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Abstract. In this paper, vacuum flux surface mapping is used to measure the 1/1

error field in Wendelstein 7-X. Two methods for discriminating the 1/1 perturbation

from other co-resonant modes are applied: measurements of the helical axis shift in

a magnetic configuration with the rotational transform barely above one on the axis;

and measurements of the edge island structure with cancellation of intrinsic 5/5 islands

by divertor control coils. The normalized radial 1/1 amplitude in Boozer coordinates

is found to be about 0.8 · 10−4 in the first case and about 0.5 · 10−4 in the second

one, with the discrepancy being attributable to different currents in the planar coils.

The 1/1 error field can be reliably compensated by using error field trim coils with

currents about 100 A. This compensation also helps to identify the 2/2 error field of

about 0.6 · 10−4. During plasma operation in divertor configurations, it is confirmed

that the present 1/1 field leads to asymmetries in the power distribution and that the

1/1 compensation improves this symmetry.
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1. Introduction

Wendelstein 7-X [1,2] is an optimized stellarator that aims to demonstrate relevance of

stellarators as a fusion reactor [3]. To that end, verification of divertor performance

for heat and particle exhaust and the subsequent realization of the steady state

operation [3, 4] are among the main priorities of the project. In W7-X, a multi-X-

point divertor configuration, an island divertor [5, 6], is achieved by using intrinsic

magnetic islands at the plasma edge [7]. Discrete target plates intersect the magnetic

islands; and, thus, the area of plasma wall interaction is topologically separated from the

core confinement region. Such a configuration is predicted to provide sufficient power

spreading and has potential for stable power detachment and impurity retention in the

islands [8, 9]. In addition, divertor properties can be easily controlled in experiment

by suitable normal conducting coils, since only a relatively small radial field br of the

order of 10−4–10−3 is required to influence the islands. The main coil system of W7-X

is superconducting as required for the steady state operation.

Divertor islands are formed at the resonant position, where the rotational transform  ι is

equal to the ratio of toroidal n and poloidal m mode numbers n/m of the island chain.

Planar coils of W7-X allow one to vary the edge  ι between 0.83 (“low-iota”) and 1.25

(“high-iota”). In this range, divertor configurations m/n = 6/5, 5/5 and 4/5, with 6, 5

and 4 islands in the poloidal cross-section respectively, are possible [10]. Configurations

with 5/5 islands are usually favoured because of the distance between the island chain

and baffles, the pumping gap position [8], and also because of the suitable island control

coils [4,6]. It is worth noting that the magnetic configuration can be significantly varied

even for the fixed rotational transform at the boundary by changing currents in 5 types

of non-planar coils, e.g. in order to affect bootstrap current, neoclassical transport

and MHD stability [11]. For example, the “high-mirror” configuration minimizes the

bootstrap current and, consequently, avoids changes of the strike line due to the plasma

pressure.

Island divertor configurations are sensitive to small resonant error fields of the order of

10−4, as they modify the edge topology by superimposing additional undesired islands.

Specifically, the 5/5 divertor configurations of W7-X are strongly influenced by 1/1, 2/2,

etc. error fields. In an ideal case, the outflowing power is evenly distributed between

all ten divertor modules, five at the bottom and five at the top of the device according

to the stellarator symmetry. Error fields modify this power distribution and result in

locally excessive heat flux densities, higher power fractions delivered to some divetor

units, and unintended potential heat loads to other in-vessel components.

Figure 1 presents results of field line diffusion simulations [12] with a deliberately

superimposed 1/1 perturbation for the standard W7-X divertor configuration with 5/5

islands at the edge for relevant diffusion settings. The standard configuration is realized

experimentally by supplying equal currents to all types of the non-planar coils and no

currents to the planar coils. The 1/1 amplitude is defined in this paper as amplitude of

the normal component of the perturbation field, normalized by the average field on the
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Figure 1: Overloading of divertor targets by 1/1 error field. Results of field line diffusion

simulations are shown for different values of the field line diffusion coefficient defined as

Dfl = D⊥/υ‖, where D⊥ is the perpendicular diffusion coefficient and υ‖ is the parallel

streaming velocity.

magnetic axis. A precise definition is given later in the paper. The power fraction to

the most loaded module is shown in figure 1 as the ratio between the actual value and

the ideal value of one tenth. The target overloading increases with the amplitude of the

perturbation, but also depends on the assumed diffusion, with higher diffusion helping

to spread the power more evenly.

A considerable deviation from the symmetry in the experiment would require extra

cooling capabilities and might limit the heating power allowed for the steady state

operation. Besides, it can complicate interpretation of experimental results. For these

reasons, error fields should be minimized and unavoidable errors have to be compensated.

