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Poloidal Rotation in TFTR Reversed Shear Plasmas
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A bifurcation in the core poloidal rotation of carbon impurity ions in the Tokamak Fusion Test
Reactor (TFTR) has been observed prior to the transport bifurcation associated with enhanced reverse
shear plasmas. In a narrow radial region of the plasma, the impurity ion poloidal rotation reverses
direction. This poloidal flow is associated with the establishment of a large negative radial electric field
with strong shear. The measured poloidal velocities before, during, and after this precursor differ from
neoclassical predictions. [S0031-9007(98)06912-9]

PACS numbers: 52.55.Fa, 52.25.Fi, 52.30.—q, 52.70.Ds

The understanding of the formation of transport barri-growing mode,y™ for turbulence suppression by the
ers in tokamak plasmas is fundamental to the developmenmlecorrelation of the turbulent eddies responsible for radial
of techniques to control such barriers for tailoring profilestransport. Also, measurements of the carbon poloidal
and improving operating regimes. A large body of workvelocity in the core differ significantly from neoclassical
has been devoted to the study of the edge transport bapredictions of the carbon poloidal velocity for reverse
rier responsible for the improved confinement propertieshear plasmas.
of H-mode plasmas [1,2]. More recently, the study of The shearing rate is given byzxz = (R2B3/B)d/
internal barriers has gained attention, particularly transe(E,/RBy), where R is the major radiusBy is the
port barriers formed in enhanced reversed shear (ERS) @oloidal magnetic fieldB is the total magnetic field, and
negative central shear (NCS) discharges [3,4]. Bdth ¢ is the poloidal magnetic flux [10,11]. This is evaluated
mode and ERS plasmas exhibit a bifurcation in confineusing an indirect measurement &, obtained from
ment from the previous plasma state. These confinemeitihe radial force balance equatiol;,, = Vp/(eZn) +
improvements result from the establishment of a transpori s By — vgBg, Where p is the ion pressureeg is the
barrier within a few centimeters of the edge #frmode  electronic chargeZ is the charge numben; is the ion
plasmas and within the inner half radius for ERS plasmasdensity,v, is the toroidal velocity, an®, is the toroidal
At the plasma edge, the radial electric field,, and its magnetic field. This equation applies separately to each
gradient,E’, have been linked to the bifurcation dynam-ion species in the plasma; the pressure and velocity
ics at theH-mode transition. Their role is manifested in are unique for each species. Carbpn n, and vy
a change in the plasma impurity [5] and working ion [6] have been routinely measured on TFTR using charge
poloidal flow velocity. The fundamental role &f. is fur-  exchange recombination spectroscopy [12]. The new
ther evidenced by7-mode-like confinement induced and local measurements of, allow the determination of
sustained by the external application of an electric fieldorofiles ofE, and wgxp.

[7]. For ERS plasmag;, andE X B shear flow are cen- Local measurements efy, are made by a new spectro-
tral to the sustainment of high confinement [8]. scopic diagnostic along with a novel inversion technique

