plates.

To choose the radial range between the separatrix and
the center used to launch field lines, the perturbed equilibria



Nucl. Fusion 59 (2019) 076039

S. Munaretto et a/

PF5, |=576kA, 5mr tilt

Island chain breaks @ 0.967

T

lines lost/launched

0.94

0.98 1.00

Figure 2. In (a) the radial profile of the safety factor g for the equilibrium considered. In red the island widths for a 5 mrad tilt of the lower
PF5 coil as calculated by SURFMN. In (b) the ratio magnetic lines lost/launched as function of their initial normalized flux (i)y) starting
points. The different line colors in (b) represent different TRIP3D runs with a different number of maximum toroidal turns. The vertical
colored bands correspond to the width of the —7/1 (yellow), —8/1(green) and —9/1 (red) islands, the dotted vertical lines their center.

produced by M3D-C1 (vacuum plus plasma components) have
been analyzed using the SURFMN code [25]. In SURFMN,
non-axisymmetric magnetic fields are Fourier analyzed on
given axisymmetric magnetic surfaces and island widths are
calculated. In figure 2(a) there is an example for a 5 mrad tilt
of the lower PF5 coil. Shown in blue is the q profile and in red
the islands. In this example two island are overlapping, —9/1
and —8/1, and the first radial gap in the island chain is located
at Yy = 0.967. This suggests that the majority of the field
lines that go to the divertor plates come from 0.967 < ¢¥n < 1
in this case. In the TRIP3D simulations the first island after
the islands chain is also included, to consider all the field
lines going to the divertors. In figure 2(b) there are several
examples of calculations done with field lines staring in the
region 0.94 < ¢y < 1. Here the x-axis represents the initial
1N starting points of the field lines and the y-axis the frac-
tion of lines hitting the divertor over the total number of lines
launched from each location and the 3 color bands represent
the widths of the —7/1, —8/1 and —9/1 magnetic islands. It is
possible to see that at 1y = 0.94 no lines are lost. The frac-
tion of lines starting at the minimum ¢ of the —7/1 island
(1n = 0.952) and lost is 5.8%. It is noted that field lines lost
from the —7/1 island across the gap with the —8/1 island is
due to field line tunneling through heteroclinic intersection of
stable and unstable invariant manifolds comprising the sepa-
ratrices of these two islands as described in [15] and [16]. If
1N = 0.952 were to be chosen as minimum )y, the 99.3% of
the lost lines would be accounted for.

The chosen region is divided into 30 radial, 50 poloidal
and 10 toroidal locations for a total of 15000 lines launched.
As mentioned previously, the integration step for each line is
of 1degree on the HFS and 0.1 degrees on the LFS. TRIP3D

follows a field line until either the line crosses a previously
defined boundary (the divertor in our case) or it achieves a
predetermined maximum number of toroidal turns. The
choice of the number of turns is fundamental for the accuracy
of the calculation. In figure 2(b) the different colors of the
curves correspond to the same simulation done with a dif-
ferent maximum number of allowed toroidal turns. In blue the
simulation where lines are followed for 100 turns, in magenta
a case where the lines are followed for 500 turns. It is possible
to notice that the field lines have to be followed for at least 200
turns to have a converging solution and at least 400 turns to
avoid the presence of fictitious structures.

2.4. Magnetic length and minimum iy

An important piece of information needed to evaluate the
impact that a field line has on the footprint is how long a field
line stays in the plasma and how deep it goes. These are deter-
mined by the magnetic length of a field line from one divertor
plate to another and by the minimum vy the field line experi-
ences. To evaluate them, TRIP3D runs are computed using
the last points inside the limiter obtained by the simulations
presented in the previous section as new starting point. The
simulations are run for 20000 turns to ensure all the lines
are terminated by crossing a boundary surface rather than by
achieving the maximum number of toroidal turns allowed.
When the tracing of a field line is interrupted by the
crossing of a boundary surface, the locations of the last step
inside the surface and the first step outside are recorded.
The footprint is estimated from the intersection between the
line connecting the two points and the divertor surface. An
example of footprint in the lower outer divertor plate for a 5
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Figure 3. Comparison between the minimum 1)y reached by a field line before hitting a divertor and its magnetic length. Panels (a) and
(b) have the footprint on the lower outer divertor plate for a 5 mrad tilt of the lower PF5 coil. The hit parameter s is the distance along the
wall from the HFS midplane in the clockwise direction. TRIP3D runs are done on the fields computed with M3D-C1 including the plasma
response. Panel (¢) is a comparison of minimum N and magnetic length of each dot in the footprints. The y axis is in a logarithmic scale.
In blue for the case shown in panel (a) and (), in red for a 1 mrad tilt of the same PF5 coil.

