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ABSTRACT. Error correction coils are planned for the TPX (Tokamak Plasma 
Experiment) in order to avoid error field induced locked modes and disruption. 
The FT (Fix Tokamak) code is used to evaluate the ability of these correction 
coils to remove islands caused by symmetry breaking magnetic field errors. The 
proposed correction coils are capable of correcting a variety of error fields. 
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1. INTRODUCTION 

The proposed Tokamak Physics Experiment (TPX) underwent a conceptual design 
review 1 in early 1993. Error field correcting coils will be necessary to avoid error field 
induced locked modes and disruption on TPX. Here we study the efficacy of the 
proposed correction coils in actually correcting shifts and tilts of the poloidal field coils. 

The non-axisymmetries in the magnetic field, caused by shifts or tilts of the poloidal field 
coils, interact with the plasma most strongly by means of the creation of magnetic islands 
at integer q values. The q=2 surface is particularly important, because of the combination 
of its low m number and its position close to the plasma edge. The magnetic islands are 
caused by that portion of the non-axisymmetric field which is resonant with the 
background magnetic field, and which is perpendicular to the unperturbed flux surface. 

The FT (Fix Tokamak) code computes the island-causing contribution of non- 
axisymmetric magnetic fieldsz. The code treats non-axisymmetric fields from both 
shifted and tilted poloidal field coils and from correction coils. By imposing the criterion 
that the sum of the error fields and the correction coil field give a zero island-causing 
contribution at selected rational surfaces, the currents in the correction coils can be 
computed. 

In this report, we compute the correction coil currents necessary to correct tilts and 
horizontal shifts of the poloidal field coils, for three correction scenarios. The correction 
coils are filamentary models of the proposed window-pane coils1. The use of window- 
pane coils as correction coils is a new capability of the FT code. 

It is important to realize that the FT code uses a small number of circular coils to model 
the plasma current. Thus, there is no plasma current response considered in computing 
island sizes, and the q profile is inaccurate. However, the inaccuracy in the q profile is 
not large near the plasma edge, where the important resonant surfaces are. Also, 
including the self-consistent plasma response would require a much larger computational 
effort, using a three dimensional equilibrium code. The FT code accurately computes the 
magnetic field of the window-pane correction coils, and the shape and poloidal flux angle 
of the resonant flwr surfaces. 





4. RESULTS 

In addition to the equilibrium and correction coil information described above, the FT 
code needs information about 1)  which correction coil currents to try to fix the error with, 
2) which Resonant Perturbation Amplitudes (RPAs) to fix, and 3) the symmetry-breaking 
error magnetic field. 

The correction coil currents are parameterized with Fourier harmonics in the toroidal 
direction, 

I:,. = cos(nqci) + BL sin(nqCi) 
n 

where If, is the correction coil current of the ith coil in the jth coil set, and qci is the 
toroidal angle of the center of the ith coil. Since each coil set has only four coils, the 
coefficients 4, AI, B,, and 4 completely determine the coil currents for each set. The 
odd-n constraint implies 4 = 4 = 0 for each coil set. Thus, there are two parameters 
available for each coil set, for a total of six parameters. All six parameters are used for 
the optimizations. 

A Resonant Perturbation Amplitude (RPA) is related to the Fourier amplitude of the 
perturbation magnetic field perpendicular to an equilibrium flux surface*. The 
equilibrium flux surface chosen is the one that resonates with the particular Fourier 
Amplitude. For example, the q=2 flux surface is used for the computation of the m=2, 
n=l RPA. The RPA can be readily related to an island width, if the assumption is made 
that only one RPA is responsible for the island. The island width is proportional to the 
square root of the RPA. 

The choice of which RPAs to minimize greatly affects the optimization. Roughly 
speaking, each RPA requires two correction coil current parameters to minimize it, since 
an island can have an arbitrary phase. The numerical procedure for the minimization is a 
pseudo-Newton method using singular value decomposition. If there are more 
parmeters (correction coil currents) available than needed for the WAS chosen, the 
algorithm additionally minimizes the currents in the correction coils. If there are fewer 
parameters than needed for the WAS chosen, the chosen RPAs will not be zero, but will 
be minimized. 
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in coils sets 1 and 2 are not the same. This is a reflection of the lack of up-down 
symmetry in these two coil sets. Correction coil set 2, which has smaller coils than set 1, 
requires larger currents than correction coil set 1 only for case 4. This is perhaps an 
indication that coil set 1 is larger than it need be. 

Figures 1-6 show midplane surface-of-section plots of the magnetic fields for Cases 1-4. 
In all cases the x axis is the toroidal angle, which ranges completely around the machine. 
The y axis shows the major radius R of intersections of magnetic field lines with the 
midplane. Figure 1 corresponds to Case 1, where there is an error field, but no correction. 
Note the substantial islands visible at q=l, 2, and 3. 

Figure 2 corresponds to Case 2, where the (2,l) RPA has been eliminated. In this plot, 
only surfaces near the q=1,2, and 3 surfaces are shown. The other surfaces are similar to 
those of Figure 1. Note the lack of a visible island near the q=2 surface 

Figure 3 shows a radially narrow (1 cm) region near the q = 2 surface, for Case 2. Note 
the (6,3) island present at the q = 2 sudace, with a size consistent with that given in Table 
N. 

