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Abstract. We report on experiments that attempt to clarify the role of interchange and internal kink modes in
the sawtooth oscillations by comparing bean- and oval-shaped plasmas. We find that differences in the transport
processes during the sawtooth ramp play an important role in determining the nature of the oscillations. For both
shapes the crash flattens the g profile and returns g to unity. A key difference between the two shapes,
however, is that in the bean the safety factor rapidly drops below unity during the subsequent ramp while in the
oval it remains very close to unity. As a result of this, a saturated quasi-interchange mode develops fairly early
and grows steadily during the ramp of oval discharges. The crash appears to be triggered by a secondary
instability that locks to the saturated quasi-interchange mode. In the bean, by contrast, the crash is consistent
with a rapid reconnection process. FIR interferometry shows that the oval exhibits significant turbulence in the
electron channel, consistent with the observation of large electron heat diffusivities. This is supported by
examination of the impulse response to central ECH. The ion transport, however, is approximately neoclassical.
In the bean, by contrast, the electron temperature rises steadily, while 7; first saturates and then decreases during
the last quarter of the ramp.

1. Introduction

We have performed experiments intended to separate the roles of interchange and internal
kink stability in the sawtooth. This is accomplished by changing the plasma shape. We find
significant differences in both the evolution within a sawtooth period and in the nature of the
sawtooth crash itself. In this paper we will detail these differences. In an oval-shaped plasma
with simple monotonic pressure and g profiles, the Mercier criterion will be violated while gg
is somewhat above 1. The destabilizing terms are elongation, K, and beta poloidal, Bp,
whereas triangularity, 0, is stabilizing. If we make a low-k bean shape, for similar profiles the
Mercier criterion can be satisfied for gg somewhat below 1. Of course the stability criterion
for the resistive internal kink remains g=1 in both cases. This paper is organized as follows.
In Sec. 2 we discuss the experimental conditions and global behavior. Section 3 focuses on
the evolution during the sawtooth crash. Section 4 presents results for the sawtooth ramp. We
summarize the results in Sec. 5 and present a concluding discussion in Sec. 6. This
experiment has been in progress for some years. We have found the principal features to be
the same on a year-to-year comparison. The primary differences have been in improved
diagnostic capabilities in DIII-D that have led to a better understanding of the experiment.

2. Experimental Conditions

The oval and bean shapes satisfy a number of conditions we established for this experi-
ment. The first and most important condition is to maximize the contrast in interchange sta-
bility. That is, we choose shapes that show substantial difference in magnetic well in the cen-
ter of the discharge (Fig. 1), where it is seen we actually have a magnetic hill in the central
region of the oval plasma. A second condition we impose is that both shapes can be made
without reconfiguring the poloidal field power supplies. This allows us to switch between
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the shapes on a shot-by-shot basis, minimizing 0.15¢ ' '

the effects of systematic differences in the toka- [

mak conditions and in the diagnostics. A third 0.10}

condition was that we wanted to study the ;

L-mode plasma, the simplest situation and lowest = oosh

Bp readily achievable. The remainder of the =R

plasma conditions is largely set by diagnostic [

requirements. The single neutral beam is required 00 === === ===~~~ 7]
for motional Stark effect (MSE) and CER diag- UW)=[V'(W)-V'O))V (0]
nostics. The low density allows for good pene- 0035 X 55 s
tration of this beam to the center of the plasma, Wn

and avoids H-mode in the bean shape. Bt deter-  fig 1. The magnetic well parameter in the
mines the spatial range of the ECE diagnostic. central region of the plasma for the two shapes.

The typical discharge evolution is shown in
Fig. 2. The plasmas are always created using an early (500 ms) beam, as low density is
desirable for reasons of measurement and we wanted to avoid any locked-mode issues. The
startup is robust in that we always get the same type of sawteeth. The plasma current is
chosen so the sawtooth inversion radius, rj, is not too large and we get several ECE channels
outside ri. The confinement is comparable in the two shapes, leading to similar stored energy
and edge safety factor. Although the bean is limited, the separatrix is close to the plasma
boundary and we think qo¢s is more comparable than gjim. gMercier in Fig. 2 is an axial
approximation of the g value required to satisfy the Mercier criterion and they differ as
expected. The internal inductivity, /;, also varies with the plasma shape. The neutral beam re-
quired for MSE and CER is turned on at 1700 ms. Data is mostly taken in the interval 2500-
4500 ms. At that time, aside from the sawtooth effects, the plasma current is fully
equilibrated as evidenced by the constancy of the mean MSE signals.