mrad tilt of the lower PF5 coil is shown in figure 3(a). Here
the x-axis is the toroidal angle, the y-axis the hit parameter
(s) and each dot correspond to the location where a field line
intersects the divertor surface. The hit parameter (s) is defined
as the distance from the inboard midplane along the limiter in
the clockwise direction, as illustrated in figure 4.

The magnetic length of a field line and minimum N expe-
rienced are both used as a proxy to provide information about
the energy a field line deposits to the target, so a deterministic
relationship between the two is expected. Figure 3 shows a
comparison between the two quantities. Figure 3(a) shows a
footprint on the lower outer divertor plate for a 5 mrad tilt of a
PF5 coil with the colors representing the minimum 1y expe-
rienced by each field line. Figure 3(b) is the same footprint,
but the colors are the magnetic length on a logarithmic scale.
In both these figures the white area corresponds to the region
where the field lines hitting the divertor are those that stay
in the scrape off layer (SOL) and never cross the last close
flux surface (LCFS). Note that the footprints ‘lobe’ are peri-
odic toroidally so a lobe that reaches the right boundary at
360° connects to itself on the left boundary at 0°. This shows
that the footprint is generated by an n = 1 magnetic perturba-
tion and has only one tip (the explicit signature of its n = 1
structure). Since the parallel electron thermal diffusivity (xe|)
is typically 10° time larger that the perpendicular electron
thermal diffusivity (ye.) we do not consider SOL field lines
to be significant contributors to the divertor heat flux in this
analysis. Figure 3(c) is a comparison of the magnetic length
versus the minimum ¢y, with the magnetic length plotted on
a logarithmic scale. The data in blue is from the same case
shown in the other two panels, the red is for a 1 mrad tilt of
the same PF5 coil. Comparing the two footprints it is possible

2
2
1 1 ]
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E 0 0@ :
NI 4
7
—-1F 5 i
6
-2 ! ! I
0 1 2
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Figure 4. Poloidal cross section of the wall of NSTX-U with
indicated in red a sample of the values of the hit parameter s in
meters.

to notice that the two quantities do not have a perfect match,
but they carry a similar overall information: the majority of
the points are in the middle of the color scale and there are few
hot spots that are diluted in the footprint. Figure 3(c) brings
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more quantitative information. Looking at the blue points, it
is clear there is an overall logarithmic dependence between
the two quantities, but some features are present at the smaller
1N that complicate their relation. The red points highlight that
in a different case there is still a logarithmic relation between
the two quantities, but it is different from the first case. In
particular, the range of magnetic lengths is comparable in
the 2 cases, between 100 m and 100 km, while the range of
minimum ¢y is different, suggesting that the minimum N
is a better parameter to compare different cases, since it also
carries information about the thickness of the region of the
plasma that is connected to the divertor plates.

2.5. Footprint area

Another important parameter of a footprint is its area. The
punctiform nature of the field lines prevent the surface area of
their footprints from being easily measurable using a conven-
tional approach. The solution adopted here consists in creating
a grid in the region of a footprint and launch a field line from
the center of each grid element. The area of the footprint is
estimated as a fraction of the total area of the grid equal to the
ratio between number of field lines entering the plasma versus
the total number of field lines launched. With such approach,
there are three free parameters whose choice can impact the
results: the number of turns a line is followed, the grid size,
and the grid element size.

The number of toroidal turns needs to be sufficiently large
to discriminate whether each line enters the plasma or not. A
field line outside the separatrix cannot complete a full poloidal
turn (i.e. cross the X-point), while a field line inside the plasma
will. Using this definition to distinguish whether the field lines
are inside the footprints, it is found that about 40 toroidal turns
are needed in the cases studied for all the lines either to cross
the X-point or to hit the wall.

The grid size is chosen to completely enclose the entire
footprint boundaries and have at least 2 rows of lines that
do not enter the plasma on each side of the grid. To choose
the size of each element in the grid a series of convergence
studies are done. The accepted uncertainty in the area estima-
tion of the footprints is of 10cm?. In the determination of the
toroidal length of the grid all the elements are estimated to
have a major radius equivalent to the mid-radius of the grid,
neglecting the different radial locations.