L 

Figure 4 corresponds to Case 3, where the (2,l) and (6,3) WAS have been eliminated. 
As expected, there is no island visible near the q= 2 surface. Figure 5 also shows a 
radially narrow (I cm) region near the q=2 surface, for Case 3. Note that the (6,3) island 
seen in Figure 3 is not visible here. 

Figure 6 shows corresponds to Case 4, where the (2,1), (6,3), and (1,l) RPAs have been 
eliminated. Note that lack of visible islands at both the q=l and q=2 surfaces. 

Different Error Fields 

Different symmetry breaking error fields will cause islands of different sizes and phases, 
and will require different correction coil currents to correct them. In this subsection we 
look at a variety of different error fields: tilts of PF 1 , and 1 cm shifts of each of the 14 
poloidal field coils. 

Table V is similar to Table IV, in that it shows island widths for the three optimization 
strategies described above. The difference is that, instead of a shift of PF1, the error field 
is a 1 cm tilt of PF1. The results, while different in detail from those described above, are 
similar: the RPAs chosen can be made nearly zero, more current is required to make more 
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TABLE LI. Correction coil set parameters, for “eyeglass” correction coil sets. There are 
four window-pane coils with horizontal straight legs in each correction coil set. The coils 
in each set are evenly space in toroidal angle. 

Coil Set Inner radius Outer radius Toroidal gap z 
m rn m m 

1 1.4892 3.6292 0.1 153 2.5462 
2 1.4892 3.1079 0.1153 -2.5 183 

TABLE ID. Correction coil set parameters, €or the “picture frame” correction coil set. 
There are four window-pane coils with vertical straight legs in this correction coil set. 
The coils in each set are evenly space in toroidal angle. 

Coil Set Radius z top Z bottom Toroidal Gap 

3 3.7978 1.7442 - 1.7442 1.0602 
m m m m 
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TABLE V. Island widths and maximum correction coil currents for cases 1,2,3, and 4. 
The error is a 1 cm tilt of poloidal field coil 1. Island widths are given for various m and 
n numbers. They are computed from the RPAs, and are as measured on the outer 
midplane. The RPAs chosen for optimization are shown in bold face. 

~~ 

Island Widths, m 
9 m n Case 1 Case 2 Case 3 Case 4 
1 1 
1 2 
1 3 
1 5 
2 2 
2 4 
2 6 
2 10 
3 3 
3 6 
3 9 
3 15 
4 4 
4 12 

1 
2 
3 
5 
1 
2 
3 
5 
1 
2 
3 
5 
1 
3 

2.7 1E-02 
6.56E-04 
2.95E-05 
7.4OE-08 
8.24E-03 
2.55E-04 
8.49E-06 
2.09E:OS 
7.54E-03 
1.43E-04 
5.19E-06 
8.85E-09 
2.97E-03 
2.74E-06 

2.84E-02 
6.56E-04 
2.32E-03 
1.92E-04 
6.1231-09 
2.5 5E-04 
1.18E-03 
4.25E-05 
8.35E-03 
1.43E-04 
6.78E-04 
.24E-05 

7.54E-04 
4.01E-04 

2.74E-02 
6.56E-04 
1 SOE-03 
4.OOE-04 
1.27E-08 
2.5 5E-04 
1.473-09 
8.46E-05 
8.09E-03 
1.43E-04 
1.26E-04 
4.12E-05 
1.22E-03 
8.98E-05 

4.743-08 
6.56E-04 
2.8OE-03 
6.44E-04 
2.4331-08 
2.55E-04 
3.943-09 
3.42E-04 
7.83E-03 
1.43E-04 
3.79E-04 
1.79E-04 
1.96E-03 
2.7 8E-04 

Maximum Correction Coil Currents, kA 
Correction Coil Set Case 1 Case 2 Case 3 Case 4 

1 0.00 0.70 6.76 31.52 
2 0.00 0.55 4.1 1 39.37 
3 0.00 2.38 0.47 7.66 
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FIGURE 2. Midplane surface of section for case 2. Poloidal Field Coil 1 has been shifted 
horizontally by 1 cm. Correction coil currents to minimize the (2,l) RPA have been 
added. Note islands at the q=1, and 3 surfaces, and the lack of island at the q=2 surface. 
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FIGURE 4. Midplane surface of section for case 3. Poloidal Field Coil 1 has been shifted 
horizontally by 1 cm. Correction coil currents to minimize the (2,l) and (6,3) WAS have 
been added. Note islands at the q=1, and 3 surfaces, and the lack of island at the q=2 
surface. 
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FIGURE 6. Midplane surface of section for case 4, Poloidal Field Coil 1 has been 
shifted horizontally by 1 cm. Correction coil currents to minimize the (2,1), (6,3) and 
(1,l) RPAs have been added. Note the lack of islands at the q=l and q=2 surfaces. 
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FIGURE 8. Ratio Imax to Ij YS. shifted poloidal field coil number j. Imax is the 
maximum correction coils c m n t ,  and Ij is the current in the jth poloidal field coil. 
Triangles - coils set 1, crosses - coil set 2, squares - coil set 3. 
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