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An experimento study sawtoothphenomenaand to find the thresholdfor sawtooth
stabilization with neutral beam injection heating, as was commonly obsendelét has
beendoneon DIII-D. In the experimentswith co-tangentialneutral beam injection at
powersof up to 13MW, the sawtoothperiod was observedto increaseto of order 250
msec. Stabilization of the sawteeth for the length of the high powe(@®¥B10.8 sec)was
not observed. The sawtoothcharacteristicsvere studiedwith fast electrontemperature
(ECE) and sofik-ray diagnostics. Fast, 2 msecinterval, measurement&ere madeof the
ion temperatureevolution following the sawtooth to documentthe ion heat pulse
characteristics. Thesedatashow that the ion heatpulse doesnot exhibit the very fast,
“pallistic’ behavior seenfor the electrons. The current profile and other equilibrium
profiles were measured on slower time scales. These results are cotopihesgthtafrom
similar studies carried out on TFTR.

Sawtooth Stabilization with Neutral Beam Injection

Stabilizationof sawteethwith Neutral Beam Injection was commonly observedon
TFTR. The sawtoothstabilizationgenerallyoccurredonly in high performanceplasmas

(greater than L-mode scaling energy [~ ‘ ‘ w ]
confinement), which were well correlated '%zoﬂﬂ//\/ / / / /|
with low recycling limiters and peaked st ‘ ‘ 1
density profiles[1]. The central g was T 44 1T T 1 1
measuredo be well lessthanunity in these 20re 4:1 | 42 43 44 45 46
plasmas using a Motional Stark Effect %S'OEW" WMWWWW”W o]
(MSE) diagnostic. This attemptto stabilize a ig ; : : | : ]
the sawteeth on DIII-D failed, perhaps %1_0 -

because the density peaking wasn't S KR U -

sufficient or because shapiraffects the Time (sec)

sawtooth instability.In Fig. 1 is shownthe Figure 1. Central electron temperature and ¢(0)
evolution of q(0) at high and low NBI evolution for DIII-D plasmas heated with 7 MW
power as measured with the MSE diagnostic (toP) and 11 MW of neutral beams (bottom).
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on DIII-D, with Te(0) also shown to clearly indicate the sawtoothcrashtimes. In the
higher power shot the sawtooth period has increased to abontsgs)however,the q(0)
has not dropped to a lower level than in the lower power shot. The most dtifkengnce
betweensawteethon DIII-D and TFTR is thatq(0) risesto approximatelyunity during a
sawtooth crash on DIII-D, but remains well below one in TFTR[2].

Stabilization of sawteetbn TFTR was found to be easierto achievewith low density
target plasmas, although the sawtooth stabilization would persisiuiostantiafraction of
the Greenwald limit. It was speculatttht the stabilizationwas relatedto densitypeaking

throughw* terms. The inability testabilize sawteethwith NBI on DIII-D might be dueto

any of many differences between DIII-D afB TR including lessdensitypeakingthanon
TFTR, plasma shaping, or differencegtie NBI injection energy (althoughthe NBI fast
ion beta fractions areomparablen TFTR andDIII-D. The fractional contributionof fast
ions from Neutral Beam Heating to pressureas calculatedwith the TRANSP code is
comparablen TFTR and DIII-D. For example,with 7 MW of neutral beam heating,
TRANSP calculates that 40% of the on-axis pressure is from fast ions in DIII-D.

Sawtooth Precursor Characteristics

Other than the behavior of q(0), many aspecth@sawtoothinstability appearsimilar
in TFTR and DIII-D. Both have a “ballooning” m=drecursorstructure fast growth of an
m=1 island towards end of precursor stage, and ballistic heat p@samtourplot of the
local electrontemperatureghrough a typical sawtoothon TFTR as measuredwvith a 2"

constant sland size rapid growth starts ., harmonic grating polychromator shown
— A N

20l // \\A I/ ] in Figure 2. Temperaturecontoursare
2 keVf

drawn every 0.5 keV, the signals are
digitized at 500 kHz. As is typical, the
precursoris presentat nearly constant
amplitude for many milliseconds,
followed by a period where the island
grows rapidly. In this casethe growth
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starts approximately 10@secsbeforethe

crash. In this example,the precursor
oscillations are essentially confined
within  the qg=1 surface until

Figure 2. Contour plot of the electron temperature
vs. major radius and time showing the m=1, n=1

sawtooth precursor.
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the last oscillation, indicating that coupling of the m=1 to higher poloidal harmonicsis
weak. Thereis wide variationin this behavior;in a very similar plasma,the sawtooth

precursorbeganto grow 700 psec prior to the crash and much stronger poloidal

coupling was observed (not necessarily correlated).