An example of such grid for the same case of figure 3 is
shown in figure 5. In blue are shown the elements of the grids
from which a field line starts and stay in the SOL, in red are
the field lines that enter the plasma. The vertical axis in this
case is the poloidal angle of the grid elements, that goes in the
opposite direction of the hit parameter.

2.6. Plasma contribution

The contribution of the plasma response to the error fields
which defines the footprints has been estimated and found to
be very important. This is expected since the field lines cross
the unperturbed separatrix, where the fields due to the plasma

255

254

6 [deg]

253

30

Figure 5. Grid used to estimate the area of the lower outer footprint
for a 5 mrad tilt of the lower PF5 coil. Shown in red are the grid
elements from which the field lines enter the plasma, while in blue
are the grid elements from which the field lines stay in the SOL.

¢ [deg]

response are expected to be significant [26-29]. The main
effects of including the plasma response on the footprints are a
change in their size and the depth of the field lines (minimum
1) that penetrate into the plasma.

A comparison of the vacuum field and M3D-C1 plasma
response footprints is shown in figure 6. Panel (a) and (b)
are footprints in the outer lower divertor plate neglecting and
including the 3D plasma response respectively for a 3 mm shift
of the TF coils. The colors correspond to the minimum )y
reached by each field line. The footprint in the vacuum only
case is about 12cm wide, while it is reduced to about 6cm
in width when the plasma response is included. Moreover,
the field lines go deeper in the plasma (up to ¥n ~ 0.85 in
the vacuum case versus iy ~ 0.95 when the plasma response
is included). Panel (c¢) and (d) are the footprints in the inner
upper divertor plate. Here, including the plasma response pro-
duces a significantly larger footprint than in the vacuum only
case. Figure 7 shows the poloidal spectrum decomposition of
the field for the vacuum only case on the top and including the
plasma response in the bottom, as computed by SURFMN.
The two plots show that both a screening effect (for m = nq)
and an amplification effect (for m > ng) are present, sug-
gesting that the differences in size of the footprints may be
due to a combination of the two effects.

Figure 8 is a comparison of the fraction of lines going
to the divertor as function of their initial 1)5 with (red) and
without (blue) the plasma response. This shows that, when the
plasma response is included, no field lines starting inside N ~
0.95 leave the plasma, whereas the vacuum only calculations
predict a 50% lost fraction at ¢y ~ 0.95.

In the paper all the calculations include the plasma response
if not otherwise specified.

3. Results

In this section, the results of the TRIP3D simulations of
M3D-C1 cases are shown. These are organized by various
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Figure 6. Comparison between the footprint in the lower outer divertor neglecting (@) or including (b) the 3D plasma response in the
calculations. In (¢) and (d) the same comparison for the upper inner divertor plate.

types of coil simulations PFS5, PF1A and the toroidal field
bundle. The first subsection deals with the misalignment of
the lower PF5 coil, the second that of the lower PF1A coil and
the third the misalignment of the toroidal field bundle.

3.1. Misalignment of the PF5 coil

The upper and lower outermost poloidal field coils are the
primary vertical field coils. Given the upper-lower symmetry,
only the misalignment of the lower coil (PF5L) is presented.
The effect of a tilt, a shift as well as a combination of the two
will be discussed.

3.2. Tilt

M3D-C1 simulations for a 1 mrad tilt of the PF5L coil with
a current of Ipgs, = 534 kA is used as a basis for the field
line tracing calculation. The results are multiplied by a factor
of 1.08 in the TRIP3D calculation to simulate the maximum
current that can be sustained for 5s by the coil, IM&X = 576
kA. The results are shown in figure 9. The plot in the middle,
figure 9(b), is a poloidal cross section of NSTX-U with the PF
coils included for reference. The tilted coil is highlighted in
red. The black regions are a Poincaré plot of the field lines that
go from the plasma to the divertor plates. The plots around
figure 9(b) show the footprints. In the clockwise direction,
from the top left panel, the upper inner footprint, the upper
outer, the lower outer and the lower inner footprints. The
colors are the minimum vy experienced by the field lines.

