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ABSTRACT

Electron cyclotron emission measurements taken at 20 locations in the i rizontal mid-
plane during a sawtooth crash have been analysed based on the assumption of fast rigid
rotation of the plasma. Due to this fast rotation(as 100usec), which remains fairly constant
throughout the sawtooth crash, we have been able to make time-to-space recoustructions of
half the poloidal plane using points which are separated in time by not more than 40usec.
The existence of a temperature flaiiening in the precursor phase, which we interpret as an
m=1 temperature island, is clearly demonstrated, and its location a1d width agree well with
local emissivity measurements from soft x-ray tomography viewing the same poloidal plane
[G.Kuo-Petravic PPPL-2555, 1988]. The rotating temperature island in the precursor phase,
the outward movement of the region of high T. during the crash phase, and the shape of T,
distribution after the crash during the successor phase have all been docuniented in a time

sequence of color contours.
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1. INTRODUCTION

Recently, measurements have been made of electron cyclotron emission {(ECE) from
TFTR during a sawtooth crash phase. The experimental setup {1]| is shown in Figs. 1 and
2. Emission from the horizontal midplane is focussed by a reflector and sent to a grating
spectrometer. From 20 channels of the spectrometer we obtain information on local electron
temperatures, T, at intervals of approximately 5.5 ¢cm along a major radius both inside
and outside the magnetic axis. Owing to the presence of harmonics, we cannot measure
beyond 1/2 of the way in minor radius, that is, around 40 cm. Viewing the same poloidal
plane horizontally is an array of soft x-ray detectors used for tomographic analysis [2]. We,
therefore, have a means of cross-correlating two independent sets of measurements and data
processing methods for the same sawtooth crash. This is invaluable for validating both the
tomographic method with Fourier-transformed variables and the time-to-space reconstruc-
tion method based on the rigid rotation of the plasma. In this paper we shall discuss two
reconstruction methods whieh assume that the fast rigid rotation of the plasma brings T,
information for the entire poloidal plane into the field of view. The observed flattening
of the temperature profile in the precursor phase, which we interpret as an m=1 island,
correlates well with the tomography results, giving strong proof of the validity of the ECE
reconstruction method, at least in the precursor phase.

In order to make the analysis easier, a discharge (shot no. 30904) was chosen which had
as fast a rotation as possible compared to the sawtooth crash time. The parameters of the
discharge were: plasma current I,=1.7 MA, average electron density NV, = 3.8 x10'® / m?,
major ra.digs R =2.46 m, minor radius a = 0.81 m, and neutral beam power Pg = 19.9M V.
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2. METHOD OF ANALYSIS

The 20 channels of ECE data were digitized at 100 kHz with 8K of memory per channel.
In Figs. 3a, 3b, and 3c we show raw data from three channels at the following radii: a; R=234
cm, b) R=239 e¢m and, ¢} R=259 cm, respectively. These are typical of the three distinct
regions important in sawtooth instability, namely, regions where ¢ < 1, ¢ = 1, and ¢ > 1
respectively, q being the safety factor. Figures 3d, e, and 3f are enlargzements of Figs. 3a,
3b, and 3c in the vicinity of the sawtooth crash. It is necessary to locate the centers of the
flux surfaces in the midplane because we assume that they are also the centers cf rotation.
The extent of the Shafranov shifts may be found by displaying T, averaged over a rotation
period versus the minor radius, r, using any assumed value of Rm,j0r (Fig. 4). A spline fit to
these data shows up the symmetry points which are defined as the midpoints in radius for
a given T,. Since we are interested mainly in the region of plasma from the ragnetic axis
to around the q=1 surface, that is, 0 < r < 30 cm, we shall assume one midpoint, which is
also the center of rotation, for all the flux surfaces. The effects of neglecti-:g the differences
in Shafranov shifts and shear in angular velocity for the flux surfaces contribute to not more
than 1 cm of uncertainty in the reconstruction process.

Figure 5, which corresponds to a channel near the q=1 surface, shows the data points
and the time interval analysed. First of all, we observe that the repetition rate remains
approximately constant throushout this range of time at = 100gsec. The first three periods
comprise the end of a long sequence of oscillations which exhibit extreme regularity both in
frequency and amplitude and which have been in existence since the start of the digitizer
50 msec back. This is termed the precursor phase of the sawtooth instability. The next
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oscillation shows a much enhanced amplitude due to the outward movement of the region
of high T, in the crash phase. Finally, we analyse three oscillations of the successor phase
which are again more regular but smaller in amplitude.

Because of the fast rotation, we can think of the plasma as being advected to the
positions of the 20 channels every At seconds(in our case the sampling time At= 10pusec).
In Fig. 6 we show how it is possible to convert this sequence in time into a spatial distribution
in the given poloidal plane. Figure 6a is a schematic diagram showing a sequence of signals at
constant radius both outside( Py, P, ......Pyq) and inside(M,, Mo, ....M\p) the magnetic axis
plotted against real time t. At time ¢ = tq the signal at the location of the outside channel
in the midplane is, of course, tg, while the signal at the same location at time ¢ = t; may be
interpreted as the signal at poloidal location # = 7 /5 at time ts assuming clockwise rotation.
That is, the signal at t = ¢,, Pa, can be interpreted as the signal at § = (n = N = 1)#x/N,
where 2N=total number of points per rotation period. In our case, N=5 and n=7, ...10
for the outer channels for reconstruction at ¢ = t¢. Similarly, we can map the sequence of
signals in time in the inside channels onto the region below the midplane. For a clockwise
rotation the inside signals are lagging in phase by = from the outsid. atgnals. Therefore, a
sequence of signals Fg, Pr,...Pyo, Ms, M7, ...M1q maps cut the entire poloidal distribution of
T, at time ts (unweighted method). For the distribution at t = ¢{; we need only advance in
time(Fig. 6a) by At: the sequence is then Pi, Pg,...Py .My, Mg, ...M;. It is clear that this
reconstruction uses information (¥ ~ 1)At away from the real time of the distribution to
which it contributes. While this is perfectly acceptable in the precursor phase, it is less so in

