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COMPARISON OF POLOIDAL FIELD MEASUREMENTS ON JET
R C Wolf, J O'Rourke, A W Edwards, M von Hellermann
JET Joint Undertaking, Abingdon, OX14 3EA, G.B.

ABSTRACT

Simultaneous measurements of the poloidal magnetic field distribution
in JET by means of the Faraday and motional Stark effects are reported.
The experiments were designed to minimize errors resulting from
non-circular flux surface geometry and limited spatial resolution. Both
techniques show that full reconnection of the flux inside the q=1 surface
does not occur during a sawtooth collapse.

1. INTRODUCTION

The central safety factor in sawtoothing tokamak discharges has been
measured using a variety of diagnostic techniques /1/, with seemingly
contradictory results /2-13/. The technique which 1s closest to being a
“standard” diagnostic is that of far-infrared polarimetry (Faraday
rotation) /14/. Low values of the axial safety factor in sawtoothing
discharges, g, ~ 0.75, have been inferred from this measurement /3,6/. A
number of other techniques /4,7,10,11/ indicate on the contrary that g, 1s
very close to 1 throughout the sawtooth cycle. This raises the possibility
that the interpretation of the Faraday effect measurements is in error.
The issue has serious implications for the understanding of the sawtooth
instability and the magnetic reconnection process which accompanies 1t
/15,16/.

Until now, no direct confrontation of the Faraday effect measurements
with another diagnostic technique has been made. One difficulty in
carrying out such a comparison is the effort of mounting at least two
complex diagnostics of the poloidal field on a given machine. Another
stems from the partial mcompatlbzhty of the plasma parameters required
for different measurements.

A second technique which has been very successfully devoloped in recent
years makes use of the motional Stark effect (MSE) /17,9,13/. In this
paper we present the first direct comparison of the poloidal field
measurements obtained using the Faraday and motional Stark effects.



The measurements are made by an 8-channel DCN (195 um) far-infrared
polarimeter /18/ and by a 4-channel visible beam-emission spectrometer,
which measures both the magnitude of the Stark splitting and the
polarization of the multiplet components.

In the following section we present some details on the experimental
set-up necessitated by the nature of the diagnostics. In section 3 we
compare the evolution of the g-profile deduced by these two techniques.
Conclusions and a brief discussion of the implications of the results are
found in section 4.

2. EXPERIMENTAL ARRANGEMENT AND CONSISTENCY
CHECKS

An important source of error in deducing the safety factor profile from
a measurement of the poloidal field is the uncertainty in the geometry
of the magnetic flux surfaces, especially their elongation. This is true of
any poloidal field measurement and arises from the fact that the safety
factor is a flux surface averaged quantity. Knowledge of the magnetic
geometry is particularly important in the case of Faraday rotation since
it is also needed to Abel-invert the line-integrated measurements to obtain .
local quantities. For a given elongation of the plasma boundary, k,, the
elongation of the internal flux ‘surfaces is in the range 1<k <kK,.
Therefore in discharges with k; = 1, ie., circular discharges, the geometric .
sources of error are minimized. In the experiments reported here, circular
magnetic equilibria were used. This has been verified by the equilibrium
identification code IDENTD (which incorporates both magnetic and
polarimetric measurements) and by tomographic inversion of the soft
X-ray emmissivity. Both determinations give k = 1 within 3%.

The discharges have moderate toroidal field (Br=2.8T) to avoid
birefringence and to produce a reasonably large q=1 surface. The
electron density is also moderate (2.5¢10”m™3) to obtain good beam
penetration without having inordinately small Faraday rotation angles.
The plasma current is scanned in the range 1 - 3 MA.

An important source of error in non-local measurements like that of
Faraday rotation lies in the number of probing chords. To alleviate this
problem, major radius sweeps of the plasma column were introduced.
This increases the effective spatial resolution of the diagnostic, since
successive time points probe different relative positions in the plasma.
In the case of local measurements like that of the motional Stark effect,



radial sweeps are also useful for eliminating systematic errors which result
in offsets in the measured angle of inclination of the magnetic field.

An independent check of the q profile determination is provided by the
sawtoothing behaviour diagnosed by the SXR camera. For the discharges
in this series, the value of g, (determined from Faraday rotation) at which
sawtoothing is observed to begin is 0.97 + 0.06. Comparison of the size
of the SXR inversion radius with that of the q=1 surface shows
agreement within + 5 c¢cm., except at the highest values of ¢, { ~ 8), when
g, is very close to 1 and a small change in q leads to a very large change
in the radius of the q=1 surface.

