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Most Madison Symmetric TorugMST) [Fusion Technol.19, 131 (1991)] reversed-field pinch
discharges exhibit sawtooth oscillations with a period of 2-5 ms, corresponding to
magnetohydrodynamidIHD) instability and increased transport. However, in discharges where the
plasma-facing wall has been boronized, the plasma resistivity is reduced, and sawteeth are often
suppressed for periods up to 20 ms. The energy confinement time during these sawtooth-free periods
is triple the normal value, corresponding to a higher plasma temperature and lower Ohmic input
power. In addition, the steady growth of the dominant magnetic fluctuations normally observed
between sawtooth crashes is absent1@6 American |Institute of Physics.
[S1070-664%96)02703-3

Sawtooth oscillations have been observed in severaliscrete bursts om=0, toroidal mode numben=1 mode
reversed-field pinchRFP experimentd=® Similar to the  activity, each corresponding to a small increase in the toroi-
case in tokamaks, the RFP sawtooth crash coincides with dal flux.
sudden transfer of energy from the core plasma to the edge Shown in Fig. 1 are data from a typical MST discharge
and is interpreted as magnetohydrodynafiHD) relax-  in which sawteeth occur throughout. Each sawtooth crash
ation. During the slow sawtooth rise phase in the RFPythe causes a rapid increase in the overall toroidal magnetic flux
profile, whereu(r) =uJ-B/B?, peaks as a result of resistive [Fig. 1(a)], while enhancing the reversal of the toroidal mag-
diffusion and the peaked parallel equilibrium inductive elec-netic field at the edggFig. 1(b)]. Increased particle transport
tric field. The amplitudes of the dominant poloidal mode at the crash induces plasma—wall interactierg., sputter-
numberm=1 magnetic fluctuationgor modes, resonant in ing), leading to injection of impurities into the plasrfiig.
the plasma core, gradually increase during this phase. ThEc)], an increase in the total radiated pow€ig. 1(d)], a
faster sawtooth crash phase results in the redistribution alecrease in temperature, and an increase in resistiMote
parallel current, flatteningc(r). The crash is a discrete dy- that impurity influx is sometimes observed just prior to a
namo event, during which edge current is driven, and toroicrash. This may be due in part to the magnetic fluctuations in
dal flux is generated. Sawteeth degrade confinement in twthe sawtooth rise phag&herefore, at each crash, the Ohmic
ways. First, the growth of magnetic fluctuations increasesnput power{Fig. 1(e)] increases, and the stored thermal en-
transport. Second, plasma—wall interaction, most prominengrgy sometimes decreases. This leads to a temporary drop in
in the crash phase, injects radiative impurities into thethe energy confinement timez = (stored thermal energly
plasma. Hence, control of sawtooth oscillations and underOhmic input powey. The average: in a sawtoothing dis-
standing of their origin is essential. charge is about 1 ms.

In the Madison Symmetric TorudIST) RFP! sawteeth In Fig. 2 is shown a discharge with a long SFP. This
with periods of several ms have, until recently, accompaniedlischarge has a peak plasma current and line-averaged den-
nearly all discharge3In this paper we report the production sity similar to the discharge shown in Fig. 1. During the SFP,
of discharges, following boronizatibrof the plasma-facing plasma—wall interaction is minim@Figs. 2c) and 2d)], the
wall, in which sawteeth are absent for extended periogls plasma temperature is high&han its usual between-crash
to 20 mg. We believe that these sawtooth-free perid®EP  value), and the resistivity is decreased, thereby leading to a
are due primarily to decreased current diffusjand slowed decreased Ohmic input pow¢Fig. 2€)]. The decreased
peaking ofu(r)] arising from a reduced plasma resistivity. plasma resistance also results in a flatter plasma current
During SFP we observe thét) the energy confinement time waveform[compare Fig. &) to Fig. 1(f)].
triples relative to normal sawtoothing discharges, é)dhe At the plasma current shown in Figs. 1 and 2, the central
steady growth of the dominamh=1 modes normally ob- electron temperaturémeasured with a Thomson scattering
served between sawtooth crashes is absent. Also observeddiagnosti¢ during SFP is~480 eV, compared te-275 eV
SFP (and in some boronized discharges without SBRe  between sawteeth in normal discharges. Fhs% increase
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FIG. 1. Time variations ofa) the cross-section-averaged toroidal magnetic FIG. 2. Time variations of the plasma parameters in Fig. 1 during a dis-
field, (b) the toroidal magnetic field at the plasma ed@ethe CllI (464.74 charge with a sawtooth-free peri¢8FP.

nm) intensity, (d) the total radiated powefg) the Ohmic input power, and

(f) the toroidal plasma current during a typical MST discharge. A sawtooth

crash is indicated by a dashed line. increase dramatically in unison. The effect is the same

whether the crash follows a normal rise phase or a SFP.

in temperature coupled with the lower Ohmic input power ~ Shown in Figs. &) and 3f) is the surface poloidal volt-
leads to a SFR: of ~3 ms. Soft x-ray measurements indi- age,V,. At each sawtooth crash,, increases substantially,
cate that the temperature and, thgsare sustained until the responding to the overall increase of toroidal flux. Such an
crash that ends the SFP. increase, indicative of a dynamo event, is also observed at a

