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ABSTRACT.

Results from the first measurements of core plasma poloidal rotation velocity (v,) across Internal
Transport Barriers (ITB) on JET are presented. The datawas al so taken during dischargeswith tritium
puffng, providing a unique opportunity for combined studies of particle and momentum transport.
The spatial and temporal evolution of the I TB can be followed along the v, radial profiles, providing
a very clear link between the location of the steepest region of the ion temperature gradient and
localised spin up of v,. The v, measurements are an order of magnitude higher than the neoclassical
predictionsinthe I TB region, contrary to the close agreement found between measured and predicted
particleand heat transport coeffcients. Theseresults have significant implicationsfor the understanding
of trangport barrier dynamics, due to their large impact on the measured radial electric field profile.

INTRODUCTION

TheInternal Transport Barrier (ITB) regimeisan advanced operation scenario presently studied on
JET with aview toitsextension to next step, large fusion devices. A great deal of progress has been
made in recent years in the theoretical modelling and experimental control of ITBs. However the
underlying mechanismsfor I TB formation and sustainment are not yet fully understood. Turbulence
suppression in the region of the ITB is thought to be controlled by the interaction of different
physical mechanisms of which there are several commonly studied aspects. Theseinclude asheared
EXB flow that stabilises|on or Electron Temperature Gradient modes (ITG/ETG) or Trapped Electron
Modes(TEM). Another important factor isthought to bethe g-profile: (a) alow or negative magnetic
shear influencesthe growth rate of theinstabilities, (b) thelow order rational g-surfacesfavourably
stabilise ExB flow shear and (c) strongly reversed q helps o.-stabilisation. Additional factors that
have also been considered include the ion to electron temperature ratio (T,/T,), strong €lectron
density gradients and turbulence driven self-generated zonal flows. The focus for this paper ison
turbulence suppression through sheared ExB flow with the evolution of measured core plasmav,
and radial electric field (E,) profilesin the barrier region on JET.

Using the force balance equation E, can be written as:

\%
Er :é + V¢Be - VGB¢ (1)

where p istheion pressure, Z theion charge number, e the e ementary charge, n istheion density, vy
and v, aretheiontoroidal and poloidal rotation velocities respectively, and B,and B, arethepoloida
and toroidal magneticfields. Thisexpressionfor E, isvalidfor each of the different fuel and impurity
ion species individualy. On JET the pressure profile and rotation velocities are measured using
Charge eX change Recombination Spectroscopy (CXRS) [19, 20] for the carbonionsand all quantities
in eg. (1) in this study refer to C** ions. The poloidal CXRS system simultaneously records spectra
along six viewing chords [19, 21], which are selected on a shot-to-shot basis. For the studies of ITB
plasmasthe mid-planeradii of thechannelsareintherangeR ;= 3.30m —3.65m. The angle between

the chords of the poloidal system and the toroidal resp. poloidal direction is about 80° resp. 15°,



wheress the angle between beam line and observation direction is about 75°. The toroidal rotation
velocity ismeasured by atoroidal CXRS system (with purely toroidal view). For the calculation of v,
thetoroidal component is subtracted from the total measured vel ocity along the poloidal lines of sight
[19, 21]. The poloidal CXRS system views the pinis 4 and 6 of the octant 4 neutral beam and the
toroidal CXRS system viewsthe pinis 6 and 7 of the octant 8 neutral beam.

