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Theory

Equilibrium reconstruction is the essential tool for determining the field configuration and
current density in a Tokamak discharge. These quantities are not measurable directly in a
fusion plasma, and must be calculated using MHD theory. Most equilibrium codes use the
Grad-Shafranov equation, which relies on the assumption of isotropic pressure. This property
is often violated for additionally heated discharges. We therefore allow the pressure to be a
tensor. Neglecting plasma flow, we arrive at the magnetostatic equation

JxB=0[P @)
On the basis of guiding centre theory [1], the pressure tensor is expressed by the parallel and
perpendicular pressure component as
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Under the assumption of toroidal symmetry, the magnetic field is expressed with the flux
function W(R,Z) and F=R*B, as B=(LOW(R2)xey +F(R,Z)ep)/R. Inserting into equation (1)
and using the pressure tensor (2), one derives an elliptic equation for W [2]. This equation
simplifies considerably for a Tokamak plasma, where the magnetic field is dominated by the
toroidal field. Since the toroidal field depends mainly on the magjor radius as 1/R, we get a
Grad-Shafranov type equation [ 3]
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The relation between parallel and perpendicular pressure, which are functions of the flux and
the major radius, is given by

oR (W, R)
—R (4)

The profile functions P and F are difficult to measure directly. For experimental discharges,
they can be obtained from measurements with the method of equilibrium reconstruction.

P,(W,R) =R(¥,R) +R

Equilibrium reconstruction with anisotropy

The anisotropy model was implemented in the equilibrium reconstruction code EFIT [4]. The
unknown profiles Py and F are mapped onto an appropriate space of test functions, with a
finite number of parameters C. The code determines these parameters by minimising a least
squares functional
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with the Grad-Shafranov equation (3) as a mnstraint. In equation (5), F™** is the measured
value, o; its gandard deviation, and F;°* a functional to recaculate it from the flux function
and the wefficients. The mde dways uses measurements from the magnetic probes located at
the vaauum vessl. To enhance the accuracy of the reconstruction, EFIT is able to use internal
plasma measurements, such as Faraday rotation, MSE diagnostics, and information about the
presaure and safety fador. The term [ is a regularising term to avoid unphysicd oscill ations
in the aurrent profile. A natural choice for the regularisation term seamnsto be

LR — TP
D:/\{ngww\z 4R, (6)
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where the first term constrains the presaure profile to have aparabadlic shape ad the second
term forces the presaure to be isotropic. The two constants A; and A, are dhasen appropriately
to avoid oscill ations of the aurrent profil e.

The R-dependence of P makes it more difficult to determine the two profil e functions P/ and
FF' separately. However, in heated discharges, the power is absorbed mainly in the central
region. ICRH deposits the power in a region, which is limited to 0.4 times minor radius
aroundthe resonating surface [5]. Neutral bean heding has a broader deposition region, bu
less anisotropy is generated due to the geometry of the neutral beam injedors [6]. We
therefore asume that the presaure is grongly anisotropic only in the region d maximum
power deposition. The ansatz function for Py is chasen accordingly:

A=Y G0t Y (Mo @), (O =(a-N°nr-09, (7)

with r=(R-Rmin)/(Rmax-Rmin), and Rnin, Rrax being suitable limits outside the plasma. The
locdisation d the anisotropy makes again FF' and Py distinguishable. The function gk(¥)
defined in equation (7) are chasen as B-splines [7]. B-splines have alocal suppat and all ow
for an easy implementation o the regularisation. They proved to give a more robust
reconstruction than e.g. pdynomials in the anisotropy model.

Application to Tokamak discharges

As additional internal plasma measurement for fitting in EFIT, we use the parale presaure
comporent foundby the transport analysis code TRANSP. The presaure is the sum of kinetic
badkground pesaire, assumed to be isotropic, and the paralel comporent generated by
neutral bean heding and ion cyclotron heaing. As first application, we treat the reversed
shea discharge 40847,at 45.7 sec, e.g. shortly after the onset of full heating (18 MW neutral
beam, 6 MW ICRH). Earlier attempts to analyse this discharge with the isotropic EFIT and
using TRANSP presaure data were unsatisfadory. In particular, the central safety factor was
well below unity (seefigure 2). Given the asence of sawteeth, this seems to be unrealistic.
Relaxing the isotropy condtion decoupes the position d magnetic ais and pe& of the
presaure distribution, and gives more freedom for the recnstructed equili brium. Figure 1
shows field lines and isobars of the reconstructed equili brium with a magnetic axis at 3.07m.
The g profile, which is flat and dlightly inverted, with a central q of 1.66(seefigure 2). Theq
profile and the magnetic ais position agree well with soft X-ray data for similar reversed
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shea discharges, e.g. 40572[8]. From equation (4), we caculate the perpendicular presaure.
Profiles of parallel and perpendicular presaure & a function o the major radius and onthe
height of the magnetic axis are shown in figure 3. The anisotropy is limited to the centre, in
agreament with the ansatz for Py defined by equation (7). The perpendicular pressure ayrees
with the presaure found ty TRANSP.

References

[1] G.F. Chew, M.L. Goldberger, and F.L. Low, Proc. Roy. Soc. LondonA 236 (19565) 112

[2] T. Takeda, and S. Tokudg, J. Comp. Phys. 93 (1991 1

[3] A. Sestero and A. Taroni, Nuclear Fusion 16 (1976 164

[4] L.L. Lao, JR. Ferron, R.J. Groebner, W. Howl, H. St. John, E.J. Strait, T.S. Taylor,
Nuclea Fusion 30 (1990 1035

[5] T. Hellsten, and L. Vill ard, Nucl. Fusion 28 (1988 285

[6] B. de Esch, private ommunicéion (2000)

[7] Carl de Boor, 'Splinefunktionen’, Birkhauser Verlag, Basel, 1990

[8] G.T.A. Huysmans, T.C. Hender, B. Alper, Yu. F.Baranov, D. Borba, G.D. Conway, G.A.
Cottrell, C. Gormezano, P. Helander, O.J. Kwon, M.F.F. Nave, A.C.C. Sips, F.X. Soldner,
E.J. Strait, W.P. Zwingmann, Nuclea Fusion 39 (1999 1489

151

0.5

-0.5f

—o5L1 I I I I I I
0 1 2 3 4 5 6

Figure 1: Equilibrium reconstruction of shot 40847 with anisotropic pressure.
The field lines (solid) do no longer coincide with the isobars (dashed).
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Figure 2: Safety factor of the equilibrium reconstruction of shot 40847. The dotted line shows
the q profile when trying to fit to isotropic pressure, giving a central g which istoo low. The
assumption of isotropic pressure is therefore inconsistent with the other data.
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Figure 3. Pressure profiles P, and P as a function of major radius
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