Figure 9 shows that a 1 mrad tilt of the PF5 coils produces
about a 1.8cm wide footprint on each of the outer divertor
plates and suggests that the inner footprints are negligible
compared to the outer ones, being about one order of mag-
nitude smaller. It also shows that the field lines hitting the
divertor plates are confined to ¥y > 0.98. The SURFMN
analysis shows that for such perturbation none of the n =1
islands overlap.

To observe island overlapping the perturbation needs to be
scaled up to at least 2.5 mrad. Figure 10 shows the ratio of the
lost lines versus the launched lines as function of the initial
1N. The different panels correspond to different magnitudes
of the tilt, from 1 mrad to 5 mrad. In each panel the location
of the islands and their width is highlighted by the colored
bands, showing the occurrence of overlap for a tilt of at least
2.5 mrad. The most interesting cases are those with the 4 mrad
and 5 mrad tilts, where a step in the lost fraction is found to
separate the initial ¢y inside and outside the island chain. The
other cases, where the overlap is not present or minimal, show
a more linear trend in the lost fraction versus the initial .
Field lines are also lost from regions inside the minimum )y
of the last island due to tunneling effects [15].

Despite a different behavior of the lost fraction in the pres-
ence of island overlapping, the area of the footprint increases
linearly with the PF5L tilt. This is shown in figure 11 in red.
A 1 mrad tilt produces a footprint area of 0.018 m?> and a 5
mrad tilt produces a 0.088 m? footprint. In the same plot, the
inner field line loss boundary is also shown (in blue), as func-
tion of the tilt amplitude. The inner field line loss boundary
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Figure 7. Contour plot of the poloidal spectrum decomposition
calculated by SURFMN neglecting (a) and including (b) the
contribution from the plasma response. The x-axis is the poloidal
mode number m and the y-axis the normalized flux ¥. It is
possible to see that including the plasma response results in a
screening of the resonant components (m = ng, dashed line) and an
amplification of the non-resonant components (m > ng, on the left
of the dashed line).

corresponds to the minimum vy from which at least one field
line starts and reaches the divertor. As already suggested by
figure 10, the larger the misalignment, the deeper the field
lines can go. Moreover, for tilts greater than 2 mrad the min-
imum )y decreases linearly and more slowly than for tilt less
than 2 mrad as seen by the change in the slope of the blue
curve.

3.3. Shift

Similar to what has been done for the tilt of the PF5L coils,
shifts up to 5 mm have been analyzed. Both the area of a single
footprint and the inner field line loss boundary for a Smm
shift of the PF5SL coil is found to be comparable to a 2 mrad
tilt of this coil. This suggest that a shift of the PF5 coils is less
perturbative than a tilt.

3.4. Shift and tilt combination

The M3D-C1 simulations are done for shift and tilt separately.
The M3D-C1 calculations presented here are linear, so the
response to a coil that is both tilted and shifted can be obtained
using a linear combination of the responses to the shift and

0.5+

lines lost/launched

=== plasma
= yvacuum

8.94

0.96 0.98 1

Wn

Figure 8. Ratio of the magnetic lines lost over those launched

as function of their initial normalized flux (1)n). Shown in red is
the result when the plasma response is included and in blue when
neglected.

tilt of the coil calculated independently, with the appropriate
amplitude and phase factors.

Figure 12 shows a scan of different phases between the
direction of a 5 mm shift and that of a 5 mrad tilt applied to the
PF5L coil. For the shift, the phase is the direction of the shift,
so that a phase of 0° means a shift toward ¢ = 0°, where ¢ is
the toroidal angle. For the tilt, the phase is the direction of the
axis of rotation, so that a phase of 0° means the tilt is about the
axis that goes through ¢ = 0°. For example, this would cause
the PF5 coil to be higher at ¢ = 90° and lower at ¢ = 270°.

Shown in red is the outer lower footprint area and in blue
the corresponding inner field line loss boundary. The area
goes from a minimum of 0.056 m? when the shift and tilt are
at 30° apart to a maximum of 0.116 m?> when the shift and
tilt are at 210° apart. The largest footprint corresponds the
deepest inner loss boundary, while the most superficial one is

at ¢y — Gshire = 0°.

3.5. Misalignment of the PF1A coil

As with the PF5L coil, a 1 mrad tilt of the PF1AL coil is pre-
dicted to have a bigger impact on the footprints than a 1 mm
shift. The simulations performed however predict a negli-
gible effect of the PF1A misalignment on the divertor foot-
prints compared to that of the PFSL coil. The area of each of
the outer footprints is about 0.001 m? for a 1 mrad tilt of the
PF1AL coil, one order of magnitude less than the equivalent
PF5L tilt.