The behavior of the dominant magnetic modes duringsmaller amplitude coincident with each burst of ttfg1)
SFP is quite different from that between sawtooth crashes imode. While each of these small-amplitude dynamo events
normal discharges. The dominant modes hawenj=(1,6), causes a temporary increase in the Ohmic input pdaezn
(1,7, and (1,8 and are resonant at various radii in the clearly during the SFP shown in Fig(€l], the events are
plasma core. In Fig.(®) is shown the evolution of thél,6)  benign compared to sawtooth crashes. One explanation for
during a complete sawtooth cycle in a boronized dischargehis, beyond the difference in amplitudes, is that the small-
Its amplitude increased@n the rise phaseuntil the crash that amplitude dynamo events appear to be localized to the
begins at~13.4 ms. In Fig. &) is shown the evolution of plasma edge, in contrast to the sawtooth crashes which affect
the (1,6) during a SFP later in the same discharge. Here, the
mode maintains a nearly steady amplitude until the crash at

the end of the SFP. This behavior is typical of the7), (1,8 g 1:
and highem m=1 modes as well. [
The behavior of the(0,1) mode between sawtooth 0
crashes depends on the condition of the plasma-facing wall. € 12
The (0,1, like all m=0 modes, is resonant at the reversal '.;. 3
0

radius(across which the toroidal magnetic field changes di-

rection near the plasma edge. In nonboronized discharges, s Fo' T N/}“\: Fo ' ' = a
the (0,1) amplitude remains small between crashes. How- = 2| d E A a
ever, following boronization, th€0,1) often exhibits quasi- 2 AL AN K‘E M“' Uu A
. . . . 1 12 13 14 20 22 24 26 28
periodic bursts, in both the sawtooth rise phase and SFP. The _ ,
Time (ms) Time (ms)

behavior of thg(0,1) in a complete sawtooth cycle is shown
n F'Q: 3(b), while its bEhawor in a SFP is shown in FigeB FIG. 3. Evolution of(a) the (1,6) mode, (b) the (0,1) mode, and(c) the
In neither the sawtooth rise phase or SFP are these bursisrface poloidal voltage during a complete sawtooth cycle. Showa)#f)

correlated with changes in th@,6) or other m=1 mode ae these same signals during a sawtooth-free period later in the same dis-

. . arge. Note the differing time scales. The dashed lines indicate the time at
amp“tUdeS' At each sawtooth crash, however, the ampIItUdevc\sltznich the toroidal flux peaks during sawtooth crashes. Each crash begins

of the (0,1), (1,6), and most of the other detectable modesyith a rapid increase of the mode amplitudes.
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0.02 which defines the SFP, results simply from slowed peaking
- 1 of u(r), apparently from a reduction of the plasma resistivity
(and the current diffusion rakefollowing boronization. In
] other words, each SFP is roughly equivalent to an extended
. 1 sawtooth rise phase. However, uncertaintiegjrand A do
002 L . ] not preclude the possibility that the Sk#r) actually peaks
I 1 beyond the normal precrash level. If resistivity alone ac-
3 counts for the difference in the peaking rates, we can esti-
-0.04 ] mate the required change 4 (the mean ionic charge, not
yet measured in the MST given the known temperature
0.06 - J difference between the two discharges. The average sawtooth
I rise time in the normal discharge 183 ms. Thus, the resis-
P 1 . tive diffusion time(=Z_#T2/?) increases by a factor of6 in
008 T 20 a5 5 the SFP, requiring a factor 0f2.6 decrease id, which is
reasonable based on observations of the dominant impurities.
To summarize, the sawtooth-free period energy confine-
FIG. 4. A(1/2)=AsedFig. 2—Anoma(Fig. 1—0.04. The seven data points Ment time is triple the average value obtained during normal
shown here correspond ti(1;/2) just before each crash in the normal dis- sawtoothing discharges. The usual steady grovvth of the
charge. The time window shown encompasses the sawtooth-free period. dominantm=1 modes is absent, and tt&1) mode, follow-
ejng boronization, exhibits bursts associated with discrete dy-
amo events. The SFP confinement results are similar to
those of experiments on the MST, also following boroniza-
tion, whereu(r) was actively flattened by inductive meéhs.
Foth experiments emphasize the need for steady-state con-
trol of both the current profile and the plasma impurity con-
tent in order to suppress sawteeth and ultimately suppress
aWOSt of the residual magnetic fluctuations.

A1 2)

Time (ms)

the entire plasma. Edge localization of the small-amplitud
dynamo events is suggested by the fact that they correla
well with the activity of the edge-resonaitt,1) mode but not
that of the core-resonamb=1 modes. In addition, observa-
tions of the electron density profile reveal that each even
perturbs only the density near the plasma edge.

The cause of the small-amplitud®,1) bursts and the
associated dynamo events is not yet known, but the fact th
they are observed only after careful conditioning of the
plasma-facing wall suggests a link to reduced plasma impu-
rity content. Clearly, these events alone do not bring aboufCKNOWLEDGMENTS
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