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Tokamak magnetic equilibria are routinely calculated byradsShafranov solver using ex-
ternal constraints from magnetic measurements and, ifadolaj internal constraints from mo-
tional Stark effect (MSE) measurements. The reconstmicfdhe magnetic equilibrium is ill-
posed using external measurements only and the internalESurements are cumbersome
to be calibrated. Therefore, additional internal conetsawould be helpful to restrict and val-
idate the ill-posed inversion problem by providing compértary and redundant information.

One type of internal constraint can be provided by presstofigs. Edge pressure constraints
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were successfully applied, e.g., to reconstruct the edge ¢
rent distribution for plasma stability studies [1, 2]. Core$ 1
sure profiles are usually not applied because the pressure
fast particles is laborious to be estimated. Alternativeig

current distribution and, hence, the magnetic equilibraam, D
in principle, be determined completely from pure geometr
information about the shape of the magnetic surfaces [3]. 4
the temperature is considered to be constant on a closed fQ

surface, redundant measurements on the same flux surf

can provide sufficient information to determine their piosit
and shape as long as temperature gradients allow to label f| ¢

surfaces with temperature values. Multiple electron tewpe |

ture (Te) measurements on the same flux surface are provided
by electron cyclotron emission (ECE) measurements in ffigure 1:Equilibrium using mag-

netic measurements only (blue) and
core plasma of ASDEX Upgrade. Therefore, the ECE dataaaﬁéombination of magnetic, pres-

low to provide geometric constraints for the Grad-Shafvangure and iso-flux data (red), and the

. . . . . ECE resonance positions (green).
solver consisting of pairs of coordinates, each pair beimg o
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Figure 2:Left: Temperature profile using the standard equilibrium. Middle: Radiaitpan of ECE LOS
and resonance position from a beam tracing code. Right: Iso-flux positiom a spline fit to J(R).

the same contour of a flux surface.

Fig. 1 shows poloidal magnetic flux surfaces reconstruciéfdiwagnetic data only (standard
equilibrium, blue lines, #28894, 3.03 s, shortly beforenkgt sawtooth crash). The green dots
depict the cold resonance position of 60 ECE channels. Theat&CE channels are located
close to the magnetic axis which enables to infer shapenrdton about the geometry of the
magnetic surfaces in the plasma core from multigkeneasurements on the same flux surface.
Mapping the resonance position of the ECE channels to thegmonding magnetic coordinate
(normalised poloidal fluyope of standard equilibrium) results in an unphysi€gloop close to
the magnetic axis (Fig. 2 left). A possible source of Madoop is given by microwave deflection
which results in distorted lines-of-sight (LOS) and, henoeshifted ECE resonance positions.
But, considering the deflection of the LOS via a beam tracirded@ ORBEAM) [4] shifts the
loop on theppo axis but cannot resolve the loop. For the present discharteawnoderately
peaked electron density profile (Fig. 3 left) the deflectibthe ECE channels is, 1 cm (Fig.

2 middle).

Another reason for th&-loop might be given by the magnetic equilibrium used forrdoo

nate mapping of the ECE resonance positions. It is well knsatithe equilibrium in the plasma

core is insufficiently determined using external magneéitacnly. The internale-values can
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Figure 3:Left: Electron density profile. Middle: Electron (dashed) and MHD presgsolid) profile and
pressure constraints (red dots). Right: Electron temperature andusgslirs for improved equilibrium.
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Figure 4:Electron density, temperature and pressure profiles with equilibria usimgnetic data only
(blue) and magnetic, pressure and iso-flux data (red).

be used to constrain the magnetic equilibrium in the core Tehmeasurements as a function
of major radiusk of the ECE resonance positions on the deflected beams (Figh® black
circles) allow to determine pairs of coordinaf€sz) , with the saméle belonging to the same
flux surface. The red line shows a 5-pivot spline fit to ECE datmnfthe central channels within
an interval of 1 ms around 3.03 s. The green circles depics pdiTe-values on the high- and
low-field-side, respectively, belonging to the same fluXae (iso-flux pairs). The information
of coordinate pairs lying on the same flux surface was indwtean additional constraint in a
newly developed Grad-Shafranov solver IDE (Integratecal2atalysis Equilibrium) based on
the concept of CLISTE [5]. The values of the magnetic flux ar@vant as well as the values
of Te. Only the relative calibration of th&-measurement has to be reliable to be able to resolve
the geometry of the flux surfaces. Since the relaipealibration for ECE channels belonging
to the same local oscillator (LO) is considered to be suffityereliable, we use the central
channels only.