Error fields arise due to manufacturing and installation imperfections of the coils,

presence of current buses and ferromagnetic materials close to the plasma, and

asymmetric electromagnetic deformations of the coil system. The need to minimize error

fields was realized early in the construction phase of W7-X. Accordingly, the accuracy

of coil manufacturing and of every assembly step was monitored with metrology [13].

Errors accumulated for non-planar coils were compensated by the final adjustment

of module positions [14, 15], which helped to reduce the normalized 1/1 component

below 0.2 · 10−4. Nonetheless, the subsequent assembly steps that followed the module

positioning, including the interconnection of modules and the removal of temporary

supports, are able to cause a 1/1 perturbation of about 1 · 10−4 as predicted by finite

element calculations [15]. An experimental verification and compensation of error fields,

in particular of the 1/1 mode, is, therefore, necessary. For compensation of error fields,

W7-X is equipped with ten divertor control coils and five error field trim coils [16], each

of these coils can be powered individually.

The W7-X operation started with a limiter campaign OP1.1 [17–19], in which five

poloidal graphite limiters were used instead of the island divertor to define the plasma
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Figure 2: Main components of the W7-X experiment. The following coil systems are

shown: non-planar coils (orange), planar coils (light blue), trim coils (yellow) and

divertor control coils (red). The non-planar and planar coils, and also the flux surface

are not shown in module 1 to detail the divertor structure. The divertor includes a

vertical and a horizontal target. The horizontal target consists of the low-iota and high-

iota parts. The flux surface mapping diagnostic (FSM) is located between modules 5

and 1 and between modules 2 and 3.

edge at the rotational transform of about 0.87 [20]. The quality of vacuum flux surfaces

was verified before the first plasma experiments with the aid of flux surface mapping. In

these mapping measurements, the overall required precision of the W7-X construction

was successfully confirmed [21] and an about 2% reduction in the rotational transform

caused by coil deformations was found at the field of 2.5 T [22]. From the error field

spectrum only the m/n = 2/1 component was assessed, and its amplitude was found to

be below 0.1 · 10−4 [23]. Error field components relevant for the divertor operation were

not addressed, because of a minor effect on the limiter operation and due to restrictions

for the operation of the magnet system at that time. A non-resonant modification of

the heat flux to the limiters was studied in plasma experiments with a strong 1/1 field

intentionally superimposed with trim coils [24, 25].

Divertor experiments at W7-X started in the second half of 2017 [3, 26]. They were

preceded by new flux surface measurements with more attention to the 1/1 error field.

Results of these experiments are summarized in the present paper. The 1/1 error field

is visualized with two approaches: (i) from the axis shift in the high-iota configuration,

where the rotational transform is only just above one; and (ii) from detailed studies

of the edge island structure with cancellation of the intrinsic 5/5 islands. The 1/1
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Figure 3: Typical cross-sections of W7-X. Poincaré plots and the wall components

are shown in thee cross-sections of one half module. (a) - bean-shaped cross-section,

ϕ = 0◦; (b) - droplet-shaped cross-section, ϕ = 18◦; (c) - triangular-shaped cross-section

ϕ = 36◦.

amplitude changes between the two configurations from about 0.8 ·10−4 in the first case

to about 0.5 · 10−4 in the second one, although the error bars are rather large in both

cases. The 1/1 error field can be readily compensated with the trim coils, which also

helps to identify the 2/2 perturbation of about 0.6 · 10−4. These findings from the flux

surface mapping are also supported by observations of the power distribution between

divertor units during the plasma operation. The 1/1 compensation noticeably improves

the symmetry of the power distribution.

2. Experimental method

Wendelstein 7-X is a fivefold symmetric stellarator. It consists of five identical

modules repeated toroidally, as shown in figure 2. Flux surfaces are created by the

superconducting non-planar and planar coil systems. The non-planar coils are optimized

modular coils that generate both toroidal and poloidal field components. The planar

coils can be used to change the horizontal position and to adjust the rotational transform

by changing the toroidal field. There are five different types of the non-planar coils and

two types of the planar coils. Thus, a W7-X magnetic configuration can be described by

specifying seven currents. To compensate error fields, five trim coils are installed around

the machine. In addition, divertor control coils, two coils per module, are available for

the fine adjustment of divertor islands.

The W7-X divertor consists of ten identical divertor units installed at the top and

at the bottom of each stellarator module according to the symmetry, as presented in

figure 2. The strike lines can be located on the vertical target, on the low-iota part

of the horizontal target or on the high-iota part of the horizontal target. The detailed

power distribution between these zones depends on the magnetic configuration.
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The shape of W7-X flux surfaces changes with the toroidal angle. Poincaré plots for

three typical cross-sections are given in figure 3 for the standard configuration with 5/5

islands at the edge. The plasma shape changes from the bean shape at ϕ = 0◦, to the

droplet shape at ϕ = 18◦ and to the triangular shape at ϕ = 36◦. For the second half of

a module, i.e. between −36◦ and 0◦, the shape of flux surfaces is the same but inverted

upside down. The shape of flux surfaces is repeated in each module, if there are no error

fields breaking the fivefold symmetry. It can be seen in figure 3 that also the divertor

interaction changes with the toroidal angle. In particular, there is no contact between

the edge islands and the first wall in the triangular plane.