The boundary shapes are shown in Fig. 3. The inner contour corresponds to the inversion
radius. We take this opportunity to show the location of the critical diagnostics. These par-
ticular equilibria are detailed further in Table I. Here we show parameters for the two levels
of plasma current used for each shape.
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The bean has no Fig. 2. The typical evolution of a discharge in this experiment. Shown are plasma
precursor oscilla- current and neutral beam power, the plasma stored energy, safety factor, fast ion
tion but does have fraction, an approximate value of gg required to satisfy the Mercier criterion, and

a large post- internal inductivity, /;.
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TABLE I. Selected Parameters

Bean 1 Bean 2 Oval 1 Oval 2
Shot 113920 | 118162 | 113915 | 118164
I, (MA) 1.38 1.52 0.88 1.18
Bt (T 1.79 1.85 1.80 1.85
V (m”) 17.5 17.6 20.1 20.1
(ne) (x10" m?) 2.0 2.5 1.9 2.75
Bp 0.22 0.24 0.45 0.38
Bp1 (Bussac) 0.16 0.19 0.41 0.33
L 1.24 1.15 1.41 1.29
WMHD (\i7) 0.25 0.34 0.24 0.37
1:; (ms), r}tgh (ms) 93 127,75 | 90 140, 75
Tg (ms) 90 154 59 80
q95 3.9 3.6 54 4.2
ri (normalized inversion | 0.38 0.44 0.28 0.35
radius)
wiastyyMHD 0.27 0.13 0.25 0.11
Reconnection B¢ (G) 219 293 85 129 118163 2000

cursor oscillation, that is, it crashes from a near-
axisymmetric condition into a helical state. The crash

time is about 40 us in the bean. In the oval, the crash
time is longer and not as clearly defined. This is
discussed in more detail in the next section. In the bean,
the crash is an identifiable event in the raw MSE signals
(tan'1 [Bz(t)/BT]) but this is not true in the oval. The
crash amplitude, (7" - T™M")/T™" is much larger in
the bean than in the oval. The sawtooth crash in the bean
is a violent event, and about 15% of the stored energy
leaves the plasma. In the oval the sawtooth crash is
benign and there is no net energy loss from the plasma.

Fig. 3. Plasma boundary shapes for
bean and oval plasmas. The inner
surfaces are at the location of r;.
Diagnostic (in an expanded view
below) locations are shown. The
magenta solid circles are Thomson
scattering (ne, T.). The upside-down
red daggers are CER (T) locations.
The blue bar is the MSE (Bz/BT)
range of locations. The blue
diamonds are ECE (T,) locations, dis-

While fast-ions from NBI appear to provide some
stabilization and extension of the sawtooth period,
changes in the fast ion fraction, say by replacing part of
the neutral beam power with ECH, do not change this qualitative behavior. The sawtooth
periods are reduced in both cases by ~20%, but the features discussed in this paper are not
changed. The 0By in Table I is obtained from the MSE channel showing the biggest
excursion by averaging over several sawteeth. While in the case of the bean, this is an
accurate portrayal of the change at the crash time, in the case of the oval the crash is not as
well defined and we are simply asserting that this is the magnitude of the change but it may
be occurring over a few ms.

3. The Sawtooth Crash

We will begin this discussion by displaying a color map of the crash as seen in the ECE
diagnostic (Fig. 4). In the bean we see no structure prior to the crash. From all the available
data, the bean plasma prior to the crash is exceedingly axisymmetric. After the crash there are
n=1 oscillations and a double island structure is observed. The identification of islands is con-
firmed by a cross-correlation analysis of the ECE with the n=1 signal seen on magnetic
probes. This shows phases jumps consistent with a double island structure (Fig. 5, upper
panel).

In the oval, the precursor oscillations are reflected in the ECE signals, as seen in Fig. 4(b).
The features of importance here are the sustained period of oscillation before 3434.5 ms, the
interval from 3434.5 to 3434.75, and the final few oscillations after 3534.75 leading to a
crash. These are generic features of the sawtooth collapse in the oval.