3. COMPARISON OF MOTIONAL STARK AND FARADAY
EFFECT MEASUREMENTS '

Figure 1 shows the poloidal field distribution determined by Abel
inversion of the Faraday rotation data. Also shown are the local
measurements obtained by the MSE diagnostic and their statistical errors.
The pitch of the magnetic field deduced from the MSE measurements is
subject to a calibration error of about 1°. For a toroidal field of 2.8 T
this corresponds to an error of 0.05 T. Thus the absolute measurements
of the Faraday and MSE diagnostics are consistent, but the MSE
measurements do not reduce the error in the inferred magnetic field
within the q=1 surface ( 2.6 m < R < 3.5 m.).

A more stringent constraint is provided by relative changes in the data
arising from their time evolution or from radial displacements. Here only
statistical (signal-to-noise) errors in the MSE data need to be considered.
The systematic error introduced by offsets is irrelevant since we are
looking at the changes in the poloidal field.

Figure 2 shows the evolution of the Faraday and MSE data during the
current penetration phase. One of the radii shown (3.43 m.) is some 5
cm. outside the SXR inversion radius at the first sawtooth; the second
(3.24 m.) is well inside it. Both diagnostics indicate a substantial rise in
the poloidal field within the q=1 surface following the onset of
sawtoothing, implying that g, reaches a value below 1.

Figure 3 shows the time evolution of the central chord of the polarimeter
as the plasma is displaced in and out across the line of sight. Note that
the periodic modulation arising from sawtoothing have been subtracted
to highlight the effect of the radial sweep. Also shown are the calculated
values of the Faraday angle under the assumption that (1) the g-profile
is flat within the SXR inversion radius or that (2) the gq-profile is hollow



within this radius, reaching a value of 0.75 at the axis (Figure 9). The
latter assumption clearly gives a better fit to the data. Figure 4 compares
the effect of the same radial sweep on the MSE measurement with
simulations. Since this is a local measurement, it only depends on the
local value of the safety factor and shear:

A(i)__ér_[l,_L_‘f?_]
BT _Rq q dr

The simulations are made assuming a constant value of q at the

measurement position (dg/dr = 0). Thus the inferred value of q represents’
an upper bound if the q profile is assumed to be monotonically increasing

with radius. As with the variation of the Faraday angle, the change in

the observed pitch angle is consistent with a value of g well below 1 inside

the q=1 surface.

In order to understand the sawtooth process, it Is important to quantify
how much reconnection of the poloidal flux occurs at a collapse.
Previous analysis of the Faraday data /19/ suggests that the change in ¢,
at a collapse is correlated with the length of the preceding sawtooth
period (Figure 5). For sawtooth periods below about 300 msec., the MSE
diagnostic does not have sufficient resolution to address this question.
However it can detect the changes which occur in sawteeth having longer
periods, for example ICRF-produced “Monster” sawteeth (figure 6). The
change in ¢, which is inferred from such data is also shown in figure 5,
and demonstrates the consistency of the 2 diagnostics.

4. CONCLUSIONS

The most important sources of error in the determination of the g-profile
in JET are (1) the complicated geometry and (2) the non-local nature of
the Faraday rotation diagnostic. and (3) systematic offsets in the pitch
angles measured using motional Stark effect polarimetry. The first of
these problems has been adressed by experiments in strictly circular
discharges; the second and third, by radial sweeps of the plasma.

Under these optimized conditions, both diagnostics lead to similar
inferences regarding the safety factor profile in tokamaks. The consistent
result which emerges is that the safety factor 1s well below unity
throughout the sawtooth cycle. The actual value depends on
experimental conditions, but values in the range 0.7 - 0.85 are typical.
Partial reconnection of the poloidal flux does occur. The mechanism



which halts the reconnection process once it has begun is not understood
and poses a major challenge for sawtooth theory.

This publication forms part of a doctoral thesis by one of the authors
(RCW) at the University of Dusseldorf, FRG.
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Figure I. Poloidal field distribution determined from Faraday rotation (solid line)
and MSE measurements (circles). Two identical discharges in which the MSE
measurement positions were scanned are overlaid.
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Figure 2. Time evolution of the poloidal field during the current penetration phase
in pulse 27016. Faraday rotation (solid lines), MSE (circles). Also shown is the
evolution of the central safety factor inferred from Faraday rotation and a central
SXR signal. '
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Figure 3. Change in Faraday angle on a central chord (R=3.02 m.) during a
radial plasma sweep. Also shown are calculations assuming q, = 1 (dashed line)

and g, = 0.75 {solid line).
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Figure 4. Change in the pitch of the magnetic field during a radial plasma sweep,
inferred from the MSE measurements. Also shown are calculations assuming
vanishing shear and g = 0.7 (solid line) and 1.0 (dashed line).
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Figure 5. Change in q, at a sawtooth collapse versus preceding sawtooth period.
Faraday rotation (diamonds), MSE (squares).
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Figure 6. Evolution of the ¢ and n polarizations during a "Monster” sawtooth.
Also shown is a central SXR signal.
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