The effect that a 5 mrad tilt of the PF1AL coil has on the
footprint is shown in figure 13. In panel (b) there is a poloidal
cross section. The striped rectangles are the PF coils, with the
PF1AL coil highlighted in red. A Poincare plot of the field
lines going from the plasma to the divertor plates is also
shown. Figures 13(a) and (c)—(e) are the inner upper, outer
upper, inner lower and outer lower footprint respectively. In
all the cases the field lines that hit the divertor plates do not
penetrate more than ¢ = 0.993 and none of the footprints are
more than 1 cm wide.
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Figure 9. Figures (a) and (c)—(e) are the magnetic footprints due to a 1 mrad tilt of the PFSL coil in the upper inner, upper outer, lower
inner and lower outer divertor plate respectively. In (b) a poloidal cross section of NSTX-U with the 2D equilibrium and a Poincare plot
of the field lines composing the footprints. The PF coils around the machine are shown as rectangles, the red one corresponds to the
misaligned one. The colors in the footprint plots (a) and (¢)—(e) are the minimum 1)y reached by each field line.
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Figure 10. Ratio of the magnetic lines lost over those launched as function of their initial normalized flux (¢/n) for different magnitudes of
the tilt of the PFSL coil, from 1 mrad (@) to 5 mrad (f). The vertical shaded bands correspond to the n = 1 islands widths outside ¥n = 0.94.
The vertical dotted line corresponds to the center of the islands.
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Figure 11. Shown in blue is the inner field line loss boundary as
function of the magnitude of the tilt of the PFSL coil and in red the
area of the magnetic footprint on the lower outer divertor.

3.6. Misalignment of the toroidal field bundle

A misalignment of the toroidal field coils is found to have a
large impact on the footprints, comparable to that of the PF5L.
coil. In figure 14 the effect of a 1 mm shift of the TF coils with
a current of 4700 kA/turn on the whole coils bundle (corre-
sponding to By = 1 T at major radius R = 0.94 m) is shown.
The subplots are organized in the same way as figure 13.
Such a misalignment produces footprints on the outer divertor
plates (figures 14(c) and (e)) between 2cm and 3cm wide,
with field lines entering the plasma up to 1)x = 0.977, while
the footprints on the inner plates (figures 14(a) and (d)) are an
order of magnitude smaller.

As with the poloidal field coils, increasing the magnitude
of the misalignment produces an overlapping of the magnetic
islands at the edge (figure 15) and a linear increase of the area
of the footprints (figure 16). In figure 15 the fraction of the
lines lost compared to lines launched as function of the ini-
tial ¢)N is shown. The vertical colored bands correspond to the
n =1 islands, in yellow the —7/1, in green the —8/1 and in
red the —9/1. As with the PF5 case, for the smallest misalign-
ment there is no island overlapping and the field lines that
connect to the target come mainly from the —9/1 island, while
increasing the shift magnitude causes the islands to start over-
lapping, generating a larger fraction of lines lost. Conversely,
compared with the PF5 case, for the TF misalignment a larger
fraction of lines are lost by tunneling [15] between the —7/1
island and the island chain given a 3 mm shift (see figures 10(e)
and 15(c)). With a 6 mm shift of the TF coils, the —7/1 island
also becomes part of the overlapping island chain and a sig-
nificant tunneling is seen between the —6/1 and —7/1 islands.

In figure 16, the area of the outer lower footprint as func-
tion of the TF shift is shown in red, the inner field line loss
boundary is shown in blue. While the area increases linearly
with the TF shift, a more complex curve is observed for the
inner field line loss boundary. A flattening of the curve from
the 2 cm to the 4 cm shift and between the 5 cm and the 6¢cm is
observed. This is related to the number of islands forming the
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Figure 12. Shown in blue is the inner field line loss boundary as
function of phase between a 5 mm shift and a 5 mrad tilt of the
PF5L coil. Shown in red is the area of the magnetic footprint on the
lower outer divertor.

island chain as well as the tunneling between the innermost
islands as they approach the overlap condition.