Stellarator flux surfaces are completely formed by external coils with no plasma

currents required. For this reason, they can be conveniently visualized without plasma

by mapping them with an electron beam, which is a well established experimental

technique [27, 28]. In this method, a low energy electron beam is launched along field

lines and the position of the beam is detected after multiple toroidal transits to create

a flux surface cut. It is this method that is applied here too.

In W7-X, LaB6 electron emitters of about 2 mm in diameter with a typical acceleration

voltage below or equal to 50 V are mounted on three movable rods. Two such rods are

installed from the opposite top and bottom ports in a triangular cross-section between

modules 5 and 1 and one from the top port between modules 2 and 3. All three rods can

be moved radially as well as swept poloidally, giving access to almost the full poloidal

cross-section. The rods themselves are aluminium tubes of 10 mm in diameter and

used to detect the electron beam at the same time, for which they are covered with

fluorescent ZnO:Zn powder. During a single measurement, one of the manipulators,

between modules 5 and 1 in this work, is fixed at a position inside the vacuum chamber

and is used as an emitter. At the same time, the manipulator between modules 2 and 3

is gradually swept across to visualize the beam after multiple transits. The fluorescence

image is observed with a tangential high-sensitivity CCD camera PCO PixelFly QE

with an integration time of 60 s sufficient to record the full detector sweep. Such a

measurement provides a cross-cut of a single flux surface. A full set of flux surfaces can

be obtained by changing the emitter position and combining the images. Further details

of the W7-X flux surface diagnostic can be found in [22].

Flux surface measurements produce a Poincaré cut of flux surfaces in the plane defined

by the detector and can be directly compared with field line tracing simulations. Here

this comparison is performed with no extra degrees of freedom. The motion of W7-X

manipulators including the sweeping was calibrated by using the metrology technique

before experiments. This allows one to translate experimental settings for the emitter

position to start points for the field line tracing and to calculate a Poincaré plot in

the plane defined by the detector sweep. Calculated 3d intersection points are then

projected using a camera model for a direct comparison with measurements, where the

camera model is calibrated to about 50 reference points at the first wall wihin a few

pixels. Field line tracing is performed with the standard W7-X web-service [12].

The described simulation procedure usually demonstrates a good accuracy, as can be
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Figure 4: Comparison of measured and simulated flux surfaces for the standard (a)

and high-iota (b) configurations. Experimental data are shown in black, simulations for

ideal coil geometries are shown in red.

concluded from a comparison with measurements in cases without pronounced error field

effects. For example, in the standard divertor configuration, equal currents in the non-

planar coils and no currents in the planar coils, the simulations are in good agreement

with measurements for central flux surfaces, as shown in figure 4a. The small difference

for the most central flux surface is mainly due to the uncertainty in the emitter position.

It is possible to obtain an even better match for the central surface by a fine adjustment

of the start position for tracing, but this path is not followed here. In contrast, the

deviation for the outer flux surfaces in figure 4a is rather caused by a modification of

the 5/5 island chain by the 1/1 error field. The island chain itself is shadowed by the

divertor and is, therefore, not visible. From this comparison we estimate the accuracy

of the method to be about 5 pixels or equivalently about 8 mm, which is also a typical

size of the fluorescent spot. It is important to note that no systematic shift is observed

in the central part of the standard configuration, i.e. the ideal magnetic axis position is

consistent with the measurements.

It can be seen from figure 4a that not all flux surfaces are imaged completely and with

the same density of intersection points. This restriction has two reasons. Firstly, in the

vicinity of rational flux surfaces, the electron emitter induces self-shadowing, when the

electron beam returns to the emitter position after a finite number of toroidal transits.

Secondly, for outer flux surfaces, the poloidal coverage both of the detector and of the

camera is limited. In practise, these effects hinder the measurements only in extreme

cases.