The correlation analysis is shown in the lower panel of Fig. 5. What is interesting here is
the single phase jump on the inboard side. If we were observing an island there would be an
opposite phase jump on the low field side where there is no sign of such a jump. The only

placed from Z=0 for clarity. The large
grey + is the magnetic axis for both.



way to produce this phase jump on the high
field side is to combine the m=1 and m=2
components of an ideal quasi-interchange mode
[1]. If the m=1 component is kink-like the phase
shift will disappear. If there is an island there
will be a corresponding phase shift on the other
side of the axis. Prior to the interval 3434.5 to
3434.75 in Fig. 6(b) there is another n=1 at
higher frequency than the primary mode. This
mode bursts and chirps down in frequency,
reoccurring about every 5 ms. The last burst
appears to chirp all the way down to the primary
n=1 frequency and lock to it. This apparent
locking always occurs in the oval sawteeth and
precedes the crash by a few oscillations. Notice
that the modulation depth of the primary n=1 is
deeper after this event. If we take those last few
cycles of oscillation the correlation analysis is
less reliable but still shows the same single
phase jump. Thus there is no evidence of tearing
prior to the crash. The final stages of the oval
crash are shown in more detail in Fig. 6. We
show an outer magnetic loop that illustrates the
growing precursor leading up to the crash at
3435.19 ms. At, and prior to . - 1130 us, the
helical deformation in the temperature is just
visible in the T, profile. The deformation
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Fig. 4. The evolution of a sawtooth crash as a
color map of T, vs. Ry, and time; (a) bean shape
and (b) the oval shape. Ry, is the radius an ECE
channel would have in the vacuum field (Bg=0).

continues to grow until the hot spot vanishes. It is quite plausible to describe this as a helical
deformation as late as 7. - 420 us where the gradient remains negative. At #. - 90 us where
most of the profile has crashed there may be an island but we have no direct evidence.

We contrast this to the behavior in the bean where there is only a slight flattening of the
temperature profile in a narrow region and the first sign of the instability in the T, profile
occurs 40 us before the crash. The profile simply collapses from the low field side. In the

bean it is straight-

forward to identify a 0.100 7> ' ' 360 ™ot 113920 ' '
. . S0 Soor
crash time as the time w & ~ 300 <X
for the hot spot to % § 8
] . o ad 1 & o240} < ;
vanish from the core; g 0010 @, o] A S
this is 40 us. In the 2 4 3 g0l < |
oval, if we apply the & E W
same definition the = 0001f g 51207 & ]
. . ~ I, _ ]
crash time is ~70 us. [ tyindow min = 3454 ms S ol |
However, if we were fyindow max = 3456 Ms .
to look at a central T4 6 I8 20 14 16 1.8 2.0
ECE channel to
define a crash time in L e o = 3432.40 ms 360 Shot 113915
th1e3(())\(z)al thllsfwould be = tindow max = 343440 ms B 300 -
=~ S we were < @ g
us. . 5 0.100 F RN > 1B b S
to take the locking of = 2 & ° a"p W
n=1 modes as the 3Z RS . 2 180 1
beginning of the crash 5 % £ <
0010 p % 1 o 120 i
we would get a value g L o ] & L
. -
of 600 us. There isno = © C 601 e ]
clear definition, but it . . . . ol . . .
is slower than in the 1.4 1.6 1.8 2.0 1.4 1.6 1.8 2.0

bean.

Midplane Vacuum Radius

Midplane Vacuum Radius

Fig. 5. FFT of ECE corrrelation with n=1 magnetic signal..
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4. Evolution During the Ramp Te (t)

3.0 . 1 Te (R
4.1. Equilibrium Central ECE_@1 ., T@

20 ) 308 grg o

The evolution of the plasma between 125 ) £ 90 us

sawteeth is markedly different in the bean 1.0 ‘
and oval. We begin with equilibria. Our 120
analysis differs somewhat from the usual 3370 3410
application of EFIT in that we do not  3.0f Expanded View 13
attempt to calculate the total pressure based 3 110
on one equilibrium solution and use this 204 17| 3434.00
p(y ) in a subsequent iteration. 10| 1os| b0
Instead,within a single equilibrium calcula- : : EoEeut ©
tion we use the ECE signals (Te) as a con-  *Ck ®F 0021, , |
straint on the flux surface geometry along e ( m3$‘;35-2 1.2 14 llifacl(}i) 2022

with the MSE. We do use the measured
pressure outside p=0.7 where we expect fast
ion pressure to be nil.