Conversely, compared to the poloidal field coils, for the TF
coils the shift is found to produce a larger footprint than that
resulting from a tilt. A 5 mrad tilt produces footprints with an
area of 0.056 m?, comparable to the area of a footprint pro-
duced by a 2.5 mm shift.

Combining a 5mm shift and a 5 mrad tilt of the TF coils
has an effect similar to that observed for the PF5 coil. Changes
in the footprint area and inner field line loss boundary as func-
tion of the relative phase between the two misalignment is
shown in figure 17. Similarly, as was shown in the PF5 case,
the largest footprint with the deepest inner field line loss
boundary is obtained for ¢ — ¢Pue = 180°, while having
the two perturbations in phase reduces the effect of the single
misalignments.

3.7 Combining different coils misalignment

In the same way as discuss above for the combined shift and
tilt of the same coil, the misalignment of different coils can
be combined as well. The largest impact on the footprints is
predicted to be due to a shift of the TF coils and a tilt of a
PF5 coil. In figure 18 the footprint area produced by a com-
bined 1 mm shift of the TF bundle and 1 mrad tilt of the
PF5L coil as a function of the angle between their directions
is shown in blue. When the PF5L tilt is at about A¢ =~ 150°
from the TF shift, there is a sharp minimum in the resulting
footprint area of ~0.004 m?, while for a phase difference of
about A¢ =~ 330° to 0° there is a broad maximum in the area
of about 0.038 m2. Moreover, the smallest area corresponds
to the difference between the area of the two misalignments
separately and the largest to their sum. This suggests a linear
combination of the footprints produced by the misalignment
of several coils, with the largest footprint occurring when all
of them sum with each other and the smallest footprint when
they cancel each other. An example of this is shown by the
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Figure 13. Figures (a) and (c)—(e) are the magnetic footprints due to a 5 mrad tilt of the PF1AL coil in the upper inner, upper outer, lower
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Figure 15. The ratio of the magnetic lines lost over those launched as function of their initial normalized flux (¢)n) for different magnitudes
of the shift of the TF coils, from 1 mm (a) to 6mm (f). The vertical shaded bands correspond to the n = 1 islands outside 1)y = 0.94. The

vertical dotted line corresponds to the center of the islands.
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Figure 16. Shown in blue is the inner field line loss boundary as
function of the magnitude of the shift of the TF coils and in red the
area of the magnetic footprint on the upper outer divertor.

red points in figure 18. These points represent the area of the
footprint due to a 1 mm shift of the TF coils, a 1 mrad tilt of
the PF5L coil at 150° from the TF shift and a 5 mrad tilt of the
PF1AL coil for different phases with respect to the TF shift.
For a phase of 30° the total area is about 2 cm?, less than the
uncertainty in the area calculation of 10cm?.

A more complex picture is derived from the inner field line
loss boundary for the different relative phases. This is shown
in figure 19, where the colored regions correspond to the size
of three n = 1 islands and the dots correspond to the inner
field line loss boundary. As expected, the penetration depth
strongly depends on the distance among islands, so that in the
majority of the phases (A¢ < 80° or A¢ > 230) the minimum
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Figure 17. Shown in blue the is inner field line loss boundary as
function of phase between a 5mm shift and a 5 mrad tilt of the TF
coils. In red the area of the relative magnetic footprint on the upper
outer divertor.

1y is similar, between about 0.96 and 0.97, due to a large gap
between the —7/1 and —8/1 islands, and it varies from about
0.97 to 0.99 when the phase is between 80° and 230°, due to
the increased separation of the —8/1 and —9/1 islands at about
Ag¢ < 150°.

4. Discussion

Figures 20 and 21 summarize the results presented in the pre-
vious sections for individual and combinations of coil shifts
and tilts. Figure 20(a) shows the fraction of lines lost for a 5
mrad tilt of the PF1AL coil (blue), the PFSL coil (green) and
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Figure 18. Shown in blue is the area of the magnetic footprint on
the upper outer divertor as function of phase difference between
a 1 mm shift of the TF coil and a 1 mrad tilt of the PF5L coil.
Shown in red is the area of the magnetic footprint on the upper
outer divertor due to a 1 mm shift of the TF coils, a 1 mrad tilt of
the PF5L coil at 150° relative to the TF coil and a 5 mrad tilt of
the PF1AL coil as a function of the phase between the TF shift and
the PF1AL tilt. The horizontal dashed and dotted lines indicate,
respectively, the area for a 1 mm shift of the TF coils and a 1
mrad tilt of the PF5L coil, the solid lines are their sum and their
difference.
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Figure 19. Shown in blue is the inner field line loss boundary for

a 1 mm shift of the TF coil and a 1 mrad tilt of the PF5L coil as
function of their relative phase. The shaded regions correspond

to the radial extension of the magnetic islands as function of

the relative phase of the TF and PF5L misalignments. In yellow

the —7/1 island, in green the —8/1 and in red the —9/1. The dashed
and dotted lines are the inner field line loss boundary when only one
of the two misalignments is present.