Thefirst shot considered (Pulse No: 61352), isatypical ITB plasmawith negative central shear in
which deuterium and tritium gas fuelling was used [22]. For this discharge 13MW of Neutral Beam
Injection (NBI), 4MW of lon Cyclotron Range of Frequency (ICRF) and 2MW of Lower Hybrid
(LH) heating were applied. TheT; profilesfor timeslices during theformation and radial expansion of
the ITB are shown in figure 1(a). The ITB criterion for this shot is shown in figure 2(a) to further
illustrate the temporal and spatial evolution of the transport barrier. The I TB criterion is defined here
aswhen the local dimensionless Larmor radius (p*), with p* = rs/ L+ (theratio of the Larmor radius
at the sound speed, pg, and thelocal temperature gradient scalelength, L), exceedsacritical value of
0.014 as described in [23]. The spatial location of three of the CXRS viewing channels are indicated
in figures 1(a) and 2(a). The radia extent of the intersection of the CXRS channels and the beam
injection is about 8cm for the inner chords and decreases to about 5¢cm for the outer chords. This
gpatial resolution is determined by the line integration through the finite beam injection volume and
the finite spot size of the optical fibres at the intersection with the beam. The corresponding v, time
traces for each of these channels are shown in figure 2(b). The value of v, for theline of sight at the
magnetic mid-plane R, = 3.33mincreasesin the positive (el ectron diamagnetic) direction, from 7to
20km/s during the time that the channel views the centre of the steep T, gradient (t ~ 4.0s- 5.1s). As
the barrier moves outwards (t > 5.1s) the relative | ocation of the v, measurements change with respect
to the T, gradient, and a strong positive increase in v,, is picked up by the adjacent CXRS channel
(Riig = 3-40m), increasing from 7 to 40knv/s. Theinnermost channe! (R, 4= 3.33m) simultaneously
measures v, to change sign and spin up to -25 km/sin the ion diamagnetic direction, resulting in a
strong shear in poloidal rotation. Thevalue of v, along the outermost channel, with aview outsidethe
T, gradient region (R4 = 3.46m) is constant at about 7 kmy/s throughout the discharge. In the final
phase of the ITB evolution, the steep T, gradient moves inwards once again at t ~ 7.0s. As this
happensv,at R ;= 3.40mreturnstoitsinitial value of ~7 km/sand v, a R ;= 3.33mincreases back
to 25km/s in the el ectron diamagnetic direction.

A temperature correction has beenincluded in theanalysisfor thev, measurements. Thiscorrection
comprises both a term for the energy dependence of the charge exchange cross-section using the
approach of von Hellermann [24] and a correction for gyro-orbit motion during the finite lifetime of
the exciting state [ 25], starting from the analytic expressionsin [26], integrated along the CXRSlines
of sight on JET. The energy-dependence of the CX cross-section has the largest implications on the
measured profiles; for theinnermost v, chord (where the T; isthe highest and thus these effectsare the
most important) the non-corrected velocity isup to 100% higher (in positivedirection). After correcting
for the apparent line shift due to the gyro-orbit motion, the resulting experimental v, values are an
additional 25% more negative.



Measurements of v, are also presented for a second shot (Pulse N0:58094) in which more centrally
viewing CXRS channels were used, as indicated in figure 1(b). In this plasma the central T, was
higher than in the previous example, with values up to 24keV in the centre (figure 1(b)). Thetemporal
and spatial evolution of the ITB along with the three v, channels covering the gradient region (from
Rpg =3.28m toR_,4 = 3.46m) are shown in figures 3(a) and 3(b). The measurements show v, to
increase strongly to —75kmy/s for the channel at R, = 3.34m, when the central T, reaches it highest
values. This channel views the inner edge of the steep T, gradient during this time. The innermost
channel a R, = 3.28mislocated in aless stegp part of the T, gradient and shows asmaller negative
increaseto —40kmy/s. Thechannel at R_; ;= 3.46m}, which viewsthefoot of the barrier, does not show
any significant change inv,,

Reflectometry measurements obtained in the O-mode polarisation for a probing frequency
(36.9GHz) are shown in figure 4 for this shot (Pulse N0:58094). The radia position of the cut-off
layer for the probing frequency (39.6 GHz) and two other close frequencies (38.1 and 41.1GHz) are
shown in figure 4(a). The spectrogram computed from a diding FFT of the reflected signal and the
spectrogramintegrated over thewholefrequency range are depicted in figure 4(b) and (c) respectively.
A reduction in the fluctuation level duringt =5.0 - 5.6s and after t = 6.0s can be seen, corresponding
to the two time intervals with large negative v— excursions in the vicinity of the reflecting layer (as
showninfigure 3(b)). For the shot # 61352, areduction in the turbulent fluctuationswas a so observed
during theincreasein v,

These two examples demonstrate aclear link between the existence of an I TB and large, localised
excursionsinv,on JET. A limited spatia coverageof the coreregion for poloidal rotation measurements
(Riig=3-30m, mostly corresponding to p =0.3) and the fact that the barrier is often formed more
centrally than the innermost viewing chord, combined with a modest time resol ution of 50ms, means
that it is not possible to resolve the question of causality between the ITB formation and v, excursions
on JET. However itisclear that theincreasein v, persists throughout the duration of the barrier, and in
thisrespect differsfrom the poloidal rotation precursors observed on TFTR [27, 28]. Asshown infigure
2, efter the ITB disappears (t>9.0s) v, along the three inner chords relaxes back to pre-ITB vaues.

