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Abstract. The measurement of the safety factor q in tokamaks, which describes the winding of the helical
magnetic field lines, is very important especially for the achievements of advanced scenarios. The motional
Stark effect diagnostic can provide a direct measurement of the magnetic field orientation but the derivation of
the g-profiles requires a simulation of the magnetic equilibrium taking into account inputs from several other
diagnostics. This analysis can be affected by large errors. In order to validate the results, q profiles are compared
with the radii of MHD modes, which can be attributed to surfaces of known q. This paper analyses the errors in
the assumptions on the derivation of the MHD mode localization.

1. Introduction

The performances of Advanced Tokamak (AT) [1] scenarios depend substantially on the
radial behaviour of the safety factor q = rB/RB,, (where r and R are the minor and major
radii, and B; and B, are the toroidal and poloidal magnetic fields). The direct measurement of
q is a challenging diagnostic issue, due to the inaccessibility of high temperature plasma
regions to material probes. Significant information can be obtained by the MSE (Motional
Stark Effect) diagnostic, which measures the direction of the local magnetic field by the
polarimetry of radiation emitted by fast neutral beams. Information on the radial g-profile can
also be extracted by the study of magnetic islands, characterized by toroidal (n) and poloidal
(m) mode numbers, which resonate on surfaces where g=m/n. A previous work [2,3] reported
the results of comparisons of MSE q profiles in JET discharges [4,5] with the radial locations
of MHD modes [6, 7], which appeared quite satisfactory for monotonic profiles. The radius of
a magnetic island can be obtained as the location where the island rotation frequency matches
the ion diamagnetic frequency profile in the frame with zero radial electric field
(0=w*+twgxp). Alternatively the island radius can be identified as the position where the
temperature oscillation exhibits a  phase jump. The present paper analyses the assumptions
and limits implicit in the estimation of the rotation frequency. On the other hand for reversed
q profiles (minimum of q(r) not in the plasma centre) the reconstruction from MSE data is
more uncertain, and the localization of MHD is also more difficult due to uncertainty in the m
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number. The profile reversal is often marked by other well identifiable MHD activity (Alfvén
Cascades) [8,9] that starts when the minimum ¢ is at an integer or half integer value.

2. Measurement of the q Profile

The equilibrium magnetic field in tokamak lies on nested toroidal surfaces that enclose
constant values of both toroidal and poloidal magnetic fluxes. The safety factor q, which
represents the thread of the helical magnetic field lines winding around the torus, is given by
the derivative of toroidal flux with respect to the poloidal one. At the periphery of the plasma,
magnetic coils can measure the shape and q value of magnetic surfaces quite accurately.
Conversely, the measurement of these quantities inside the hot plasma is hindered by the
impossibility of using physical probes. A full description of the radial magnetic equilibrium
can be obtained by solving the Grad-Shafranov equation [7], describing the plasma pressure
balance, with the peripheral boundary condition; however this approximation leads to large
uncertainties in the plasma core. In a well-diagnosed tokamak, there are several diagnostic
inputs, which can be used to constrain or supplement the equilibrium simulation: namely
LIDAR, Thomson Scattering, Core Spectroscopy and ECE (Electron Cyclotron Emission)
provide profiles of the electron and ion temperatures and densities to evaluate the kinetic
pressure; while some knowledge of the local magnetic field and plasma rotation is also
available from Faraday rotation and Charge exchange spectroscopy. The most relevant
contribution to the description of the magnetic equilibrium is obtained from the Motional
Stark Effect diagnostic (MSE), which measures directly the pitch angle of magnetic field
lines. This technique relies on the observation of the D, line emitted by the fast neutral
Deuterium atoms injected in most tokamaks for additional heating. Due to the high electric
field experienced by the particles moving in the magnetic field, one of the Stark-split
components of the H, line is polarized in the direction of the magnetic field. Polarimetric
measurements [10,11] can thus provide the local magnetic field orientation at the intersection
of the line of sight with the beam. A typical layout for the MSE diagnostic is illustrated in
FIG.1.

Neutral Beam

Viewing chords

Ha

) VTAIVEAV V.

3% 5 3

| Motional Stark Spectrum

FIG. 1. Schematics of the MSE diagnostic

The accuracy of this technique is very high although it can be hampered by the presence of
background polarized radiation. The radial positions for the MSE data points and a typical
magnetic configuration in the JET tokamak are illustrated in Fig. 2.
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Although the MSE polarization angles can be measured precisely, they do not determine
independently the shape of the plasma magnetic surfaces. As a consequence, MSE data can be
used more profitably as constraints to magnetic equilibrium reconstruction codes. Equilibrium
simulations including constraints from the diagnostics listed above give better descriptions of
the magnetic surfaces and of q profiles.

3. Localization of magnetic islands

Magnetic islands originated by tearing instabilities [7] give rise to magnetic oscillations,
which can be detected by Mirnov coils at the plasma edge. These oscillations are
characterized by toroidal (n) and poloidal (m) mode numbers, associated to the mode
periodicity in the torus angles, and correspond to rational g=m/n values resonating with the
island helicity. Mode identification is obtained by Fourier analysis of the signals and phase
comparison between coils at different locations. This leads to a clear attribution of the n
number, while the m number is subject to a degree of arbitrariness.
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FIG. 3. Mode frequency and mode location
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The radial localization of the island has been obtained following two independent methods:
3.1. Temperature oscillations
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Magnetic islands induce temperature oscillations inside the plasma. Temperature signals from
ECE radiometer are cross-correlated with a reference signal from a Mirnov coil, so that
amplitude, phase and coherence are obtained as a function of the plasma major radius. In
particular, the radial phase profile shows a m jump whenever an island is crossed, moving

along the radial coordinate.

