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Abstract. The Charge Exchange Recombination diagnostic on the TCahtak has been configured to measure
the evolution of the Toroidal plasma rotation across sahtegents. Previous measurements showed a strong
discontinuity in the Toroidal rotation profile at the sawtto@version radius (thg = 1 radius) for a wide range of
safety factors that limited the maximum intrinsic rotati@ues (i.e. the plasma rotation in the absence of external
torque). The presented measurements show the evolutitwe doroidal plasma rotation over the sawtooth period
by conditionally resampling measurements from a large ramolb resolved sawteeth events. In contrast to the
previous measurements that show the plasma rotation acmgr several sawteeth, this measurement resolves
the Toroidal rotation changes across a canonical sawttaitial results indicate a fask(2mg co-current accel-
eration at the sawtooth crash in the plasma core followed jpyofile relaxation on a time scale5ms until the
next sawtooth event. Outside the sawtooth inversion ratier® is a smaller counter-current acceleration, imply-
ing some momentum conservation, with an total co-currecglacation contribution in agreement with previous
measurements.

1. Introduction

Understanding the behaviour of tokamak plasma rotation and momentum trainggeneral, is the sub-
ject of intense present day experimental and theoretical resear2h 314, 5, 6, 7]. Plasma rotation
and velocity shear are known to play an important role in the formation ofgcaihbarriers such as
H-mode and ITBs and Toroidal rotation may help stabilise resistive wall modév{Rinstabilities[8].
Furthermore, bulk plasma rotation has been observed to change syogsiowith other changes in
plasma behaviour, modify the plasma electric field and ExB shear that aghthoueduce turbulence,
increase the threshold for NTM modes etc [9, 10]. Recent interest in tikbanisms that can drive
intrinsic plasma rotation (i.e. in the absence of an explicit external torqueasia neutral beam) has
been heightened with the conclusion that in fusion devices such as I'KRnal torques will not de-
termine the overall plasma velocity stimulating a quest for an improved undéirstgof the physical
mechanisms involved [11]. In view of the lack of a theoretical model, empisicaings for Toroidal ro-
tation scaling have been constructed using data from many machines ttiat preonsiderable rotation
in larger machines [12]. The need for more information and a viable modgl isrgent.

Following the installation of a diagnostic neutral beam on the TCV tokamak {a§éther with a spec-
troscopic diagnostic system (described below), intrinsic rotation hasrbperted over a wide variety of
plasma conditions [14, 15, 16, 13]. In the initial experiments on a simple limitetalige, the maximum
Toroidal rotation was found to scale inversely with the plasma currentgmxeimately proportionately
to the ion temperature (It is to be recalled that since TCV does not yet éaditect ion heating, ion heat-
ing is determined by electron-ion collisions). The Toroidal rotation profifggnt was similar to the
ion temperature gradient in line with other experimental observations andetioad investigations that
suggested a strong coupling of the ion heat and momentum transpor?[1Zhkre is an ever increasing
number of reported Toroidal rotation behaviour in the literature indicating ¢batrary to initial expec-
tations, plasma rotation is affected by many kinds of heating and plasma instapilésent in today’s
and most probably tomorrow’s devices.

This paper continues with an instigation of a relatively simple limited dischargigcmation. Fig. 1
shows the Toroidal rotation profiles for a series of similar discharge<hiit which the plasma current

*See listin S. Coda et al., paper OV/5-2, this conference
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was varied. The rotation gradients outside the sawtooth inversion radilR)(8re similar with a co-
current profile flattening appearing inside the STIR. Using ECH heatitgjd®ithe sawteeth inversion
radius Fig. 2, that displaces the STIR inwards, the rotation gradient wiasaingd up to the displaced
STIR resulting in increased core rotation.
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FIG. 1. Toroidal rotation profiles for a sequence of limited discharges withnge of plasma currents.

Rotation always in the counter-current direction, the velocity gradient irptaema edge is discontinu-
ous at the sawteeth inversion radii indicated by vertical lines
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FIG. 2. Toroidal rotation profiles for two discharges with and without EG#ating outside the sawtooth
inversion radius (positiopy ~ 0.6 indicated) that has the effect of displacing the inversion radius to-
wards the plasma core. In both cases, the Toroidal rotation profile indge extends up to the sawtooth
inversion radius

By combining these observations, the core rotation, extrapolated frondtfeestope, was found to be
relatively constant for high g (low current) discharges ugtieaches values 3 and below which the

whole rotation profile changes significantly[16]. These plasmas are olyrtieated and the ion tem-
perature depends on the electron temperature that in turn depends tectiendemperature. Using the
ion temperature scaling described above, the constancy of the extrapodagerotation in the absence
of sawteeth is further improved Fig. 3 [18]

These observations correspond to a discharge with regular sawteetihifth an average co-current
torque appears to act on the plasma core inside the sawtooth inversiog. ratiel measurements are
made across several sawteeth so only the average torque in measuraterito gain some insight into

the torque generation physics, it is necessary to look at the rotation evotluiing a sawtooth cycle.

