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Introduction

The side-viewing soft-x-ray camera on the Tokamak Fusion Test Reactor (TFTR) has made possible
the observation of several different forms of sawtooth oscillation, which can be categorized according to
their position in the plasma, sequence of occurrence, and patterns of associated MHD oscillation. Some
insight into the plasma conditions involved can be gained by examining the waveforms in detail, along with
electron temperature profiles from electron cyclotron emission measurements.

Waveforms

When TFTR is operated at high qa and/or small (<60-cm) minor radius, the observed sawteeth are
"normal" in that they involve a more or less linear rise of central temperature, a growing precursor MHD
oscillation, and an absence of oscillation following the central collapse. These properties are consistent with
the Kadomtscv model [1]. In operation at lower qa and large (—80 cm) minor radius, the more complex
patterns shown in Fig. 1 appear. Groups of "small" sawteeth may alternate during the steady-state portion
of a discharge with groups of "compound" sawteeth.

Compound (also known as "giant" or "double" sawteeth) have been reported previously in TFTR [2]
ar.d in other machines (3-5). In Fig. 2, traces from twelve x-ray detectors are plotted over the lime segment
indicated by the hatched band in Fig. I. The segment includes the relaxation of a small sawtooth followed
by a full cycle of a compound sawtooth. The period of the compound sawtooth is roughly twice that of the
small sawteeth, and there is a subordinate relaxation that occurs about midway between the main relaxa-
tions.

The traces of Fig. 2 are further expanded in Figs. 3-5, each corresponding to one of the hatched bands
on the time scale of Fig. 2. The relaxation of the small sawtooth is shown in Fig. 3. The waveforms are
superficially like those of normal sawteeth; however, the precursor oscillations are typically smaller and are
seen in ? more restricted radius range. Also, there are often "successor" oscillations following the collapse.
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Fig. 1. X-ray waveforms showing transition from small sawteeth to compound sawteeth.

As shown in Fig. 4, the subordinate relaxation of the compound sawtooth is not visible at the center of
the plasma and has a successor oscillation that is usually much larger than the precursor and may have a
different frequency. The main relaxation, shown in detail in Fig. 5, has little or no visible precursor, reduces
the central temperature significantly and quickly, and usually has a small but clear successor oscillation.

Figure 6 shows, for another compound sawtooth, waveforms from 33 viewing chords (digitized at too
low a rate to resolve MHD oscillations). It can be seen that the subordinate relaxation does not involve the
plasma center and that its inversion radius is greater than that of the main relaxation. Both of these proper-
ties of the subordinate relaxation are quite general for TFTR. In Fig. 6 the difference in inversion radii is
about 5 cm, but 7 to 10 cm is more typical.

Profiles From Electron Cyclotron Emission Diagnostic

In Figs. 7 and 8, electron temperature profiles from the electron cyclotron emission (ECE) diagnostic
are plotted for the times indicated on the corresponding small and compound sawtooth waveforms. It can be
seen that all the precollapse profiles are relatively flat near the center and that the subordinate relaxation
reduces the temperature only in an annular region about the center.

Discussion

The properties of sawteeth observed on TFTR, along with the associated plasma conditions, are sum-
marized in Table I. Noting the long skin times listed, it is clear that the recovery phase of the sawtooth
c>cle must be affected significantly by the slowness of current diffusion. This would lead to flat or hollow
current profiles near the center, which would be consistent with the Te profiles shown. Such profiles could
aho yisid ^-profiles in which q < 1 only in an annulus, with two q = 1 surfaces. The annulus is presumably
•he site of the subordinate relaxation and may also be associated with the predominance of successor oscilla-
tions over precursors.
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Fig. 2. Waveforms in the time segment indicated by the batched band in Fig. 1.

Apparently the subordinate relaxation redistributes current so as to set up the conditions for the main
relaxation, and the main relaxation produces a more hollow current profile that provides, depending on its
exact form, the conditions for either another subordinate relaxation or a transition to a series of small
sawteeth. Since small and compound sawteeth often occur in alternating groups during a discharge, the pro-
files leading to the small sawiooth and to the subordinate relaxation must not be very different and thus
may both be hollow.

The precursor and successor oscillations are always found to be m = 1 modes.
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Fig. 3. Relaxation of a small sawtooth. The time range is that of
the first hatched band in Fig. 2.
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Fig. 4. Subordinate relaxation of the compound sawtooth. The
time range is that of the second hatched band in Fig. 2.
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Fig. S. Main relaxation of the compound sawtooth. The time
range is that of the third hatched band in Fig. 2.
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Table I
TFTR Sawtooth Summary

Normal Small

Plasma conditions

10 20
<60 >60
>4 <4
- 1 - 2

Reconnection observations

Large Small
0.5 >0.1

Compound
Subordinate Main

25
>60
<4

~ 4

Small

20
>60
<4

-3

Very small

m/n = 1/1 successors
\A/A
Growth time, ms

Reconnection characteristics
Crash time, ms
Mixing zone

Very small Med.-large
N/A" 1

0.1-0.5 0.1-0.5

Large
5-20

N/A

Medium
2-10

0.03-1.0
~2r,

"N/A = not applicable.
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Fig. 6. Cycle of a compound sawtooth as
seen in 33 viewing chords at the indi-
cated tangent radii.
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Fig. 7. Waveform of a small sawtooth and electron temperature profiles from ECE at the
times indicated.
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Fig. 8. Waveforms of a compound sawtooth and electron temperature profiles from ECE at
the times indicated.
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