For thetrace tritium plasma (Pulse No: 61352) the tritium transport coefficients, both the diffusion
coefficient (D) and the convective velocity (v;), were also determined, and compared with their
neoclassical estimationsin [29]. A strong reduction in the particle transport coefficients was seen in
the barrier region, to the neoclassical level for D and dlightly abovefor v;. Theion heat diffusivity X;
was also found to reach the neoclassical level. The comparison between the CXRS measurements of
v, and the neoclassical predictions for impurity and main ions by NCLASS [30] is shown in figure
5(a) and (b). The NCLASS predictionsof v, arefor thermal particles. Thetransport codes JETTO and
TRANSP have been used to s mulate the plasmas and both the measured and cal cul ated v, profilesare
compared at asingletime dice during the barrier for the two shots described above. At the location of
the negativedip inthe neoclassical predictions, at around p =0.35 (R ;4 = 3.33m), thelargest negative
v, values are measured. There appears however, to be a significant difference in absolute values of

almost an order of magnitude. The positive increase for the channel around p = 0.45 (R ;4 = 3.40 m)



in Pulse N0:61352, measured in the middle of the T, gradient, is not reproduced by the NCLASS
calculations. Comparison of the experimental profiles to the predictions for the mainion v, (figure
5(a) and (b)) shows relatively good agreement in absolute value for the excursion in the negative
direction. The cause for the difference between measured and calculated v, is at present unclear, one
possibility for thisisthat the effect of the parallel flow, driven by thefast beamions, isnot includedin
NCLASS|[31, 32]. However, for Pulse N0:58094 large differences between measured and cal cul ated
vV, exist despite a constant beam power during the barrier evolution. The changes in beam deposition
profile during the I TB evolution show no clear correlation with the evolution of the measured v, In
addition, large impurity ion v, values were reported in [32] during quiescent H-mode discharges on
DIII-D, with similar values of central T, to the JET ITB shots shown here.

Using the experimental v, valuesinstead of the neoclassical predictionsin the cal culation of thetotal
E. field (from eq.(1)), resultsin asignificant differencein the region of the barrier, asis shownin figure
5(c) and (d). Outside the ITB (R ;4> 3.40m) there s good agreement between the JETTO output and
thefully experimenta E.. Intheregion of thesteep pressuregradient however, theshear in E, issignificantly
larger when the experimenta v, values are used instead of the NCLASS predictions, suggesting that the
stabilizing shear in the ExB flow isin fact stronger than the cal culations predict. The poloidal term (v,
B ¢) in E, in these examples has the same order of magnitude as the large toroidal term (v(p B,), which
originates from the external momentum input by unidirectional neutral beam injection.

CONCLUSIONS

High poloidal rotation velocities closely related to barrier dynamics have been identified on JET,
about an order of magnitude larger than the neoclassical predictions for thermal particles. The v,
excursions are in different rotational directions, depending on the location of the measurement
relative to the barrier. The time intervals, during which a reduction in turbulent fluctuations are
observed, coincide with the large excursionsin v, The values of E, in the barrier region are also
considerably different if the measured v, profiles are used instead of neoclassical calculations,
possibly affecting the calculation of the g-profile.
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Figure 1: Radial Ti profiles during the evolution of the ITB for (a) Pulse No's: 61352 and (b) 58094. The vertical
lines show the locations of the CXRS channels for v, measurements.
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Figure 2: (a) The ITB criterion and the locations of three of the vy channels in the region of the steep temperature
gradient. (b) Timetraces of vu at the three different CXRSradii shown in 2(a), with the error bars represented by the
dotted curves.
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Figure 3: (a) ITB criterion for Pulse No: 58094 and the
locations of the CXRS channels for v, measurement. (b)
Time traces of vy measured at the three different radii

shown in 5(a).

Figure 4: Reflectometry measurements of (a) radial
position of the cut-off layer for three frequencies, (b)
dliding FFT spectrogram of the reflected signal and (c)
integrated spectrogram.
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Figure 5: (a) and (b) Comparison of measured vu profiles with neoclassical predictions by NCLASS for the two
discharges during the ITB. (c) and (d) Er profiles calculated using eg.(1), with the measured v, values (stars) and the
NCLASS v predictions (solid line) and measured toroidal and pressure gradient components.
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