In widely accepted sawtooth reconnection model, at the sawtooth crash,ishe strong particle and

energy mixing often accompanied by an expulsion of a heat and particke quitwards from the plasma
core. This paper reports an initial investigation of the momentum generatibinaarsport time resolved

within a sawtooth cycle.



EXS/P4-01

Extrapolated central rotation ug, [km/s] 0.15 Uyp extrapl Tio (KMV/SEV)
80 ° O
e 5 oy ©
° o =) _ _ 19 -3
60 . 01 O n, ,,=20-3.5x10"° m
. O
40
ne,av =2.0-3.5x10"m? 0.05 O
20 ° O 150
. o | >0 ] Ip<0
b) o Ip<0 O p
2 3 4 5 6 7 2 3 4 5 6 7
995 Uos

FIG. 3. Left: Extrapolation of the axial Toroidal velocity from the gradieatside the sawtooth inversion
radius. Right: Same data normalised to the ion temperature. Without sawtbethmplies that the
plasma current scaling reported previously [14] can be explainedrbgféect of the sawteeth presence

2. Experimental Procedure

On the diagnostic front, several plasma devices across the world dppeduwvith systems that are able
to provide plasma rotation profiles time resolved across the plasma discbalge the evolution of the
plasma rotation profiles may be measured on a regular basis across vwjdefgtasma parameters and
operational scenarios. As many of these systems employ Charge ErdRacgmbination Spectroscopy
(CXRS or CHERS) using the light emitted from the interaction of a high poweitfdeHeating Beam
(NBI) with the plasma, the measured rotation profiles are often dominated laypftied torque and not
the intrinsic plasma physics. To measure the intrinsic rotation, short, anéuilgpen-perturbing, NBI
pulses are sometimes used or passive spectroscopy of impurity atoms gpididiia plasma core [2].

Onthe TCV tokamak, a low power Diagnostic Neutral Beam (DNBI) is useabehiorque on the plasma
may be neglected but whose beam energy is sufficient to penetrats #weoshole plasma radius. It
provides time resolved ion density, temperature and rotation profiles time edsatvoss the discharge
period [13]. TCV features an almost complete Carbon tile wall protectiorBandnisation conditioning
such that Carbon is the strongest intrinsic plasma impurity s&CthEn =8 — 7) is used for most
measurements. TCV also features a comprehensive shaping and sgatesh without a fixed divertor
chamber so that a wide variety of plasma shapes and configurations maarieed between and
possibly during the- 2s plasma pulse [20]. A high power X2 (second harmonic) ECH heating system
with launchers that may be controlled during the discharge permits preci§ibhagd ECCD (current
drive) during the plasma discharge and a high power X3 (third harmoeatjrty system is available to
heat higher density plasmas.

Since the sawtooth period for these discharges is often a few ms and tarst@XRS system uses in-
tegration periods in excess of 20ms for 20 radial chords, several watdifis were introduced to obtain
time resolved velocity measurements. It is well documented that by depositiogrant ECCD just
outside the STIR together with power deposition in the plasma core, the saategtartially stabilised
with the sawtooth period rising from a few to over 15§ [For these experiments, the main Toroidal
field (By) was reduced from the normal 1.43T+d..2T with the EC beam launched from the equatorial
plan displacing the resonance to the inboard side of the plasma. At a plasreatty= —260 kA,
With Neay =~ 1.5x10°m~3 , ge = 2.7 was obtained, with g = 1 surface located a, ~ 0.6. The power
and deposition profiles were initially calculated with the TORAY-GA code anddtwl location of the
current drive tuned by fine scansBf whilst keeping the ratioBy/1p, and thusge, constant or by small
scans of the ECCD injection angle.

When reducing the detector integration time fren80msto ~ 2mstwo problems arise. The number of
sampled chords has to be reduced due to detector readout constrditiie acquired light intensity is
insufficient to obtain sufficient signal over a single sawtooth event. Timeber of observation chords
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was reduced from 20 to 4, but this reduction in the spatial resolution whalfyamitigated by integrating
adjacent chords and choosing effective observation chords distlilgppproximately equally across the
plasma minor radius. Thus, although only 4 chords are now available, thestithbe chosen to monitor
the core and peripheral rotation evolution.
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FIG. 4. Traces showing the triggers provided to the CXRS detector systehe Real Time system.
The soft X-ray emission intensity in the upper trace shows the sawteethi@voltie middle trace the
triggers sent to the CXRS detector and the lower trace the detector vided outpu