the crash phase, since the crash happens over = 50 - 100 usec, which is just about the rotation



period, 2N A¢, This time is to be compared with the maximum real time difference between
signals on a given frame of reconstruction, which is (¥ — 1)At = 40usec in our present
setup. It may be argued [3] that it is desirable to give more weight to the data points closer
in time to the time of the reconstructed distribution, ¢,, and de-emphasize points further
away in time. This weighted method involves using additional (N-1) points ahead of ¢, both
on the outside (Pn-1, P -2,...Pn-n4+1) and the inside (Ma_1, Mooz, ... Moong1). We use the
weighted average of two signals, one from either side, separated in real time by a half-period
NAt. This is shown in Fig.6a as dashed diagonal lines joining the inside data to the outside.
The signal at § = (n — N — 1)x/N for a reconstructed distribution at ¢, is now given by
(BN —m+ 1)Pr+ (m — N —1)Mp_n)/N , where m=n,n+1,..n+N-1, for § < =, and
similarly for 7 < @ < 2x. Since we have now involved points over a full rotation peried
rather than half a period in the unweighted method, we are back to the same conclusion
that the weighted method also should work very well for the precursor phase and less well

for the crash phase.

3. RESULTS

Both methods of reconstruction, weighted and unweighted, have been implemented and
applied to the time interval marked by arrows A and B in Fig. 5. In Figs. 7 and 8 we show
the weighted reconstructions of T, both as contours and 3-D plots at selected times marked
by arrows (1) to (8) in Fig. 5. Similarly those for unweighted reconstruction are shown in

Figs. 9 and 10. In our particular shot {no. 30904), where the rotation period is 100 usec,



if the T, of an element of nlasma at location § = 47/5 at time t changes appreciably on the
scale of the reconstruction time ~ 4At, then a large error may occur. This is because by
the time this element reaches the location of the detector channel at t=t+4At, a diffecent
value of T, would be registered. Since this situation probably pertains to the crash phase, it
may be more accurate to use the unweighted method for this phase with the understanding
iiat regions 7/2 < 8 < 7 and 37/2 < 8 < 27 are not as accurate as the remaining regions,
where reconstruction is derived from signals closer in time. Comparison of the two methods
as represented by Figs. 7 to 10 does not reveal any qualitative differences for the precursor
and successor phases, as would be expected. However, the crash phase, as given by the
unweighted method, is sharper while the weighted method produces smoother profiles, a

result of averaging over twice the time interval.

The above procedures apply to periods of rotation that are integral mulitiples of At,
which generally do not occur. We have extended the unweighited method to allow for varying
periods of rotation. First, the rotation periods are measured by subtracting from the signal
of Fig. 5 a smooth signal notained by time averaging over one rotation period. Once the
periods have been determined, che time sequence of signals can then be laid out on the

poloidal plane according to their phases.
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Note : An animated sequence of T, profiles in contours of 255 colors was made on a Mac-
intosh II with the aid of IMAGETOOL [4]. Anyone wishing to view a videotape of this

reconstruction may contact the author.
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FIGURE CAPTIONS

Figure 1 Schematic diagram of 2 TFTR poloidal plane showing the positions of the
20 ECE chanpels.
Figure 2 Schematic diagram of the experimental setup for ECE measurements.
Figure 3 A sawtooth crash on TFTR showing electron temperature at different major
raditi.
(a) T. at R=234 cm from time 4.773 to 4.781 sec. The dashed lines mark the
time interval of Fig. 3d.
{b) T. at R=239 cm from time 4.773 o 4.781 sec.
(¢} T. at R=259 cm from time 4.773 to 4.781 sec.
(d) 7. at R=234 cm from time 4.7770 to 4.7778 sec.
(e} T. at R=239 cm from time 4.7770 to 4.7778 sec.
(f) T. at R=259 cm from time 4.7770 to 4.7778 sec.
Figure 4 T, averaged over one rotation period versus minor radius r.
Figure 5 Expanded view of the sawtooth crash at R=239 cm. Reconstruction was
petformed for the time interval A to B. The arrows (1) to (8) indicate the
times corresponding to the graphs of Figures 7 to 10.
Figure 6
(a) Schematic diagram of signals, P, from an outside channel znd, M, from an
inside channel at the same radius as a function of real time t. The heavy
line with arrows joins data points which become contiguous in space in the
poloidal reconstruction of T..
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(b) The reconstructed poloidal distzibution of T, for t = ts using the unweighted
method.
(c) The reconstructed poloidal distribution of 7, for ¢ = t5 using the weighted
method .
Figure 7 Contours of constant T, for the weighted method for the times indicated by
arrows (1) to (8) in Fig. 5.
Figure 8 3-D plots of T, for the weighted method for the times indicated by arrows
(1) to (8) in Fig. 5.
Figues 9 Contours of constant T, for the unweighted method for the times indicated
by arrows (1) to _(8) in Fig. 5.

Figure 10 3-D plots of T, for the unweighted method for the times indicated by arrows

(1) to (8) in Fig. 5.
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