the TF bundle (red), while figure 20(b) shows the same cases
with a 5 mm shift. Three main conclusions can be drawn based
on these results:

(a) a misalignment of the PF1AL coil is negligible in terms
of field lines lost compared to the other two cases;

(b) a 5 mrad tilt of the TF bundle is equivalent to that of the
PFSL coil, although the inner field lines loss boundary for
the PF5 case is deeper;
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Figure 20. Ratio of the magnetic lines lost over those launched as
function of their initial normalized flux (¢N) for a 5 mrad tilt (a) and
a 5 mm shift (b) of the PF1AL coil (blue), PF5L coil (green) and TF
coils (red).

(c) a 5mm shift of the TF coils produces the largest number
of lost field lines.

Figure 21 shows a comparison of the footprint areas gener-
ated by individual coils. Considering only the fraction of lines
lost and the area of the footprints due to a misalignment, the
effect of the PF1A coil is negligible. The areas of the foot-
prints due to a Smm shift (circles) or 5 mrad tilt (triangles) of
both the TF bundle and the PF5L coil are of the same order of
magnitude. A shift and tilt of the same coils produces a larger
footprint when they are not in phase (pentagons) compared to
when they are in phase (squares).

In this work the main focus has been characterizing the
magnetic footprints in terms of their size and penetration
depth of the field lines composing them. A possible impact
on the heat and particle fluxes on the divertor plate from these
two quantities is presented hereafter, although experimental
data are needed to validate this hypothesis. The size of the
footprint can be considered to be inversely proportional to
the heat flux, so that at a larger footprint area corresponds a
larger heat flux wetted area and may result in a reduced peak
heat flux compared to that of a footprint with a smaller area.
This suggests that a large footprint on the divertor plates
created by the misalignment of the equilibrium coils can be
advantageous, although this may be more likely to produce
locked modes, especially for the n = 1 field-errors considered
here. On the other hand, a larger footprint can be detrimental
because it may cause power to be deposited on regions that
are not design to support high heat loads. Another possible
detrimental effect is the presence of particular field lines dis-
tributions that may lead to the formation of localized hot spots
inside the footprints. A qualitatively study of the penetration
depth of the field lines indicates that, for the cases presented in
this work, field lines that experience smaller ¢)x do not accu-
mulate in particular spots. Although the possible presence of
field lines clustering may not be a major concern for NSTX-U,
since it could be mitigated by applying rotating external 3D
fields, it should be further investigated in future work since
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Figure 21. Summary of the magnetic footprint area for several
equilibrium coil misalignments and combinations of them. On

the x axis the different coils, on the y axis the area of one of the
outer footprints. It is seen that, depending on their relative phase,
combined misalignment that exceed the constraint tm = 6 can either
produce larger (pentagons) or smaller (squares) footprints than
simple misalignments within the constraint (circles and triangles).

ITER, and more in general a future fusion device, will not
have such a capability. In addition, to the possibility to deposit
heat flux in regions of the divertor not designed for it and to
have the formation of hot spots, footprints with larger areas
are made up of field lines that penetrate deeper into a hotter
plasma, as shown in figures 16 and 17, which may result in a
larger overall heat flux to the divertor assuming an equivalent
level of radiated power along the field line path.