To compensate for the reduction in signal caused by the reduced integmat& a conditional sampling
technique was developed in which the signal from several sawteethesrasms summed as a function
of the sawtooth phase. Conditional resampling requires that the acquisitionticeetainty, within the
phase of the sawtooth, be considerably less than the tangstirBe resolution. This was achieved by
implementing a real-time (RT) trigger system based on a digital control systenthe installed on
TCV [20]. The sawtooth evolution, detected by plasma spectral emissiog asiaft X-ray detector, is
monitored by the RT system and a sequence of regularly spaced triggerst it® the CXRS detection
system upon sawtooth detection. The CXRS CCD cameras effectivelyatedbe incident signal until
receiving a trigger that causes the signal to be electronically readid@tared. This means that the first
trigger from the RT system, programmed to occur during the initial sawtoosin cialmost entirely a
measurement of the plasma rotation jBsforethe sawtooth crash and the subsequent triggers measure
the average plasma rotation during successimsi@itegration periods, Fig. 4 and Fig. 5.
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FIG. 5. Schematic of the TCV Real Time Control System used to triggeXRE Gystem. The soft X-ray
signal is acquired as usual and by the Real Time node where a softigamethm detects the sawtooth
event. The Real Time node then generates TTL triggers from its DAC thaeat to the CXRS detector

For these experiments, the DNB injector operated with a regular 15ms on Ibdwyocycle that was
not synchronised to the sawteeth events. The TCV CXRS diagnostic ctgtitra spectra before neutral
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beam injection from that with the beam to obtain #utivespectrum i.e. that due to the beam interaction
with the plasma. In this fast acquisition configuration, following a completedisitigpn, the acquired
spectra were divided into those encompassing sawteeth events with andtwhipresence of the DNB
current. Each Bsacquisition period was then sorted with respect to its time from the precedingath
crash. By averaging the spectra in each category and extractiragtive spectra by subtraction, the
evolution of anaverageor more correctlycanonicalsawtooth was constructed.

3. Results and Discussion

Partially stabilised sawteeth resulting from judicious ECCD and/or ECH tendvodneelatively strong
soft X-ray sawtooth signature. The quality of the real-time triggering sysatamonstrated in Fig. 6.
The soft X-ray signal is divided by the detected crash time and the sigstabven over-plotted across the
experimental period together with an average trace. In spite of the vagwigoth period, demonstrated
by the start of the next sawtooth crash visible on the RHS of the plot, the ettmaee remarkably
similar, providing credibility to the conditional resampling method. The averagdo®th appears to
have a second partial crash aftebmsbut the initial sawtooth crash should be well diagnosed with the
available Znstime resolution. A statistical analysis of the summed spectra indicated an uniyeofain
order+1 km/s that is of the same order of the uncertainties inherent to the CXRS reeesir(e.g.
wavelength calibration) [19].
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FIG. 6. SXR traces for sawteeth selected for the coherent averagesemalie average trace, superim-
posed in red shows some indication of a partial reconnectiopzat & ms (TCV 35944).

The temporal and spatial evolution for a canonical sawtooth in one dgelmshown in Fig. 7. In the
upper plot, the Toroidal rotation profile is shown: just after the crasar, tiee middle of the sawtooth
period and near the end of the sawtooth period. A clear co-currenit”kicthe core is seen at the
sawtooth crash but the profile then rapidly relaxes to one that evolvessioavly until the next crash.
The Toroidal velocity at three radial locations is shown as a function of tataive to the sawtooth
crash in the lower plot. It is important to recall that the acquired spectridnargverage over a relatively
wide radial region (from the signal integration on the CXRS detectorg)ttzat each point results from
the integrated signat1ms. Again, the strong co-current "kick” in the plasma core is well prieskand
the Toroidal rotation evolves little across the sawtooth period at the §¥JR:(0.4). The rotation well
outside the STIR reacts slowly to the core change and recovers itsyressia value on about the same
time scale as the core rotation, if the initial change is excluded. The main resailisithat the strongest
core rotation change occurs well below thres2ime resolution of this experiment and there then appears
to be a smooth momentum redistribution before the next sawtooth. From theyzeneasurements, it
is already known that the overall effect is to generate an effectivauo@nt torque in the plasma core
but this result also demonstrates some degree of momentum conservabiss ther plasma profile with
the plasma outside the STIR accelerating in the opposite direction to the carie calla considerably
longer timescale.