Error fields can be identified in flux surface measurements from islands they develop at

the resonant position. A radial perturbation field of amplitude bmn opens up an island

of the following full width in minor radius [29]:

wmn = 4 ·

√

R0bmn

md ι/dr
, (1)

where R0 is the major radius and d ι/dr is the magnetic shear. The difficulty in measuring

the 1/1 error field in W7-X with this approach is to separate it from other co-resonant

error fields and from the prevailing intrinsic 5/5 field, as discussed in detail in [30]. This
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can be achieved either by shifting the resonant position towards the axis due to the radial

mode decay ∼ rm−1, or by a sequential compensation of known fields. Alternatively, the

1/1 error field can be determined from the shift of flux surfaces, or the axis shift, in a

configuration where the rotational transform is everywhere above one, but the difference

 ι − 1 is sufficiently small [30]. The shift in minor radius can be estimated in a linear

approximation as:

|δr| =
R0|bmn|

m ι + n
, (2)

This method isolates the 1/1 field from the other modes because of the aforementioned

radial decay. The estimation of the axis shift in equation 2 does not depend on the

shape of flux surfaces. The linear approximation assumes a small deviation from the

original flux surface. For large deviations changes in the rotational transform and in the

mode amplitude have to be taken into account, which is most easily done numerically.

In this paper, both the axis shift and the island measurements with cancellation of

the 5/5 component by external coils are applied. The axis shift can be measured in

configurations close to the high-iota configuration, which are obtained by reducing the

toroidal field with the help of planar coils. The island measurements can be performed

in any configuration with 5/5 islands at the edge, including standard, high-mirror

and narrow-mirror configurations. Here, results for the narrow-mirror configuration

are presented, because it was of interest for transport studies during the first half of

the experimental campaign. The difference in error fields between the latter three

configurations is expected to be small.

Normalized dimensionless error field amplitudes are used throughout this paper. The

following definition of radial modes can be derived from the Fourier decomposition of

perturbed field line equations in a magnetic coordinate system:

bmn =
1

rR0B0

·

(

~B ·

[

∂~r

∂θ
×

∂~r

∂ϕ

])

mn

, (3)

where r is the minor radius related to the enclosed toroidal flux by Ψ = B0πr
2, B0

is the average field on the axis, θ and ϕ are poloidal and toroidal angles and ()
mn

is

the Fourier mode with the poloidal mode number m and the toroidal mode number

n. Boozer coordinates are chosen for the representation. A detailed discussion of this

definition can be found in [30]. The Fourier decomposition is performed in terms of

mθ + nϕ, and, hence, the resonant modes are actually −1/1, −2/2 etc. However, to

stay consistent with the literature and for the sake of simplicity the notation 1/1, 2/2

is used in this paper.

3. Experimental results

3.1. Measurements of the axis shift

Error fields can be measured from non-resonant deformations of flux surfaces they

impose. Such deformations do not cause changes in the topology, i.e. magnetic islands
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Figure 5: Change of the axis shift with the rotational transform. Measured flux surfaces

are shown in black, simulations are shown in red. Simulations are performed with ideal

coils for the cases (a)-(c) and with a superimposed 1/1 perturbation for the case (d).

In all cases the current in the non-planar coils is 14.2 kA. (a) - planar coil current of

−10.2 kA,  ι0 ≈ 1.02; (b) - planar coil current of −9.8 kA,  ι0 ≈ 1.01; (c) - planar coil

current of −9.6 kA,  ι0 ≈ 1.007; (d) - planar coil current of −9.0 kA,  ι0 ∼ 1, for this case

the field line tracing includes the 1/1 error field with the relative amplitude of 0.8 ·10−4.

are not formed. The 1/1 error field results primarily in a helical shift of flux surfaces,

with the magnitude of the shift being proportional to the mode amplitude and the

direction depending on the mode phase. For measurements of the 1/1 mode from such

a shift, the high-iota configuration is the most suitable one in W7-X, because the effect

is amplified by the close proximity of the rotational transform at the axis to 1. In the

high-iota configuration, the rotational transform grows from about 1.01 on the axis to

1.25 at the edge, crossing the value of 1.1 at r/a of about 0.75. For comparison, in the

standard configuration the rotational transform changes from about 0.86 on the axis to

1 at the edge, staying below 0.9 for r/a smaller than about 0.75, so that no measurable

axis shift is expected in this case. A comparison of  ι-profiles for these two configurations

can be found in [30]. The high-iota configuration is realized by introducing a current in

the planar coils with the polarity opposite to that in the non-planar coils, while keeping

currents in all non-planar coils equal. The required planar coil current (36 turns) is

about −9.8 kA for the field of 2.5 T, whereas the current in non-planar coils (108 turns)

is about 14.2 kA.