In this Letter, local poloidal rotatiornyy, measurements [13]. Carbonvy profiles were determined by measuring
of impurity ions deep in the plasma core are presentethe Doppler shifted emission of the\@ 5291 A line us-
for the first time. They reveal that the bifurcation in ing charge exchange (CX) emission in the core and in-
confinement in ERS plasmas is preceded by a bifurcatiotrinsic emission in the outer third of the plasma. The
in the carbonvy. In a narrow radial channel near the diagnostic incorporated two up-down symmetric sets of
radius of the minimum safety factogmn, the carbon sight lines to cancel the effects of the energy dependent
vy reverses direction for those discharges which willCX cross section [14,15] which can seriously distort the
transit to improved confinement. Thesg precursors measuredyy profiles. Typically,vy measurements in the
are associated with a large negati¥®, over a few core using vertical sight lines suffer from radial smearing
centimeters of radius or a few percent of the minor radiuglue to field curvature within the large vertical footprint
for Tokamak Fusion Test Reactor (TFTR) RS plasmasof the neutral beam. The inversion procedure, using the
The large associated electric field shear determined bsnagnetic geometry, recovers the loagl which, in the
these local measurements is easily sufficient to satisfgore, also requires independent knowledge of the neutral
the rough criterion expressed by Waltz [9] that thebeam geometry and a beam attenuation calculation based
shearing rate exceeds the linear growth rate of the fastesh separately measured profiles. The temporal resolution
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for these measurements was 20 ms with a spatial resolis due mostly to the carbon density. Measurements of the
tion after inversion of about 3.5 cm. carbon poloidal rotation show, in Fig. 1(b), a bifurcation
Deuterium reversed shear discharges were studied at vy about 60 ms prior to the first indication of a trans-
two toroidal magnetic fieldsB, = 4.6 and 3.4 T. The portimprovement at a major radius Bf= 3.02 m which
plasma currents werk, = 1.6 and 1.2 MA, respectively, corresponds to/a = 0.25. The direction of rotation of
for the high and low field discharges, resulting in similarthe impurity carbon ions is in th@®n diamagnetic drift
edgegq values. The plasmas had a major radiusRof=  direction, until the bifurcation, when there was a rever-
2.60 m and a minor radius o = 0.95 m. The reversed sal in the direction of rotation of carbon for the discharge
magnetic shear was established by early heating witthat would undergo a transition to ERS. During the ERS
neutral beams during a current ramp. Additional neutraphase, the ion thermal confinement in the core was be-
beam heating was then added with sufficient power tdow standard neoclassical values, as previously observed
produce a transition to enhanced confinement. The neutrah similar discharges [3].
beam power was 25-28 MW for higB, discharges, Some of the low field RS discharges provided the largest
and 13-15 MW for lowBy4. A lithium pellet was observed excursions imy prior to the ERS transition.
injected early in the discharges. Pellet injection seems t&igure 2 shows both chord-averaged and inverted profiles
provide favorable conditions for a transition, though theof v, for a low By discharge. The chord-integrated
mechanism is not understood, and is not always requireadneasurements sample emission over an extended radial
In the low field discharges, pellet injection seems to assistange outside their tangency radii. The narrow region
in the formation of the negative magnetic shear in thewith flow reversal appears to extend inward in the chord-
core, as in the pellet enhanced performance regime [16].averaged profile, and becomes more distinct and deeper in
Shown in Fig. 1 are parameters from two nearly iden-the invertedvy profile, occupying just one sight line for
tical reversed shear discharges. Shortly after the start dhis discharge. In other discharges, theexcursion often
the high power heating phase, there is a transport bifurcappears simultaneously on two sight lines. The tangency
tion which, initially, is chiefly manifested in a change in radii of the sight lines are spaced about 3.5 cm apart with
the rate of rise of the plasma density. Shown in Fig. 1(ap gap in sensitivity of about 1 cm. A positive spike in
is the local carbon pressure which gives the first indicavy appears on the sight line just inside the one with the
tion of a difference between RS and ERS discharges. Thiarge negative velocity. This is an artifact of the inversion
difference in carbon pressure between the two dischargeesulting from a narrow shear layer being misaligned with
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FIG. 1. Comparison of two reverse shear discharges. (a) &IG. 2. (a) Chord-averaged carbarn, profile for low B,
transport improvement indicated by the bifurcation in the localdischarge. (b) Inverted carbawy profile indicates a narrow
carbon pressure at the transition to ERS confinement. (b) Aadial layer with high shear. (c) Location of shear layer is
bifurcation in carbon poloidal rotation is observed prior to thebetween the high gradient region of carbon pressure and the
transport improvement. location of gmin.
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the sight line locations. A shear layer narrower than the = U
channel-to-channel spacing results in an overshoot of the —~ Of.= T
velocity on the inner adjacent sight line when the layer is E —E tot;
not centered. Depending on the location of the reversed = -100} Vf/ Zn)-
flow, the largestvy, may not be sampled by the nearest = - - Vp/(eZn)
sightline. The sightlines inside the shear layer all measure TR V¢Be

diminishing amounts of the shear layer and thereby provide -2001 (@)

information on the location of the shear layer, though

the width cannot be uniquely determined. The chord- -

averaged profile can constrain the product of the width of e

the shear layerAr, and the change of the velocitvy, S
x~
L

where(Ar) (Avy) = —220 cmkm/s. From the location
of the shear layer and the fact that it is not seen on the

next outboard channel, the shear layer is less than 2 cm

wide. This implies thatAvg| > 110 km/s. Also shown -200 (b)
in Fig. 2 is the measureg profile using the motional Stark ! : ! '

