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Equilibrium reconstruction is the essential tool for determining the field structure and cur-

rent density in a tokamak discharge. For performance reasons [1], tokamaks are designed to

provide a field structure that is close to being axisymmetric around the torus axis. Due to the

limited number of toroidal field coils, there are however small deviations from the axisymme-

try, the magnetic field ripple. We present a generally applicable algorithm for the calculation

of the three-dimensional perturbed field due to the ripple.
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Figure 1: Tore Supra tokamak with 18

toroidal field coils, seen from above. The

red line shows a field line with variation

due to the ripple.

The Tore Supra tokamak is equipped with N=18

supra-conducting toroidal field coils, shown in fig-

ure 1. The vacuum field generated by N toroidal

coils in cylindrical coordinates(R,ϕ ,Z) is

Bvac
T =

B0R0

R
(1−δ(R,Z)cosNϕ )

Bvac
p = −

B0R0

N
∇ δ(R,Z)sinNϕ ) (1)

whereδ describes the deviation from axisymme-

try, and is calculated from the known geometry of

the toroidal field coils. An analytic form for Tore

Supra is given in [2]. The functionδ achieves its

maximum close to the limiter on the low field side

with values up to 7%. Since there is no compen-

sation for the generated field ripple, it has to be

taken into account for equilibrium calculations. There are various options to account for the

ripple field in a method for the reconstruction of plasma equilibria. The most elaborate is the

code V3FIT [3], which is a combination of the code EFIT [4] with the 3D inverse equilibrium

code VMEC. Another option is to neglect curvature effects in the toroidal direction and treat

the toroidal variation with a coordinate transformation, as done in the plasma boundary code

DPOLO used at Tore Supra [5]. In this paper, we treat the toroidal variation by an expansion

of the toroidal current in the Grad-Shafranov equation [6]. We assume isotropy of the plasma,

and negligible flow, such that the equilibrium is described by the force balance∇ p = J×B,
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and Maxwell’s equations∇ ×B = µ0J and∇ ·B = 0. All quantities are decomposed in their

axisymmetric part, e.g.̄B =
∫

Bdϕ/(2π), and the zero-average partB̃ = B− B̄. The equations

are then expanded with a small parameterε = O(Bp/BT ). It is shown [6], that the axisymmet-

ric part of the lowest nontrivial order leads to the Grad-Shafranov equation. The zero-average

component of the expansion gives a correction term for the poloidal current density

J̃(1)
p =

RJ̄(0)
T

B0R0
B̃(0)

p (2)

The lowest order oscillating term̃B(0)
p is identified as the poloidal component of the ripple field

Bvac
p given by equation (1). The toroidal current density is obtained by∇ · J̃ = 0. The sinusoidal

form of the ripple field allows for calculating the magnetic field generated byJ̃ with a poloidal

flux functionψ̃(R,ϕ ,Z) alone. With the ripple field from equation (1), we arrive at

−∆∗ψ̃ = µ0R2∇ · (RJT ∇ δ)
cosNϕ

N2 =: µ0RD{JT}cosNϕ (3)

with the definition∆∗ := ∂ 2

∂R2 −
1
R

∂
∂R + ∂2

∂Z2 . Note that the resulting field̃Bplasma has only a

poloidal field component. With the correction field given by equation (3), we modify the ex-

isting equilibrium reconstruction code EFIT [4]. The code EFIT parameterises the unknown

toroidal current in the Grad-Shafranov equation as a linear superposition of test functions

Jk(Ψ,R). The flux has to be evaluated at the position of the magnetic sensors that are located

under a toroidal field coil (cosNϕ = +1), and between two coils (cosNϕ = −1), where it is

needed for all other diagnostics, and to determine the last closed flux surface by contact with

the limiter. The resulting poloidal flux under the coil (+) and between coils (−) is then given

by

−∆∗Ψ± = µ0R∑
k

ck(1±RD){Jk} (4)

The unknown coefficients are determined by minimising a least square functional

χ2 =
Nmeas

∑
m=1

1
σ2

m
(Fcalc

m {Ψ+;c}−Fmeas
m )2 +λ 2ℜ (5)

with the Grad-Shafranov type equation (4) as a constraint. In equation (5),Fmeas
m is the mea-

sured value,σ2
m is the estimated uncertainty of the measurement, andFcalc

m a functional to re-

calculate it from the flux function and the coefficients. The regularising termλ 2ℜ accounts for

the ill-posedness of the reconstruction problem. The innermost flux surface is obtained from

the poloidal flux given by (4) plus the contribution from the vacuum ripple field. The poloidal

flux function is not obtained directly from (1), but can formally be derived from the pertur-

bation of the axisymmetric poloidal flux caused by the vacuum ripple fieldΨ(r + dr). The
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coordinate transformationdr is obtained by integrating the vacuum field (1) along a toroidal

flux surface. The resulting poloidal flux is then approximately given by

Ψtotal = Ψ−−
R2

N2 ∇Ψ − · ∇ δ (6)
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Figure 2: Field lines of Tore Supra dis-

charge 33219 at t=8sec. At this time, the

discharge terminates on the antenna protec-

tion limiter, where the effect of the toroidal

field ripple achieves its maximum.

Top figure: The figure shows a comparison

of the boundary code DPOLO (blue) with

the equilibrium reconstruction code EFIT

WITHOUT ripple correction (red). As ex-

pected, there is a large discrepancy of the

position of the boundary, up to 5 cm at the

high field side.

Bottom figure: Here, we apply the ripple

correction for EFIT as described in this pa-

per. There is good agreement between both

codes, within an accuracy of 1 cm.

The modifications were implemented into the real-time EFIT version that is used at Tore

Supra [7]. The algorithm with the modifications described above preserves the convergence

behaviour of the code, using roughly the same number of iterations. The algorithm requires

more inversions of the Grad-Shafranov operator. Since the Grad-Shafranov solver of the code
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Figure 3: Position of plasma boundary

close to ICRH antenna protection limiter,

comparison with boundary code DPOLO.

The points represent selected time slices

from 51 shots, where green points stand

for EFIT without ripple correction, and red

those with ripple correction, giving far bet-

ter agreement.

is optimised, the computational cost is only slightly increased, for a typical case from 40 msec

per timeslice to 50 msec. The results are compared with the real-time boundary code DPOLO

that uses coordinate transformation for the ripple correction [5]. A typical result is shown in

figure (2). Both methods that use completely different algorithms agree on the position of the

plasma boundary within a few millimetres. A systematic comparison of a range of shots proves

good agreement of the plasma boundary, as shown in figure (3). The code therefore now serves

as routine equilibrium analysis code for Tore Supra discharges. The algorithm described in the

paper is applicable to any tokamak once the functionδ describing the ripple field is known. It

can be extended to work also for a superposition of modes. This is applicable to magnetic field

ripple caused by ripple compensation with ferromagnetic inserts, as proposed for the ITER

device [8] .
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