The 1/1 induced shift of flux surfaces in the high-iota configuration becomes evident

if measurements are compared to the corresponding ideal flux surfaces, as presented

in figure 4b. The outer flux surfaces, where the difference  ι − 1 is sufficiently large,

are in good agreement with the expectations, while the experimental data noticeably
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Figure 6: Example of ellipse fits to the flux surfaces. The experimental data correspond

to figure 5a with the planar coil current −10.2 kA. Three types of fits are illustrated:

“g” - good quality fit; “a” - acceptable quality fit; “p” - poor quality fit.

deviate from the model for smaller radii, starting from the fifth flux surface counted

from the outside. In the center, the shift is in the range of 10 cm, directed mainly to the

right. In contrast to this, no systematic shift of central flux surfaces is observed in the

standard configuration, see figure 4a. These results demonstrate unambiguously that a

measurable 1/1 field is indeed present in W7-X.

According to equation 2, the shift of flux surfaces due to 1/1 field depends strongly

on the rotational transform. The closer the rotational transform to the resonance,

the longer field lines stay in phase with the perturbation, thus accumulating a larger

displacement. The influence of the rotational transform was verified experimentally by

varying the current in planar coils by about ±0.8 kA around the high-iota configuration.

Figures 5a-5d show central flux surfaces, where the 1/1 effect is pronounced, for four

configurations with the rotational transform on the axis reduced from about 1.02 to

almost 1. As expected, the shift of flux surfaces increases as the rotational transform

approaches 1, cases (a) to (c), while the topology with nested surfaces remains the

same. If the rotational transform is very close to 1, case (d), a structure resembling

a 1/1 magnetic island appears. However, in this case it is not possible to conclude

with certainty whether an island is formed, i.e. if a separate magnetic axis is present,

as the measurements are obscured by a strong self-shadowing of the electron emitter.

Simulations plotted in figure 5d include the 1/1 perturbation as discussed below.

The 1/1 mode amplitude can be determined from the measurements above by using

equation 2 with the following modification:

|δx| =
R0|b11|

 ι− 1
·
dx

dr
. (4)

Here, |δx| is the distance between the actual surface center and the ideal axis without

the 1/1 error field effect. Measurements of the flux surface position are described below.

The ideal axis position is assumed to coincide with the unperturbed field line tracing

within about 5 pixels, as discussed above for the standard configuration in figure 4a.

The uncertainty of the ideal axis position contributes significantly to the uncertainty of

the 1/1 amplitude and of its phase. The derivative dx/dr relative to effective radius is
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Figure 7: Dependence of the flux surface shift on the rotational transform.

Measurements at two values of the magnetic field, 1.1 and 2.5 T, are shown.

introduced to account for the shape of flux surfaces, i.e. for the ellipticity. The shift

in physical space is different for different directions, but appears the same in terms of

the effective radius. For the experimental situation in W7-X, where the shift is almost

along the major axis of the ellipses, this derivative is estimated to be about 1.4 by

using field line tracing. The values of rotational transform have to be also determined

experimentally, because electromagnetic forces lead to a non-negligible reduction [22].

The  ι estimation is performed for each flux surface by counting the number of toroidal

transits required to cover a certain poloidal angle.

Displacement values |δx| can be conveniently estimated by fitting ellipses to

experimental data and taking distances from their centers to the ideal axis. This method

is reliable for central flux surfaces of nearly elliptical shape and, therefore, only such flux

surfaces are used for the further analysis. For example, only good (“g”) and acceptable

(“a”) quality fits shown in figure 6 are included, whereas poor quality fits (“p”) are

omitted. It is worth noting that larger flux surfaces can also be used, if fitting with

more Fourier harmonics is applied. A more elaborated fitting is not considered here,

since the elliptical subset provides a sufficient number of data points. The displacement

uncertainty is taken either as a typical deviation between the ellipse and the measured

data or, for good quality fits, as a typical width of the fluorescent line.

The dependence of the flux surface shift |δx| on the rotational transform is summarized

in figure 7 for all flux surfaces of nearly elliptical shape shown previously in figures 4b,

5a–5c. The shift scales linearly with the inverse difference 1/( ι−1) for shift values smaller

than about 5 cm. For larger displacements, the linear dependence is not evident, i.e.

the linear assumption used to derive equation 2 is not sufficient. A similar behaviour

was also observed in the numerical study in [30]. Using only the linear part of the data

set in figure 7 one finds the 1/1 amplitude of (0.79 ± 0.21) · 10−4 by linear regression.

The 1/1 phase can be deduced from the direction of the flux surface shift. Shift

directions calculated for phases of 0◦, 90◦, 180◦ and 270◦ are indicated in figure 5c
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Figure 8: Compensation of the axis shift with trim coils. (a) - no trim coils applied;

(b) - settings corresponding to |b11| ≈ 0.42 · 10−4, 180◦; (c) - settings corresponding

to |b11| ≈ 0.76 · 10−4, 180◦; (d) - settings corresponding to |b11| ≈ 0.85 · 10−4, 180◦.

Measurements are shown in black, simulation for the ideal case are shown in red.

for orientation. The experimental displacements are close to the reference 180◦-case.

