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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 Te
Reactor (TFTR) has been observed prior to the transport bifurcation associated with enhanced re
shear plasmas. In a narrow radial region of the plasma, the impurity ion poloidal rotation reve
direction. This poloidal flow is associated with the establishment of a large negative radial electric
with strong shear. The measured poloidal velocities before, during, and after this precursor differ
neoclassical predictions. [S0031-9007(98)06912-9]

PACS numbers: 52.55.Fa, 52.25.Fi, 52.30.–q, 52.70.Ds
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The understanding of the formation of transport bar
ers in tokamak plasmas is fundamental to the developm
of techniques to control such barriers for tailoring profil
and improving operating regimes. A large body of wo
has been devoted to the study of the edge transport
rier responsible for the improved confinement propert
of H-mode plasmas [1,2]. More recently, the study
internal barriers has gained attention, particularly tra
port barriers formed in enhanced reversed shear (ERS
negative central shear (NCS) discharges [3,4]. BothH-
mode and ERS plasmas exhibit a bifurcation in confin
ment from the previous plasma state. These confinem
improvements result from the establishment of a transp
barrier within a few centimeters of the edge forH-mode
plasmas and within the inner half radius for ERS plasm
At the plasma edge, the radial electric field,Er , and its
gradient,E0

r , have been linked to the bifurcation dynam
ics at theH-mode transition. Their role is manifested
a change in the plasma impurity [5] and working ion [
poloidal flow velocity. The fundamental role ofEr is fur-
ther evidenced byH-mode-like confinement induced an
sustained by the external application of an electric fie
[7]. For ERS plasmas,Er andE 3 B shear flow are cen-
tral to the sustainment of high confinement [8].

In this Letter, local poloidal rotation,yu, measurements
of impurity ions deep in the plasma core are presen
for the first time. They reveal that the bifurcation
confinement in ERS plasmas is preceded by a bifurca
in the carbonyu . In a narrow radial channel near th
radius of the minimum safety factor,qmin, the carbon
yu reverses direction for those discharges which w
transit to improved confinement. Theseyu precursors
are associated with a large negativeEr , over a few
centimeters of radius or a few percent of the minor rad
for Tokamak Fusion Test Reactor (TFTR) RS plasm
The large associated electric field shear determined
these local measurements is easily sufficient to sat
the rough criterion expressed by Waltz [9] that th
shearing rate exceeds the linear growth rate of the fas
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growing mode,gmax, for turbulence suppression by the
decorrelation of the turbulent eddies responsible for rad
transport. Also, measurements of the carbon poloid
velocity in the core differ significantly from neoclassica
predictions of the carbon poloidal velocity for revers
shear plasmas.

The shearing rate is given byvE3B ­ sR2B2
uyBd≠y

≠csEryRBud, where R is the major radius,Bu is the
poloidal magnetic field,B is the total magnetic field, and
c is the poloidal magnetic flux [10,11]. This is evaluate
using an indirect measurement ofEr obtained from
the radial force balance equation,Er ­ =pyseZnd 1

yfBu 2 yuBf, where p is the ion pressure,e is the
electronic charge,Z is the charge number,n is the ion
density,yf is the toroidal velocity, andBf is the toroidal
magnetic field. This equation applies separately to ea
ion species in the plasma; the pressure and veloc
are unique for each species. Carbonp, n, and yf

have been routinely measured on TFTR using char
exchange recombination spectroscopy [12]. The ne
local measurements ofyu allow the determination of
profiles ofEr andvE3B.

Local measurements ofyu are made by a new spectro
scopic diagnostic along with a novel inversion techniqu
[13]. Carbonyu profiles were determined by measurin
the Doppler shifted emission of the CVI 5291 Å line us-
ing charge exchange (CX) emission in the core and
trinsic emission in the outer third of the plasma. Th
diagnostic incorporated two up-down symmetric sets
sight lines to cancel the effects of the energy depend
CX cross section [14,15] which can seriously distort th
measuredyu profiles. Typically,yu measurements in the
core using vertical sight lines suffer from radial smearin
due to field curvature within the large vertical footprin
of the neutral beam. The inversion procedure, using t
magnetic geometry, recovers the localyu which, in the
core, also requires independent knowledge of the neu
beam geometry and a beam attenuation calculation ba
on separately measured profiles. The temporal resolut
© 1998 The American Physical Society 1429
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for these measurements was 20 ms with a spatial reso
tion after inversion of about 3.5 cm.

