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1.   Introduction

The fabrication and assembly of the Wendelstein 7-X magnet system will be done carefully

and with a high geometrical precision. Nevertheless, small statistical deviations of coils from

the ideal coil shapes or small non-symmetric misalignments of the coils cause magnetic field

perturbations with periodicities different from the five-fold periodicity of the device. The so-

called standard field configuration of  W7-X has rotational transform ι=n/m=1  at the edge

and all resonant Fourier components Bmn of the field corresponding to this ι value e.g. B11,

B22, etc. lead to islands (m and n are the poloidal and toroidal mode numbers, respectively.).

The islands generated by B55 have the periodicity of the device and are used to divert the

plasma. These islands are also called ‘natural’  islands. However, islands caused by the

perturbations disturb the 5-fold periodicity and cause asymmetric target loads. In the low-iota

and high-iota cases of W7-X, other Fourier components of the error field are resonant and

cause a dependency of  the geometry errors on the rotational transform.

The components Bmn  = bmn (r) sin(mθ − nφ + γmn) are derived by Fourier decomposition  of

the radial component of the magnetic field  bmn = 1/2π ��(B••••∇∇∇∇r) e-i(mθ − nφ)dθdφ   on an

unperturbed magnetic surface close to that with ι=n/m; here r is the average radius of this

surface, θ  and φ are the angle variables of the magnetic co-ordinates and γmn the phase angle.

2.    Model field perturbation

In the following examples a perturbation field is assumed which is generated by a statistical

distribution of coil axes inclined at angles of up to 0.1 degree [1]. Table I lists the relevant

values of the error field components which are resonant to ι=1. Due to the counter clock-wise

orientation of the poloidal field the components with negative values of n are resonant. The

main component are the (1,-1)-component followed by the (2,-2)-component. This rather

large model perturbation  has normalised values of the resonant Fourier components of up to

2.73*10-4 . The result is visualised in Fig. 1, where the Poincarè plots of the field are shown at
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the triangular cross-section. The perturbation splits the common separatrix of the five

‘natural’  islands  to five nested single ones, thus  the largest separatrix encloses all others and

separates the (1,-1)-island. The result is that most of the out-flowing plasma hits only two of

the 10 divertor targets in the device.

Table I: Relevant Fourier components to ι=1 normalised to the average field B0.

m,n 1,-1 2,-2 3,-3 4,-4 6,-6

Fourier component 2.73*  10-4 0.53*  10-4 0.12*  10-4 0.15*  10-4 0.13*  10-4

     

Fig. 1   Model error field at the triangular cross-section; the left graph shows the Poincarè
plot of various magnetic surfaces; in the right graph in the outer region the same points are
connected with lines in order to show more clearly the distinct islands and separatrices.

3.   Principle of  field correction

In general, Fourier components associated with high m and n numbers decrease faster with

increasing distance from the generating currents, thus they have smaller amplitudes and

introduce smaller islands. Furthermore, only resonant Fourier components of the error field

disturb the periodicity of the magnetic field, so in practice only a small number of

components need to be compensated. Depending on the knowledge of the expected field

perturbations at the individual assembly steps of the device, there is a good chance for

correcting the field structure at that time.

During the manufacturing and assembling of the magnet system, precise measurements are

performed in order to get the real magnet geometry. This real geometry provide the basis for

the calculation of the relevant Fourier components. On the other hand, for defined shifts or

inclination angles from its theoretical position each coil of the magnet generates distinct

perturbing Fourier spectra. Because of the three degrees of freedom concerning shift and

inclination one gets a set of six spectra for each coil. The same argument holds for half-

modules or complete modules taken as one entire piece (a half-module consists of the five
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non-planar and two planar coils of half of a period). Since the geometrical deviations and

magnetic field changes are small, the spectra can be superimposed linearly. Thus, in a

combination of distinct shifts and inclinations of some coils it is possible to cancel out the

perturbing field components. A numerical optimisation code was written to find the best

alignment combination. This procedure of field correction can be performed an

accompanying action during the device assembly.

4.   Correction during assembly

At the step of the half-module assembly one knows the statistical deviations of the real coil

shape to the theoretical coil shape due to manufacturing inaccuracies of the coils of this half-

module. The perturbing Fourier components of the field are computed using the five real non-

planar coils of this half-module and 45 non-planar coils with its theoretical shape. Using  the

optimisation code and the 5×6 sensitivity spectra of the of the five coils, one can compute the

required values for shifts and inclination angles to cancel out the perturbing field components.

Fig. 2 shows an example where instead of the small field perturbations from the

manufacturing errors of the coils of one half-module, the model perturbations of Fig. 1 are

taken in order to demonstrate the effect. The calculated shifts and inclination angles are listed

in Table II. The data show that the alignment offsets are quite large (at maximum: shift

11mm, inclination 1.04°) to correct the model perturbation. However, one has to take into

account that in this example only five coils are used to correct the perturbations made by all

50 coils. During the assembly of the device one should take care, that the corrections are done

spatially close to those coils which generates the perturbation.

Table II: Alignment offsets for  coil 1 to 5, situated in the first half-module between ϕ = 0
and ϕ = 36°. X, Y, Z are the Cartesian co-ordinates with X pointing to ϕ = 0; α, β and γ  are
the inclination angles to the vertical, horizontal and coil axes.