For comparison, aawtoothprecursoras measuredvith the heterodyneadiometeron
DIII-D is shown in Figure 3.Contoursarealsoshownevery0.5 keV andthe digitization
rateis 100 kHz. The characteristigprecursorfrequency(plasmarotationrate)is 15 kHz,
vs. the 5 kHz in the TFTR example. The generalbehavioris very similar with the
precursormpresentfor many msecat nearly constantamplitude,followed by a final rapid
growth phase. In this case the rapid 220 [T T

s N
growth begins 300 psecs before the a W
sawtooth crash. Theouplingto poloidal \;'/ ZOOW
harmonics is stronger, seemingly a E ]
generalcharacteristioof DIII-D sawtooth % 150 _'
precursors. = .
Despite the lower bandwidth and higher PR | ]
characteristic MHD  frequencies which v S — i
preclude very detailed reconstruction of Time (sec)
the sawtooth precursor in this data seif it Figure 3. Contourplot similar to Figure 2 for a
possible to see that the sawtooth sawtoothin DIII-D.  The poloidal coupling is
precursors  have the classic stronger in this case.

“cold island” structure typically seen in TFTR sawtooth precursors.

Heat Pulse Propagation Studies

The “ballistic” contributionto the electronheatpulsewas strongon DIII-D, similar or
stronger than that seen on TFTR[3{.hasbeenpostulatedhat the “ballistic” effectis the
result of a strongenhancemenin the thermal diffusivity weakly localizedin the region
aroundthe g=1 surface. Modeling studies basedon TFTR data suggestedthat the
enhancemenis presentfor a short time during and after the sawtooth reconnection.
Evidence for this enhancement is seen in Fig. 3 where the temperature is stantrepse
outside the reconnection radius evkming the sawtoothcrash. The effectis summarized
in Figure 4 where the measuredpost-crashtemperatureprofile is comparedto a
Kadomtsev-likereconnectiorappliedto the pre-crashprofile. The simulatedpost-crash
profile is hollow, asexpecteddueto the low centralshearand larger shearnearthe q=1
surface. The experimentapost-crastprofile is rounded,not hollow, consistentwith an
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F oreoanone enhancementin the thermal diffusivity
during the sawtooth crash.

Experimentson TFTR showedthat the
sawtoothinduceddensity pulse was much
slower than the temperature pulse,
consistentwith a model that the electron
heat transport was enhanced by weak
magneticstochasticitygeneratedduring the
sawtoothcrash. The parallel electronheat
transport will be much faster than the
parallel density transport. The ion heat
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Figure 4. Simulated post-crash temperature
profile using measuredq(r), precrashTe(r) and
Kadomtsev model.

parallel heat transport should also be slow, thus the ion heatmpiglisenot be expectedo
be greatly affected by weak magnetic stochasticity. Further, ion perpendicularheat

might be lessaffectedif the scalelengths 032 ke
for the magnetic stochasticity were 0‘47,%MM”J\M

0.55 keV

shorterthanthe ion larmor radius. Until
recently direct measurementsf the ion
heatpulsewere not possible[4]. In this
experiment measurementsof the ion
temperaturgorofile were madeat 2 msec
intervals using the CER system. The
speed and sensitivity was sufficient to
have detecteda ballistic responsein the
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Figure 5. Ti (bold) and Te heat pulses overlayed at
several radii.
ion heattransport(Fig. 5). The sawtoothgeneratecheatpulsein the region immediately
outside the reconnection radiusneak, however,at larger minor radius, strong, fast heat
pulsesare observed.It is speculatedthat they could arise if the electron heat pulses
affected,in a nonlinearmanner,the ion transportcoefficients, but detailed simulations
remain to be done. There is also a modulation of the iomlaattontemperaturest about
the sawtooth period whose origin is not understood at this time.
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