The results for the oval and bean are
shown in Figs. 7 and 8. In the oval, the
sawtooth 1S a minor event with minimal

Fig. 6. The evolution of the sawtooth crash in an
oval; (a) dBg/dt from an outer midplane probe and a
central ECE channel vs. time, (b) expanded view of
(a), and (c) the evolution of the T, profile from ECE.
t. is the crash time and Ry, is the vacuum field

change in the safety factor or pressure radius of the ECE array.

profile. We should remark that in ovals at higher current g remains flat (Fig. 7) but gpmin does
drop distinctly below unity during the sawtooth cycle. The bean is an entirely different matter
with significant changes in both profiles. Note that the lowest go does not occur at the latest
time before the crash, but does seem to occur when a maximum py is reached. This is related
to the ion behavior discussed below. The hollow pressure profile at the earliest time in the
bean cannot be confirmed from the kinetic data, as the density profile remains too uncertain.

4.2. Ion Behavior

In Fig. 9 we show the ion temperature relative to the electron temperature for bean and
oval plasmas. The differences shown are characteristics of the shaping, always seen in
comparisons of beans and ovals.

In the oval, the ion sawtooth is much larger than the electron sawtooth but continues an
approximately linear ramp, as do the electrons. In the bean, at ~60% of the sawtooth period
the ion temperature (and toroidal rotation velocity) roll over and begin decreasing. Also,
dTe/0t is reduced at that time. In both cases the neutral beam power is shared near equally
between ions and electrons. In this oval plasma we see more correlation of MSE (Bg) with
the crash than was observed at lower plasma

current (Table I, Ovall vs. Oval2). O o @l SRR
| c+0.401 s ; e tc+0.401 Ts
5¢ Li = 0.8} \
5 06 _ 2511 140,868 Ts = ’ %‘?\.868 Ts
g g \ 2 I A
: los £ \ £ 06/ [
4F (+0.879 1T, . & =20} = 0L / |\
s ¢ S 3 N =] H A
t+0.155 T 5 lo4 g Lg 04l . \
3 3 1.5} E L
: 5 .
o 103, e 02f
2F F 1O Nl 2 1
£ =. ] r N
g 102 5 i) B 0OL S
3 = 1.2 1.6 2.0 1.2 1.6 2.0
1 - ***************************** 101 R Major Radius (m) Major Radius (m)
: ) . . .
E & Fig. 8. The evolution of pressure and safety factor in
OE 0.0

a bean. Times are expressed as fractions of a
sawtooth period. #; is the crash time. At the time 7. +
0.134et  the g-profile does cross g=1 twice,
consistent with the correlation analysis showing a
double island structure.

10 12 14 16 18 20 22
Major Radius (m)

Fig. 7. The evolution of pressure and safety factor in
an oval. £ is the crash time.
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Fig. 9. T; from the innermost CER channel, T, from a
nearby ECE channel and Bg from an MSE channel.
All are at p = 0.1 and the MSE signal is smoothed
(1 ms). (a) The bean shape and (b) an oval plasma.

4.3. Response to Central ECH

The g-profiles motivated an examination
of the electron response to ECH deposited
near the axis (p=0.07). In Fig. 10 we show
the response to sustained central ECH after
the plasma has equilibrated. In the bean
case, the sawteeth simply become larger.

In the oval the response is more compli-
cated; the sawtooth interval is dominated by
the m/n=1/1 mode, the sawtooth period be-
comes irregular, and the baseline of the
sawtooth is raised considerably. Note that
the sawtooth period is longer in those saw-
teeth with more violent partial reconnec-
tions. This behavior, along with the shear-
less central region of the oval motivated us
to look at the impulse response (Fig. 11).
The bean responds; the oval does not.