Coil # 1 2 3 4 5

shift in X   [mm] 0.0 -3.1 -9.8 0.0 -0.06

shift in Y   [mm] 0.0 4.4 3.6 0.0 9.7

shift in Z  [mm] 0.0 -0.4 0.3 -1.9 11.0

inclination  α [°] 0.08 -1.04 0.0 0.04  0.0

inclination  β [°] 0.0 0.0 -0.19 -0.15 -0.02

inclination  γ [°] 0.0 0.01 0.08 0.01 0.0
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 Like the assembly of the coils in one half-module, the assembly of the 5 modules offers the

possibility of field correction. This procedure is similar to the preceding one, the difference is

that the alignment of single coils is replaced by the alignment of entire modules. Again the

model perturbation field of Fig. 1 is used in the calculated example. Table III lists the shifts

and inclination angles to correct the field, Fig. 3 shows the resulting Poincarè plots. The data

show that only small alignment offsets are necessary compared with the former case in order

to correct the model perturbation; the largest shift is 2.4mm and the largest inclination is 0.05°

with respect to the vertical axes.

            

Table III: Alignment offsets for modules 1 to 5, co-ordinates as in Table II.

Module # 1 2 3 4 5

shift in X   [mm] 0.0 0.0 -0.4 0.0 0.0

shift in Y   [mm] -0.5 0.0 0.3 2.4 -0.2

shift in Z  [mm] 0.0 -0.2 0.0 0.2 0.0

inclination  α [°] 0.02 0.05 0.0 -0.03 -0.01

inclination  β [°] 0.0 0.0 0.0 -0.01 0.0

inclination  γ [°] 0.0 0.0 0.0 0.02 0.0

The correction of field perturbations of the planar coils by  proper alignment offsets of coils

is also possible. In contrast to the non-planar coils, the correction must be done among  coils

of the same type. The reason is that the currents in the planar coils depend on the magnetic

configuration and are not as uniform as in the non-planar coils. On the other hand,

Fig. 3  Compensation of the model error
field by proper alignment of the whole
modules 1 to 5.

Fig. 2  Compensation of the model error
field by proper alignment of non-planar
coils 1 to 5 in the first  half-module
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perturbations by the planar coils are not expected to be as large as those of the non-planar

coils due to the smaller coil currents and larger distance to the plasma.

5.   Compensation by extra coils

Although all geometrical measurements are done with high precision, some uncertainties of

the geometrical shape of the magnet system and also adjusting tolerances remain. Thus, it is

probable, that a significant field perturbation resonant to ι=1 will occur in the magnetic field

of W7-X. In order to provide a tool for compensation of the remaining perturbations some

extra coils are required. In W7-X there are 10 control coils (2 per module) installed, mainly

for island shaping and sweeping. These coils are also usable for field error compensating.

Energised with currents of up to 25 kA-turns, they are able to generate a B11 Fourier

component of  up to  0.4mT.  A compensation of the model field perturbation of  Fig. 1 is

possible up to a main toroidal field strength of 1.5T.

In case  larger correction fields are required additional coils must be provided. As an example

for such coils, Fig. 4 shows, together with the coil set of W7-X, a pair of current loops and

five m=1, n=1 helical windings. The normal-conducting current loops are located near the

triangular cross-section inside the vacuum vessel and the super-conducting helical windings

just outside the non-planar coils within the cryostat. They generate field components as listed

in Table IV. The currents required to compensate a certain perturbation field are significantly

smaller using the five helical windings, however, the individual adjustable field components

are limited to B11 and B22. The components B33 and B44 are sidebands to B22 and B11 and the

component B55 is rather small due to the large distance of the windings to the resonant

surface.

Fig. 4  Non-planar, planar and control coils of W7-X (one field period) together with the
current loops and helical windings which are used in the examples for compensation of the
model error field.

current  loop

control coil

helical
winding
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Table IV: Fourier components in G/kA generated by additional current loops and a set of
resonant helical windings.

Fourier component B11 B22 B33 B44 B55

Control coil        [G/kA] 0.16 0.40 0.52 0.53 0.65

Current loop       [G/kA] 0.35 0.43 0.38 0.37 0.58

Helical winding [G/kA] 3.56 1.47 0.64 0.48 0.01

        

Fig. 5  Compensation of the model error field by current loops (left) and by resonant helical
windings (right).

For compensation of the model perturbation field of Fig.1, currents in the current loops of up

to 26kA and of up to 3kA in the helical windings are required. The result of the compensation

is demonstrated in Fig 5 where the Poincarè plots of  the magnetic surfaces are shown.

6.   Summary and Conclusion

There is a good chance to perform corrections of the magnetic field arising due to known

fabrication inaccuracies of the single coils by specific alignments during the half-module

assembly. There is also a promising possibility to correct adjustment offsets and welding

distortions which may occur during the assembly procedure of the half-modules if there is

enough clearance in the mechanical connection parts of the modules. The required

geometrical measures for the adjustments are typically of the same order as the geometrical

coil errors. The remaining field perturbations can be compensated using the control coils up to

absolute Fourier components of about 0.4mT. For further compensation, extra coils must be

installed  such as the current loop or helical windings shown by the two examples.
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