Field line simulations taking into account the ideal axis uncertainty refine the 1/1 phase

to 170◦ ± 12◦. Here, the phase is defined in the global W7-X coordinate system for the

cosine of θ − ϕ. According to this definition, the perturbation with phase of 0◦ has its

maximal outward pointing field at the outboard side in the plane ϕ = 0.

To verify the validity of the result, field line simulations with superimposed 1/1 field of

0.8 ·10−4 and phase of 170◦ are shown for the case of the extreme 1/1 effect in figure 5d.

A reasonable agreement with the experiment is indeed observed without any need for

further adjustments, thus supporting the findings.

Measurements of the axis shift were performed for two values of the magnetic field,

namely 1.1 T and 2.5 T. No difference between the two cases is found, as can be seen

in figure 7, which implies that the 1/1 error field scales linearly with currents in the

main coils. Hence, this error field is related either to errors in the coil geometries, coil

positions, or to unsaturated ferromagnetic materials and not caused by deformations due

to electromagnetic forces. In addition, the Earth’s magnetic field, which was reported

to be important for LHD at low fields [27], can be excluded as the 1/1 source.

3.2. Compensation of the axis shift

W7-X is fitted with two sets of normally conducting coils suitable for error field

compensation: ten divertor control coils [4, 6] and five trim coils [16]. Each of these

coils can be energized independently. For the 1/1 compensation, trim coils alone are
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Figure 9: Measurements of the edge island structure in the narrow-mirror configuration

with −1.7 kA in planar coils. (a) - a full set of measured surfaces. In red simulations with

ideal coils are overlayed. (b) - 1/1 separatrix obtained for one fixed emitter position.

White areas in the images are either caused by the self-shadowing, the limited motion

range of the detector, or by the restricted camera view.

sufficient, which is demonstrated by the present flux surface measurements. If the phase

and the amplitude of the target error field are defined, the counteracting currents in the

trim coils can be readily determined from the linear superposition of Fourier spectra

produced by individual coils.

The 1/1 error field could be estimated to be about 0.8 · 10−4 at the phase of roughly

180◦ already during the measurement session. Given the target error field, the 1/1

compensation with trim coils was tested. In these experiments, currents in the main

coils were fixed with the planar coil current of −9.8 kA corresponding to the rotational

transform on the axis of about 1.01, while currents in the trim coils were varied. Results

of the compensation experiments are shown in figures 8a-d alongside with ideal expected

flux surfaces. A better agreement between the measurements and the model is obtained,

if the trim currents are raised to the compensation target. The best compensation

is achieved for trim currents corresponding to |b11| ≈ 0.76 · 10−4, whereas trim coil

settings for |b11| ≈ 0.85 · 10−4 result in a slight overcompensation. This confirms the

estimation of the 1/1 error field and demonstrates the ability of trim coils to correct

such perturbations.

Absolute values of the currents in the trim coils used for the compensation are below

150 A. For comparison, the operational limit for the current in the trim coils is 1800 A

for coils of type A (modules 1,3,4 and 5), and is 1950 A for coils of type B (module

2). Consequently, trim coils have sufficient capabilities also for compensation of higher

order error fields.

3.3. Measurements of the island structure

Measurements of the axis shift in the high-iota configuration were complemented by

measurements of the island structure at the resonance position of 1, but in a different
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magnetic configuration. For this purpose, the narrow-mirror configuration with 5/5 is-

lands at the edge was used. This configuration is characterized by a large toroidal mirror

to minimize the bootstrap current and a shifted strike line position as compared to the

original high-mirror one. To avoid shadowing of islands by the divertor, the resonance

was shifted inwards to r/a of about 0.9 by raising the rotational transform with the

help of about −1.7 kA in the planar coils. The application of planar coils restricted

the operation to a field of 2.2 T. Yet, the field restriction is not believed to be relevant,

since the axis measurements show no dependence on it. Therefore, conditions for the

flux surface mapping are very close to those during the plasma operation.

Results of the flux surface mapping around the resonant position in the narrow-mirror

case are given in 9a. Here, the 5/5 divertor islands clearly dominate the edge. The

internal structure of two of these islands was accessed in more details by placing the

emitter inside them. Since all five islands are independent, such detailed measurements

have to be performed for each island separately. This procedure was omitted for the

remaining three islands to save time, because the island positions and their size are in

reasonable agreement with the expectations. The position of the remaining three islands

can be concluded from the separatrix shape. A deviation from the ideal geometry is

observed in the right top corner, which is an indication of the presence of error fields.