effect (MSE) diagnostic [17]. The position of the shear 16 18 20 22 24
layer changed, over one or two sight lines, as discharge TIME (s)

parameters varied. The Iocatlt_)n .Of thg shear_ region g, s, (a) Total radial electric field during the ERS precursor
was always a few centimeters inside the locationj@h  is determined spectroscopically by summing measured terms
for both high and lowB, discharges. from the radial force balance equation. (b) Comparisoi& of
From the radial force balance equation, it is cleardetermined from MSE and from spectroscopy at the same radial
that the large excursions imy correspond to a large location shows good temporal and quantitative agreement.
negative change itE,. The MSE diagnostic measures
the local pitch angle of the magnetic field to determinethe time of thevy excursion for carbon. This precursor
g, but is also sensitive t&, in the plasma [18—20]. occurs at a time before there are changes in pressure
Large values of, contribute to the measured polarization and temperature associated with enhanced confinement.
angle of the beam emission used to determine the pitcAlthough determined from the carbon ions alone, the large
of the magnetic field. For the lowB, discharges, the E, is felt by the main ions as well. Since there is little
magnitude ofE,, its localization, and its transient nature or no change in the pressure profile, as determined by the
were sufficient to distinguish the contribution &,  density and temperature diagnostics, radial force balance
from the magnetic pitch angle contribution to the MSEindicates that there must also be a strong change in the
measurement [20]. In Fig. 3 is a comparison/&f for  flow of the main ions. If, like carbon, there is no change
the discharge shown in Fig. 2 measured spectroscopicalip deuteriumvy, then thechangein the deuteriumvy
and with the change irt, from MSE at the nearest would be the same as tlehangein the carborw, with a
radius. There is a good correlation in time and magnitudeimilar radial extent.
between the two measurements. This correlation indicates Though the generating mechanism is not yet under-
that additional terms in the force balance equation, sucktood, the large poloidal flows measured for the carbon
as time-dependent terms, are not needed to capture tiapurity ions represent large shearing rates, many times
dynamics of the excursion. Both measurements aréarger than necessary to satisfy the nominal criterion of
observed at one radial location only for this dischargewgxp = y™® for an ERS transition. Within the limited
The MSE channels are spaced about 4 cm apart. Thaata set, however, there was one discharge in which there
large change irE, seems to be associated entirely with was no observed poloidal rotation precursor even though a
the poloidal flow with little or no change in the pressuretransition to ERS took place, indicating that the conditions
gradient or toroidal flow. The narrowness of the sheaffor the transition were already marginally present. Every
layer affects the inferred magnitude @&,.. A shear discharge with a poloidal precursor did have a transition.
layer narrower than the 3.5 cm spacing of the poloidalt is therefore likely that these precursors are not necessary
rotation diagnostic implies both a large poloidal flow andfor a transition, but do provide an overwhelming push that
alargerE,. Likewise, the MSE measurement has a radialensures a transition will take place. The large sheatin
sensitivity over a 3.5 cm range, such that it measures aand E, precede the transport improvement and relax as
averageE, over that region. For a shear layer width of the confinement improvement takes place, indicating that
1 cm, the inferred values af, shown in Fig. 3 would the precursor is associated with triggering the transition
triple, thereby increasing th&, shear by an order of only, and not with sustaining the enhanced confinement.
magnitude. With measurements ofvy in the plasma core, a
Though the poloidal rotation of the main ions was notcomparison can be made to the values calculated using
measured, something can be said about its behavior durimgeoclassical theory. Neoclassical calculations were done

— E, total
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20 ‘ ' ' T 4103794 the measured well depth is shallower than the neoclassical
VT value, resulting in a smaller measurgfl after the transi-

Measured

10 tion. This would suggest thaigx s was previously under-
& estimated before the transition and overestimated after the
b= Ol o transition when neoclassical predictions were used. Previ-
< ous experiments with RS discharges at lower field [22,23]
= Li pellet . suggested thabgxp was up to a factor of 3 belowy™>

-10 Neoclassical at the time of the transition when a neoclassigalwas

80 : : : : used. These new measurements argue that this may not

have been the situation, but that a larger unmeasured shear
flow was present.

Measured
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