The red lines in Fig. 1 show the equilibrium using magnetiespure (Fig. 3 middle, red
circles) and iso-flux data (Fig. 3 right, red). The resultihx surfaces are radially shifted and
compressed. The magnetic axis is shifted outward by abau5TheTe-loop is much reduced
(Fig. 3 right, black). Please note that no geometric comgg@bout the vertical position of flux
surfaces could be provided as the LOS of the central ECE claarenearly horizontal.

The ECETe-data allow to improve the equilibrium in the core, but theised equilibrium
also affects the profiles estimated from various diagnesti@n integrated data analysis (IDA)
approach [6]. Fig. 4 depicts electron density, temperatacepressure profiles evaluated with
equilibria using magnetic data only (blue) and magnetiespure and iso-flux data (red). The
profiles coincide at the plasma edge but differ at the core different positions of the 5
interferometry LOS for the two different equilibria can atey be seen in the location of the

dips in the density uncertainties.
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Figure 5:Sawtooth cycles: ®) of Te max (left) and Emax(R) (middle), and major radius ) of magnetic
axis (right) using magnetic data, pressure and iso-flux data (red) aaghetic data only (black).

The evolution of the position of the maximufamax(t) and Te max(R) during a sawtoothing
period of the plasma is shown in Fig. 5 (left and middle). Tasteoth cycles of the iso-flux data
have their counterpart in the radial position of the magnatis (right, red), whereas the axis
of the equilibrium using magnetic data only stays nearlystant about 15-20 mm at smaller
radius (right, black).

In conclusion, the magnetic equilibrium in the plasma cerestimated more reliably by pro-
viding geometric information about the shape of the magretifaces usin@e.-measurements
of the central ECE channels at ASDEX Upgrade. The data areufiatient to constrain the
equilibrium completely, as e.g. the amount of available EGEnoels is limited and vertical
information is not provided. A thorough sensitivity studytlwrespect to the equilibrium pa-
rameters and uncertainties of input quantities, e.g. tteedal field and the density profile is in
progress.

References
[1] A. Burckhart, M. Dunne, E. Wolfrum, R. Fischer, S.K. Rathgela@id the ASDEX Upgrade Team.
Effect of experimental uncertainties on the calculation of the peeling-batigstability boundary.

In S. Ratynskaya, L. Blomberg, and A. Fasoli, edit&BS 2012 / Europhysics Conference Abstracts
volume 36F, page P2.006. European Physical Society, Geneva, 2012.

[2] M.G. Dunne, P.J. McCarthy, E. Wolfrum, R. Fischer, L. GiannoneBArckhart, and the ASDEX
Upgrade Team. Measurement of neoclassically predicted edge cdemsity at ASDEX Upgrade.
Nucl. Fusion 52:123014, 2012.

[3] J.P. Christiansen and J.B. Taylor. Determination of current distribitientokamak.Nucl. Fusion
22:111, 1982.

[4] E. Poli, A.G. Peeters, and G.V. Pereverzev. TORBEAM, a beanntyamde for electron cyclotron
waves in tokamak plasma€omputer Physics Communicatioi$6:90, 2001.

[5] P.J. McCarthy. Identification of edge-localized moments of the cudensity profile in a tokamak
equilibrium from external magnetic measuremeRlasma Phys. Control. Fusipb4:015010, 2012.

[6] R. Fischer, C.J. Fuchs, B. Kurzan, W. Suttrop, E. Wolfrum, andEX Upgrade Team. Integrated
data analysis of profile diagnostics at ASDEX Upgraéesion Sci. Technql58:675-684, 2010.