Deuterium reversed shear discharges were studied
two toroidal magnetic fields,Bf ­ 4.6 and 3.4 T. The
plasma currents wereIp ­ 1.6 and 1.2 MA, respectively,
for the high and low field discharges, resulting in simila
edgeq values. The plasmas had a major radius ofR ­
2.60 m and a minor radius ofa ­ 0.95 m. The reversed
magnetic shear was established by early heating w
neutral beams during a current ramp. Additional neutr
beam heating was then added with sufficient power
produce a transition to enhanced confinement. The neu
beam power was 25–28 MW for highBf discharges,
and 13–15 MW for low Bf. A lithium pellet was
injected early in the discharges. Pellet injection seems
provide favorable conditions for a transition, though th
mechanism is not understood, and is not always requir
In the low field discharges, pellet injection seems to ass
in the formation of the negative magnetic shear in th
core, as in the pellet enhanced performance regime [16

Shown in Fig. 1 are parameters from two nearly ide
tical reversed shear discharges. Shortly after the start
the high power heating phase, there is a transport bifur
tion which, initially, is chiefly manifested in a change in
the rate of rise of the plasma density. Shown in Fig. 1(
is the local carbon pressure which gives the first indic
tion of a difference between RS and ERS discharges. T
difference in carbon pressure between the two dischar

FIG. 1. Comparison of two reverse shear discharges. (a)
transport improvement indicated by the bifurcation in the loc
carbon pressure at the transition to ERS confinement. (b)
bifurcation in carbon poloidal rotation is observed prior to th
transport improvement.
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is due mostly to the carbon density. Measurements of
carbon poloidal rotation show, in Fig. 1(b), a bifurcatio
in yu about 60 ms prior to the first indication of a tran
port improvement at a major radius ofR ­ 3.02 m which
corresponds torya ­ 0.25. The direction of rotation of
the impurity carbon ions is in theion diamagnetic drift
direction, until the bifurcation, when there was a reve
sal in the direction of rotation of carbon for the dischar
that would undergo a transition to ERS. During the ER
phase, the ion thermal confinement in the core was
low standard neoclassical values, as previously obser
on similar discharges [3].

Some of the low field RS discharges provided the larg
observed excursions inyu prior to the ERS transition.
Figure 2 shows both chord-averaged and inverted profi
of yu for a low Bf discharge. The chord-integrate
measurements sample emission over an extended ra
range outside their tangency radii. The narrow regi
with flow reversal appears to extend inward in the cho
averaged profile, and becomes more distinct and deepe
the invertedyu profile, occupying just one sight line fo
this discharge. In other discharges, theyu excursion often
appears simultaneously on two sight lines. The tange
radii of the sight lines are spaced about 3.5 cm apart w
a gap in sensitivity of about 1 cm. A positive spike i
yu appears on the sight line just inside the one with t
large negative velocity. This is an artifact of the inversio
resulting from a narrow shear layer being misaligned w

FIG. 2. (a) Chord-averaged carbonyu profile for low Bf

discharge. (b) Inverted carbonyu profile indicates a narrow
radial layer with high shear. (c) Location of shear layer
between the high gradient region of carbon pressure and
location ofqmin.



VOLUME 81, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 17 AUGUST 1998

or
rms

dial

r
ure
ent.
ge
e
the
nce
the
e

er-
on
es
of

ere
h a
ns
ry
n.
ary
at

as
hat
ion
t.

ing
one
the sight line locations. A shear layer narrower than th
channel-to-channel spacing results in an overshoot of t
velocity on the inner adjacent sight line when the layer
not centered. Depending on the location of the revers
flow, the largestyu may not be sampled by the neares
sight line. The sight lines inside the shear layer all measu
diminishing amounts of the shear layer and thereby provi
information on the location of the shear layer, thoug
the width cannot be uniquely determined. The chor
averaged profile can constrain the product of the width
the shear layer,Dr, and the change of the velocity,Dyu ,
wheresDrd sDyud ø 2220 cm kmys. From the location
of the shear layer and the fact that it is not seen on t
next outboard channel, the shear layer is less than 2
wide. This implies thatjDyuj . 110 kmys. Also shown
in Fig. 2 is the measuredq profile using the motional Stark
effect (MSE) diagnostic [17]. The position of the shea
layer changed, over one or two sight lines, as dischar
parameters varied. The location of theyu shear region
was always a few centimeters inside the location ofqmin