The reproducibility of this experimentally challenging result is shown in Figh8ne the profile change
across the sawtooth for several discharges with the same STIR are plditeds simply the difference
between the first rotation profile following the sawtooth crash and the b#station of the profile just
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FIG. 7. Upper figure shows the Toroidal rotation profile at 1, 5 and & hfter the sawtooth crash. There
is a clear co-current "kick” in the plasma core at the sawtooth crashweofigure shows the evolution of
the Toroidal rotation at three radial positions across the complete sawioartlod. The fast acceleration

at the sawtooth crash is followed by a slower velocity profile evolution befersuhsequent sawtooth

before the crash. Again, the profile appears to pivot around the @iilRthe core showing a strong
Co-Current acceleration whereas the rest of the plasma is slightly ateelén the counter-current
direction. One set diypical error bars are shown to indicate the calculated measurement uncertainty.

The evolution ofTg in TCV plasmas in the presence sawtooth activity and with ECH power, has bee
modeled using the ideas in the theoretical model from Porcelli [22]. Theos#wcrash is modeled using
the Kadomtsev [23] theory of full or partial reconnection, in which topadabconstraints combined with
particle and thermal energy conservation, are invoked to determine tRedegdast-crashe profile, as a
function of the pre-crash profile.

With the conjecture that this may be applicable to momentum transport too, theo§iiis model can

be extended to include Toroidal momentum and velocity where the mixing rulé®foidal rotation
profiles are derived by observing the formal correspondence battfeermal energye = neTe and
Toroidal momentunp, = minjuy [24]. For the sawteeth, it was found that, depending on the degree of
peaking of the pre crash profile, the post-crash radial profile may be holldve{ ring), flat or slightly
peaked.

An initial estimation of this effect on plasma rotation in TCV Ohmic discharges wakeimgnted in the
ASTRA transport code by including the mixing rules for Toroidal rotatioofife. A simplified parabolic
rotation profile was introduced with a peaking exponenite. (1—r?/a?)%, and the transport tuned to
match the velocity profile relaxation time to the observefims A hollow rotation profile, in qualitative
agreement with the TCV results, was obtained especially for peaking$acgyeater than unity [19]. In
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FIG. 8. The change in the rotation profile just before and just after the sativtorash for several
discharges. There is a strong co-current plasma acceleration in theeared a smaller counter-current
acceleration outside the sawtooth inversion radius.

spite of the assumptions, it is, at least, not inconsistent to model the Toroidabn behaviour together
with the density and electron temperature behaviour. The resulting net plasqua may not, however,
be described by momentum distribution alone. A heuristic model for the aatielethat is always in
the co-current direction has been attempted where a strong electric fieltbpe during the magnetic
reconnection (sawtooth) from a variation in the poloidal magnetic flux [[lt#jal estimates give a core
electric field of the order of a few V/m that could be sufficient to drive theesved velocity change. In
this model, the ions were supposed to accelerate freely over the sawtasiitione but a more plausible
model would require a model for the ion viscosity and friction forces onethiese scales and consider
the difference in the effect of such an electric field on the main and impurity idiore detailed rotation
profile measurements would be extremely useful in indicating whether this kimaderstanding could
be pertinent.

The reduced spatial resolution means that only one spatial chord moniopsama core. Although
increasing the temporal resolution is possible, the limited beam/plasma luminosity@KR8® system
will limit the possibilities. New detectors with faster readout but the same oviérd@tantum efficiency
are being installed on the TCV CXRS that should result in up to 40 obsenditads across the plasma
minor radius. Following the initial observations, there remained a certain armabdaoubt in the possible
interpretation since only the central observation chord, for the profile inatedgfollowing the sawtooth
crash, shows a strong discontinuity. Since then, all the diagnosed djssh@ave shown a similar effect
that can no longer be ascribed to an instrumental uncertainty but, here agaore detailed profile
would be helpful.

4, Conclusions and Outlook

This paper presents the first time resolved measurement of Toroidal platatian profiles across saw-
teeth events. Although the experimental technique is quite involved, the reaantrshows that a strong
co-current acceleration occurs in the plasma core on a time scale tharsppesiderably faster than
the 2nstime resolution used here can resolve. In essence, the rotation profilend fo be directly
affected by thesawteethingphenomenon. A degree of momentum conservation close to the crash is
served with the rest of the plasma accelerating in the opposite (countentjudirection but the overall
effect is to exert a cumulative torque on the plasma core that, as previesiyted, limits the core
velocity. The momentum pinch demonstrated by the constant velocity gradiém plasma edge, if
uninterrupted by the sawtooth mixing, would appear to result in a peakeibrotaofile, at least for
these discharges. The initial scaling law for the maximum Toroidal rotatiorcitelihus appears to be
caused by the sawteeth rather than some effect of the plasma curreatoarttentum transport physics.

ob-
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Measurements with higher spatial resolution, and possibly higher tempsmlition, are being planned
in the near future to see if there is further spatial or temporal structure ipribiess that may help test
a model for momentum redistribution and torque generation by sawteeth asithlymther strong mode
activity.
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