Remarkably, a clear signature of the 1/1 error field is observed even without cancellation

of the 5/5 islands. The 1/1 separatrix, i.e. with a single X-point, around the 5/5 islands

was obtained with a fixed emitter position, see figure 9b. The experimental difficulty

is to strike the narrow separatrix region with a width on the order of 1 cm. Such a

separatrix is expected from the field line tracing with 1/1 perturbation [16, 30, 31] and

proves the 1/1 presence. However, determining the 1/1 amplitude from the full 1/1

island width is erroneous, because a large fraction of the full width is due to the 5/5

islands.

The 5/5 islands can be controlled with divertor control coils, which are ten coils, two

per module, installed behind outboard baffles following the stellarator symmetry [4, 6].

If operated in the symmetrical mode, i.e. with inverted currents in two neighbouring

half modules to match the stellarator flip symmetry of the field, they change the island

size. If operated in the non-symmetric mode, i.e. with the same current direction in

neighboring coils, they sweep the strike line position. In addition, since each coil can

be energized independently, they are also suitable for the error field correction [14]. For

the present experiments, the control coils were operated in the symmetric mode with

the full current of 2.5 kA to cancel out the 5/5 islands.

Once the 5/5 islands are nullified, the 1/1 island can be identified, as shown in fig-

ure 10a. But even in this cases, the 1/1 amplitude estimation is still not possible due to

the simultaneous presence of the 2/2 error field. When a partial 1/1 compensation for

the 1/1 amplitude of about 0.4 · 10−4 and the phase of 100◦ is applied, the 2/2 structure

with two X-points in the poloidal cross-section becomes visible, see figure 10b. The

2/2 amplitude is estimated to be (0.6 ± 0.2) · 10−4 by using equation 1 for the island

width, and the 2/2 phase of −110◦ ± 40◦ follows from the location of the X-points. The
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Figure 10: Error field measurements in the narrow-mirror configuration with cancelled

5/5 islands. (a) - 1/1 island. (b) - 2/2 islands with 1/1 compensation. (c) - the same

as (a) but with field line tracing including b11 ≈ 0.5 · 10−4 and b22 ≈ 0.6 · 10−4; (d) - the

same as (b) but with field line tracing including b22 ≈ 0.6 · 10−4.

compensation of the 2/2 perturbation was not attempted due to the lack of time. But

this result is confirmed by a good agreement between the field line tracing including the

found 2/2 mode and the measurements, given in figure 10d. Given the 2/2 estimation,

it is possible to determine the 1/1 error field by the trial-and-error field line tracing.

Figure 10c demonstrates a good agreement between the measurements with the 5/5

cancellation and the simulations with a combination of the 1/1 and 2/2 perturbations.

The 1/1 amplitude is evaluated to be (0.5 ± 0.2) · 10−4 and the 1/1 phase is about

140◦ without a clearly defined uncertainty. It is interesting to note that, if one were to

interpret the full island width in figure 10a as the 1/1 width, one would overestimate

the 1/1 amplitude to be about 0.7 · 10−4.

3.4. Symmetry of divertor loads

The 1/1 error field found with flux surfaces mapping is in the range where a measurable

effect on the power distribution between divertors is expected, as follows from the

dependence in figure 1. The asymmetry, i.e. a violation of the equal power partitioning,

is indeed observed during plasma operation in 5/5 configurations. It is measured, for
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Figure 11: Divertor power asymmetry measured with thermocouples for different trim

coil settings in the narrow-mirror configuration. The trim coil settings are given as the

phase and the amplitude of the 1/1 field they compensate. The measured points are

plotted with circles. The coloured background is an interpolated contour plot. The

asymmetry is defined here as relative amplitude of the temperature variation between

divertor modules measured in identical positions and averaged over all of them.

example, with in total one hundred thermocouples installed at the backside of all ten

divertors, i.e. ten thermocouples per divertor. The thermocouples are placed in the same

positions in each divertor unit: four locations in the low-iota part of horizontal targets,

three locations in the high-iota part of horizontal targets, and three locations in vertical

targets. It is possible to conclude about the symmetry of divertor loads by comparing

signals from thermocouples in identical locations in different divertors. Because of the

thermal inertia of the carbon tiles in front of them, thermocouple signals still increase

after the plasma termination for about 10–20 s. These temperature increments are

assumed proportional to the energy deposited to the tiles in front. By averaging data

from available thermocouples, it is found that divertor power fractions are not the same

between the modules, i.e. an asymmetry is present.