4.4. Transport Analysis

We have analyzed the transport coeff-
icients for 2 cases without ECH. The
analysis is done with TRANSP and markers
at the sawtooth crashes are used to allow
discontinuous behavior. Averaging over
sawteeth was necessary to smooth noise in
the grid motion from the equilibria
computed every 5 ms. Since we needed to
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Fig. 10. The response of the oval and bean plasmas to
central electron cyclotron heating. (a) shows ECE
signals near the axis, but outside the deposition
region, with ECH and is to be compared with (b) a
similar shot without ECH. In (a), the long dashed
lines are simply a reference to peak values. The short
dashed lines correspond to the foot of the sawteeth
prior to turning on the ECH. (Oval traces are red,
bean traces are green.)

S 5 . .
(a) 116163 (b)
4 - 3 4
[
% 2 " T.(0)
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o2 , 2 ,
1 1 ECH
Ob 0 0/dt
1.2 1.6 2.0 3000 3050 3100 3150
R4 (m) Time (ms)
S 5 ——
(©) 118150 (d)
4 4
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4
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0 0 1 1dBe/dt™
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Ry, (m) Time (ms)

Fig. 11. The impulse response to ECH. (a) and (c)
are the T, profiles at the times indicated in (b) and
(d). In (b) and (d) the dBg/dt signal from an outer
midplane detector and the ECH pulse are shown
along with the central T,. dfg/dt (a.u.) signal is
also offset. The ECH power baseline is offset by
1 MW. dBg/dt (a.u.) is also offset.

smooth the equilibria, we thought it necessary to also smooth all the data in the same way.
The smoothing technique is to shift all data onto a time base as a fraction of sawtooth period
and do a best fit, either linear or parabolic, as seemed most suitable. In Fig. 12 we show
diffusivities volume-averaged from the axis to p=0.3. Times that showed the effects of the
switching transient are not shown. There are two very dramatic results: . is vastly different
in the two shapes, and is very large in the oval. This is consistent with the ECH response seen
in Fig. 11. Also, in the oval where ion sawteeth are much larger than electron sawteeth, the
ion diffusivity is quite near the neoclassical level. The diffusivities in the bean are more
typical of the core of a tokamak plasma. Although we have not obtained the data



necessary to do satisfactory transport analysis for cases
with the ECH pulse, in the oval, the power deposited
to electrons within p=0.25 is increased over the cases
discussed here by a factor of 25 with no commensurate
increase in VT.. We can conclude that y, in the plasma
center is enormous.

5. Summary of Results

We summarize the experimental observations,
although space limitations in these proceedings have
not allowed us to discuss all the observations in detail.
While both the bean and oval exhibit sawtooth
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waveforms, the behaviors are radically different.
1.

. . . 0 Time /t, 1
The bean crash occurs on an ideal time scale with

no precursor oscillations. The nature of the oval  Fig 12. Calculated thermal diffusivities,
crash is uncertain, but we see ideal behavior (n0  volume-averaged from the axis to p=0.3,
tearing) to within 100 us or so of the crash. The in the two shapes.

possibility that the final stage is a resistive

interchange-driven Taylor relaxation cannot be ruled out at this time. The bean crash
expels energy beyond the last closed flux surface, while the oval does not.

Both exhibit a relaxation event at about 25% of the sawtooth period. While both collapse
to an equilibrium state with a large region of g=1, the bean manages to develop magnetic
shear after the relaxation event and improved electron confinement. Prior to this
relaxation event the electron response to an ECH pulse is similar to that of the oval.
Recovery from the relaxation event is seen earlier in the ions than in the electrons in the
bean. In the oval, the relaxation event is barely observed in 7j, while it remains quite clear
in Te. To within the 274 us resolution in Tj, the crash is simultaneous with 7.

While the oval exhibits a limited central VTe, there is not a similar limitation to VT;.
From TRANSP analysis about half the beam power is deposited in each channel in both
cases. The same is true within p=0.3, so the transport rates differ considerably.

In the oval, the ion sawtooth amplitude is much larger than the electron sawtooth while in
the bean they are comparable and the ion evolution exhibits a more complex behavior
(rollover).