FIG. 4 illustrates a comparison of MHD markers obtained from ECE and from the island

velocity.
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FIG. 4. Comparison of q profiles with
data from ECE The continuous curves
represent the profiles obtained from the
EFIT equilibrium calculation without
(qer)  and  with  (qusg) MSE -
polarimetry-constraints.

Markers are obtained by different
island localization methods:

1) Temperature oscillations (ECE and
Fast ECE);

2)Island rotation velocity (MHD and
MHD corrected, see next paragraph)

The island location is given by the radius at which the measured island frequency matches the
ion diamagnetic frequency profile in the frame with zero radial electric field, i.e. w=w*+wg«s.
Profiles of w*; and wgyp are calculated from ion temperature and rotation as measured by
Charge Exchange Spectroscopy at different radii. In the hypothesis that the mode rotates with
the plasma fluid, the island rotation frequency can be expressed as [12, 14] :

S éaTC)) v~ na(Tl. - TC)+ nT. dlnN, T dln N,  Equationd
oY oY 6 Jy Y

Where

Q., =Carbon toroidal rotation frequency

Veg = Carbon Poloidal velocity

1. = lon Temperature, Carbon

T, N, = Deuterium lon Temperature, Density

Y = Magnetic flux

kg = Island poloidal wave number

On a first approximation in the equation above, only the first two terms have been considered.
A typical result is shown in Fig. 5, where the markers from MHD analysis (the figure reports
modes with m/n=1/1,4/3,3/2) are compared with EFIT profiles with and without MSE
conditioning) and in FIG. 6 which shows the time behaviour of the radius of the q=1.5 surface

from the equilibrium and from MHD.
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FIG. 5. Behaviour of q vs. major radius. From
EFIT: qerr-unconstrained equilibrium; qysg
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MHD analysis:
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FIG. 6. Time behaviour of the radii of the g=3/2
and q=5/2 from MHD analysis and from the
EFIT reconstruction

The comparison has been extended to all shots of the experimental campaign in the Hybrid
scenario [12,13], characterized by monotonic profiles. The database includes 1600 time steps
in 225 shots. The difference on the radii of the q=1.5 surface gives an average error (Rusg -
Rmup)/ Rvmup which is reduced from ~ 8% to ~ 1.5% when using the diamagnetic correction

as illustrated in FIG. 7.
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FIG.7 The radii of the q=1.5 surface from the MSE constrained EFIT and from MHD location of

the m/n = 3/2 radial location. Case a) and b) of FIG 5
4. Full evaluation of the terms contributing to the island rotation frequency
In order to understand the accuracy of the results above, we are now considering all terms in

equation 1. Data for the Carbon Temperature and velocity are taken from charge exchange
spectroscopy, in the hypothesis that T;=T, and N;= n¢/Zss.
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In Fig.8 the horizontal dotted line corresponds to the frequency measured by Mirnov coils.
The island radius is evaluated by the intersection with the curves representing the various
approximations to equation 1.

It can be noticed that the island radius moves outward when moving form the curve

5 07,
w=n- Qc¢to the curve W = n(QC¢ - EG_UCJ))’ this corresponds to the results illustrated in

the previous paragraph. The remaining terms are strongly dominated by the
kyv ., contribution. In particular there is a significant difference in using the measured v, or
the value estimated with the neoclassical approximation (see FIG.9). Even in the internal
region (close to the q=3/2 surface), the difference in the two values is high enough to produce
a substantial agreement with the MSE profile only when v, <<vgy®. The difference cannot
be accounted for by the inclusion of the error bar in the velocity measurement: in FIG. 10 the
terms related with the upper bound (green circles) and lower bound (magenta circles) on the
kyv,, are shown.
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5. Profiles with shear reversal

The analysis of g-profiles with a minimum off the plasma centre can lead to higher
uncertainties in the identification of the rational surfaces. In some cases the identification of
internal modes by X ray tomography, can help to describe the reversed region. An example is
shown in Fig. 11.

In reversed shear discharges it also possible to observe fast sequences of modes with varying
m numbers (Alfvén Cascades-AC) when qmin passes through a rational value. This effect is
used in the calibration of qusg in dedicated shots. The time coincidence between AC’s and
Qmin ™ has been checked in set of 30 shots with different characteristics showing that the
calibration grossly holds in about 90% of the cases with time uncertainties less than 0.5 s.
FIG.12 illustrates the qusg profiles at the crossing of the =3 and q=2 on the same shot.
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FIG. 11. Comparison of qusg and internal modes | FIG. 12. g-profiles at the crossing of the qumi=3
localisation by X-ray tomography and gmin=2 surfaces

6. Conclusion

In JET hybrid discharges, the profiles of the safety factor q show a good agreement with
markers obtained from MHD analysis. The agreement holds if the rotation velocity of the
island is evaluated either by neglecting the poloidal velocity or using a value close to the neo-
classical approximation (e.g. much smaller than the experimental one). The model used
implies that the mode rotates rigidly with the plasma. Some more investigation is needed to
understand the physical limits of this hypothesis.

For reversed profiles, uncertainties in q values near the axis are higher than those for
monotonic profiles, although in some cases they are seen to correspond with experimental
data from X- ray tomography and with the observation of Alfvén Cascades.
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