The symmetry of the power distribution is improved, if suitable trim coil settings are

applied. The trim coil settings can be determined experimentally from the phase and

amplitude scan of the 1/1 field generated by them. During such a scan, a series

of identical plasma discharges was performed and only the trim coil currents were

changed to identify the most symmetric case. Typical plasma parameters are: ECRH

heating power of about 2 MW, line averaged electron density of about 1 · 1019 m−3,

plasma duration of about 2 s. Results of the compensation scan for the narrow-mirror

configuration are presented in figure 11 in the phase-amplitude plane of the compensated

1/1 error field. The colour of experimental points shows relative amplitude of the

temperature variation between divertor modules measured by the thermocouples in
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identical positions and averaged over all these positions:

1

M

∑

m

max
n

Tmn − min
n

Tmn

2〈Tmn〉n
, (5)

where m is the thermocouple position in one divertor unit, n is the toroidal module,

M is the total number of thermocouple locations, Tmn is the temperature in the m-th

thermocouple in module n and 〈Tmn〉n is the toroidal average of thermocouple signals

in position m. This value should be zero in the ideal case. A global minimum in the

asymmetry is identified for the trim coil settings compensating the 1/1 error field of

about 0.45 · 10−4 at the phase of about 150◦. This is in good agreement with the 1/1

error field determined with flux surface mapping; and, consequently, a large part of

the asymmetry is due to this error field. The achieved reduction of the asymmetry

amplitude is about a factor of two compared to the case without compensation, i.e.

zero amplitude in the figure.

It is to be noted that the improvement in the symmetry is observed on average between

thermocouples in different locations and that for some locations the improvement is

not clear. This, or equivalently the remaining asymmetry, can be explained by several

possible causes: slight misplacements of the thermocouples, misalignments of divertor

targets, and presence of the 2/2 error field. The improved symmetry of the power

distribution with the 1/1 compensation is also found from measurements with infrared

cameras available in all ten divertor units. But the latter results will be reported

separately once the analysis is finalized [32,33].

4. Summary

The flux surface measurements clearly show presence of the 1/1 error field in Wendelstein

7-X. This is confirmed with two methods: (i) measurements of the axis shift in the high-

iota configuration; and (ii) measurements of the island structure in the narrow-mirror

configuration with 5/5 islands cancelled by the control coils. The found normalized 1/1

amplitudes for the two configurations are about 0.8·10−4 and about 0.5·10−4 respectively,

though with significant error bars. The difference between the two configurations

can be preliminary explained by the much higher planar coil current in the high-iota

configuration. It follows that the planar coils result in a higher 1/1 perturbation, which

is not surprising, because the module positioning was optimized to counteract error

fields due to non-planar coils only.

The 1/1 error field does not depend on the amplitude of the magnetic field, as

demonstrated by measurements of the axis shift in the high-iota configuration at the

field of 1.1 and 2.5 T. Therefore, the 1/1 error field is due to either manufacturing errors

of the coil, their misalignments or due to unsaturated ferromagnetic materials, and not

caused by electromagnetic deformations. The amplitude of the 1/1 perturbation is in the

range expected due to the assembly steps that followed the final module adjustment [15].

However, a suitable model of the coils still has to be developed.

The 1/1 error field can be compensated with five trim coils available for this purpose.
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The compensation was demonstrated with both approaches for the flux surface mapping

and requires only about 5% of the current allowed in the trim coils. This leaves enough

capability for the compensation of higher error fields. The 1/1 compensation helps also

to identify the 2/2 error field of about 0.6 · 10−4 in the measurements of the edge island

structure. Thus, the edge island structure in 5/5 divertor configurations is a combination

of the 5/5 field of about 3 ·10−4, 1/1 field of about 0.5 ·10−4 and of the 2/2 field of about

0.6 · 10−4. The 2/2 compensation was not achieved yet mainly due to the experimental

time limitations, but both control coils and trim coils are available for this.

The presence of the 1/1 error field is also confirmed by the asymmetry in the power

partitioning between divertors during plasma operation in 5/5 configurations. The

asymmetry is detected by using thermocouples installed at the back side of the targets

and with infrared observations. It is possible to improve the symmetry by compensating

the 1/1 error field with trim coils. The most symmetric case in the narrow-mirror

configuration is found for the compensation of the 1/1 mode of about 0.45 · 10−4, which

is close to the result of flux surfaces mapping. Hence, it is confirmed that the 1/1 error

field has a significant effect on the divertor loads and that a large part of the observed

divertor asymmetry is due to the intrinsic 1/1 field. The asymmetry remaining after

the 1/1 correction can be caused by the 2/2 error field and misalignments of targets.

Future error field studies at W7-X will be able to address changes of found error

fields between experimental campaigns, clarify subtle configuration differences, and test

compensation of the 2/2 error field. This will help to clarify the source of error fields and

to create a validated coil model. But already now it is obvious that the high construction

accuracy of W7-X helped to minimize error fields to the level below 10−4 and that these

residual perturbations are well within capabilities of the control and trim coils available

for their correction. The error field compensation, shown here for the 1/1 mode, is one

of ingredients for achieving high performance steady state operation of W7-X.
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