An examination of the cross-correlation of T, fluctuations shows that the m/n=1/1 oscilla-
tion is always present in the core in the oval. It may not be present at the level that creates
a macroscopic distortion, but there appears to always be a helical magnetic axis. This is
not true in the bean, which appears to be axisymmetric even at the level of the micro-
scopic Te fluctuations. The spectrum of density fluctuations is broader for the oval for
intermediate k vectors. For low k, the observed difference only appears to reside in the
observation of the m/n=1/1 mode and its higher harmonics.

There appear to be some differences in the oval with increasing plasma current such as
lower gmin and more of a signature of reconnection (Fig. 8) than was seen at lower cur-
rent, as is reflected in the dBg values seen in Table 1. It is possible that as gg5 is lowered,
the kink mode is playing a stronger role in the oval. However, the FFT of the ECE retains
the single phase shift signature of a quasi-interchange. In the bean we do not see evidence
of an important change with plasma current.

6. Discussion

At this time the analysis of the experiment is still in progress. We set out to change the

magnetic well, and were successful. The resulting plasmas have very different behaviors. Of
course, this does not mean the differences are attributable to the change in magnetic well. We
believe the correlation analysis of the n=1 component of the ECE signals identifies the
instability in the oval as quasi-interchange. Conversely, the lack of such an inboard phase
jump in the bean prior to the crash implies the eigenfunction is kink-like.
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An important motivation for the experiment was to test a suggestion [2] that some saw-
tooth crashes might be more accurately described as Taylor relaxation events than by com-
plete reconnection as in the Kadomtsev model. Gimblett’s relaxation model was itself moti-
vated by the desire to account for observations of sawteeth in which the central ¢ remained
below unity at all times, in flagrant violation of the Kadomtsev model. We expected that
Taylor relaxation would be favored over Kadomtsev reconnection in the oval due to the
destabilization of ideal and resistive interchange modes by the unfavorable curvature. The
observations reported here, however, show that in DIII-D the central g does return to unity
after every crash, thereby removing one of the motivations for the Taylor relaxation model.
Nevertheless, the idea that magnetic turbulence plays a role is supported in part by the com-
bined observations in the oval of a very intense and broad spectrum of fluctuations, an
exceptionally high electron thermal diffusivity, and the absence of the current profile peaking
after the crash.

An important feature of the oval is the presence of a saturated n=1 mode. This mode may
correspond to the saturation of the quasi-interchange predicted by Waelbroeck [3]. This satu-
ration explains the continuation of the ramp long after the ideal MHD threshold has been
crossed. In the bean, by contrast, stability seems to be provided by the diamagnetic rotation
associated with the steep pressure gradients. The sawteeth in the bean and oval are both
qualitatively consistent with the Kadomtsev model, although in the bean the model must be
modified to account for the stabilizing effects of diamagnetic rotation and for the acceleration
of the reconnection rate due to two-fluid effects [4,5]. We have seen no evidence of the sec-
ondary ballooning mode activity at intermediate n predicted by Bussac and observed on
TFTR [6,7], but have not yet ruled out the possibility that such modes may play a role.

A picture of interchange instability flattening the plasma pressure profile in the oval dur-
ing the sawtooth ramp is not supported by the experiment. The density profile is less certain
than other quantities. Nevertheless, we do not believe the uncertainty is sufficient to allow a
hollow density profile to compensate the ion temperature gradient. Thus, we believe central
Vp is negative during the sawtooth ramp in the oval. Inclusion of the fast ion pressure makes
Vp still more negative. In fact, ideal stability offers little understanding as the plasmas are
calculated to be ideally unstable throughout the sawtooth interval. The difference of a factor
of 2 in T4 is unexplained. We have looked for a signature of low-k resistive interchange driven
turbulence and not found one. We see a difference in density fluctuation spectra (Fig. 13) at
larger k and higher frequencies where kgp; ~ 2-3 may be indicative of trapped electron
modes. This would be consistent with the observation that the turbulence is seen in the elec-
tron channel while ion confinement is excellent in the oval.

If we try to look at the applicability of these results to burning plasma, two features are of
potential interest. First, in the case of strong shaping the violent nature of the sawtooth
collapse, with =15% of the energy expelled from the plasma, may be cause for concern.
Second, in conditions where the ion heating is via electrons through the exchange term, the
inability to peak Te in the core will be reflected
directly in the 7j profile, if the shaping is weak.
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Fig. 13. The spectrum of density fluctuations from
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