The estimation of how deeper field lines penetration affects
the power deposited on the divertor plate per unit of area is
more complex. In an ideal poloidally diverted plasma, simple
two-point model that relates quantities at the divertor target
plates to quantities at the midplane can be used to predict the
power deposition on them. In such a model the power depos-
ited to the target plates enters the SOL entirely via perpend-
icular conduction and, once in the SOL, it is quickly deposited
to divertor through parallel transport. The area of the divertor
target plate that is hit by the heat flux (/;) is determined by the so-
called flux expansion, so that I;/l, = (Bg/B),/(Bg/B), where
the suffix u indicates that the quantity is estimated upstream
(i.e. LFS midplane) and ¢ at the target plate. The flux expan-
sion in the case study presented here is of about 12, so that the
radial decay length of the heat flux (\y) at the target will be 12
times larger than that at the outboard midplane. In such con-
duction limited regime A\ = 2\1/7, with Ay the temperature
radial decay length (assuming 7. = 7; = T). An exponential
decay is usually assumed for Ar, so that 7 (r) = Ticpse ="/ 21)
[30]. The presence of small non-axisymmetric perturbations
allow magnetic field lines from within the plasma to reach the
divertor target plates through stochastic regions that are cre-
ated between the confined plasma and the SOL, complicating
the previous descritpion. In this case much of the heat coming
form the plasma is trapped in the stochastic layer and reaches
the divertor plates through the footprints instead of the SOL.

The radial profiles of the field line loss fraction shown in
figures 10(e) and (f) are compatible with the presence of a
transport barrier at the inner boundary of the island chain (¢y
~ 0.96). If this is the case, the energy available in the outer
4% of the plasma will be low, due to the large fraction of
open field lines, and the plasma inside ¥x ~ 0.96 will account
for almost all the stored energy in the plasma. Moreover the
level of radiation in the stochastic layer is also important. The
radiated power is a strong function of the electron temper-
ature (7¢). In a stochastic layer, due to the increased thermal
transport, the 7. is reduced. This contributes to an increase of
the radiated power and therefore to a further drop in 7. This
means that the plasma in the stochastic layer will be rather
cold and highly radiative, which will reduce the convected and
conducted power to the divertor [31].

It is important to stress that this is a possible basic hypoth-
esis to interpret the field line tracing results, and a more com-
plete interpretation of the results presented here involves a
number of complex physics issues. For example, the radiation
due to the stochastic layer can spread the heat flux on a larger
region around the footprints [32], increasing the total amount
of heat flux going to the wall and divertor. Radiative divertor
operations with impurity gas injection will also reduce the
heat flux inside the footprints by spreading it over a large sur-
face area in the divertor. Experimental data are necessary to
associate heat and particle flux distributions to the magnetic
footprints and, therefore, guide a more detailed interpretation
of these predictions. Evaluations of the total static error field
in NSTX-U at the restart may be obtained through the com-
pass scan technique [33, 34]. Data from infrared cameras and
D, cameras [35] may be then used to compare the predicted
magnetic footprints with the experimental heat and particle
fluxes to the divertor plates.

5. Conclusions

The main driver for the study presented here is the need to
understand the impact that errors in the installation of the
equilibrium coils have on the heat loads on the plasma facing
components and therefore suggest the precision needed to
install them. Although a large wetted area seems to be benefi-
cial to decrease heat peaks on the wall, it must be contained in
the region with the tiles designed to sustain high heat fluxes.

In this work the magnetic footprints have been used as
proxy to estimate the area of the heat flux. Their size has been
observed to change linearly with the magnitude of the error
field and the combination of several error fields can increase
or decrease it. That means that, depending on the alignment of
the error field, in the worst-case scenario the resulting magn-
etic footprint will be the sum of all the footprints generated by
the misalignment of each single coil.

In a recent trial-fit, the TF coils bundle has been installed
with a precision of 0.4mm shift and 0.14 mrad tilt [36]. If
such precision can be achieved during the final installation,
the error field generated by the TF coils will produce a foot-
print in the outer divertor plates with an area of the order of
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0.01 m? and 1cm wide for the particular case analyzed in this
study, which is about 1/34 of the area designated for high heat
fluxes in the horizontal and outer divertor regions [14,37].
Given that the largest footprints are generated by misalign-
ment of the PF5 coil and the TF bundle, and the expectation
of a maximum combined coil misalignment of tm = 6, the
results show that the magnetic footprints will be no larger than
about 10cm if a 5.46 mrad tilt of the PF5 coil is added to the
TF coil misalignment, well inside the designated area.

At this stage, however, no conclusions can be made whether
the assumption that heat and particle fluxes follow the magn-
etic footprints is correct, as well as whether hot spots are pre-
sent inside the footprints or not. Models are being developed to
understand the relation between magnetic footprints and heat
and particle fluxes and to predict their size at the divertor plates.
Also experiments are being carried out [32] to validate them.
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