for both high and lowBf discharges.
From the radial force balance equation, it is clea

that the large excursions inyu correspond to a large
negative change inEr . The MSE diagnostic measures
the local pitch angle of the magnetic field to determin
q, but is also sensitive toEr in the plasma [18–20].
Large values ofEr contribute to the measured polarization
angle of the beam emission used to determine the pit
of the magnetic field. For the lowBf discharges, the
magnitude ofEr , its localization, and its transient nature
were sufficient to distinguish the contribution ofEr

from the magnetic pitch angle contribution to the MSE
measurement [20]. In Fig. 3 is a comparison ofEr for
the discharge shown in Fig. 2 measured spectroscopica
and with the change inEr from MSE at the nearest
radius. There is a good correlation in time and magnitu
between the two measurements. This correlation indica
that additional terms in the force balance equation, su
as time-dependent terms, are not needed to capture
dynamics of the excursion. Both measurements a
observed at one radial location only for this discharg
The MSE channels are spaced about 4 cm apart. T
large change inEr seems to be associated entirely wit
the poloidal flow with little or no change in the pressur
gradient or toroidal flow. The narrowness of the she
layer affects the inferred magnitude ofEr . A shear
layer narrower than the 3.5 cm spacing of the poloid
rotation diagnostic implies both a large poloidal flow an
a largerEr . Likewise, the MSE measurement has a radi
sensitivity over a 3.5 cm range, such that it measures
averageEr over that region. For a shear layer width o
1 cm, the inferred values ofEr shown in Fig. 3 would
triple, thereby increasing theEr shear by an order of
magnitude.

Though the poloidal rotation of the main ions was no
measured, something can be said about its behavior dur
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FIG. 3. (a) Total radial electric field during the ERS precurs
is determined spectroscopically by summing measured te
from the radial force balance equation. (b) Comparison ofEr
determined from MSE and from spectroscopy at the same ra
location shows good temporal and quantitative agreement.

the time of theyu excursion for carbon. This precurso
occurs at a time before there are changes in press
and temperature associated with enhanced confinem
Although determined from the carbon ions alone, the lar
Er is felt by the main ions as well. Since there is littl
or no change in the pressure profile, as determined by
density and temperature diagnostics, radial force bala
indicates that there must also be a strong change in
flow of the main ions. If, like carbon, there is no chang
in deuteriumyf, then thechange in the deuteriumyu

would be the same as thechangein the carbonyu with a
similar radial extent.

Though the generating mechanism is not yet und
stood, the large poloidal flows measured for the carb
impurity ions represent large shearing rates, many tim
larger than necessary to satisfy the nominal criterion
vE3B $ gmax for an ERS transition. Within the limited
data set, however, there was one discharge in which th
was no observed poloidal rotation precursor even thoug
transition to ERS took place, indicating that the conditio
for the transition were already marginally present. Eve
discharge with a poloidal precursor did have a transitio
It is therefore likely that these precursors are not necess
for a transition, but do provide an overwhelming push th
ensures a transition will take place. The large shear inyu

and Er precede the transport improvement and relax
the confinement improvement takes place, indicating t
the precursor is associated with triggering the transit
only, and not with sustaining the enhanced confinemen

With measurements ofyu in the plasma core, a
comparison can be made to the values calculated us
neoclassical theory. Neoclassical calculations were d
1431
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FIG. 4. (a) Measured and neoclassical calculated values
carbonyu at rya ­ 0.275. Vertical dashed line indicates ERS
transition time. (b) Measured and neoclassicalEr .

using the treatment of Houlberget al. [21]. In Fig. 4(a)
the calculated and measuredyu are plotted atrya ­
0.275 versus time for the highBf ERS discharge shown
in Fig. 1. The neoclassical calculation ofyu yields a
flat profile with little or no poloidal rotation before the
transition. The measuredyu , however, shows a large
value early in the discharge which goes to zero at the tim
of lithium pellet injection. As the plasma recovers from
the pellet, the measuredyu increases with time. Again,
an offset between measured and calculatedyu develops.
At the time of theyu excursion the measuredyu dips
below the neoclassicalyu . After the ERS transition, both
the measured and neoclassicalyu become more negative,
though an offset between them persists. The reas
for this discrepancy between measured and neoclass
values ofyu is unknown.

The differences between the measured and neoclass
yu have an important effect on the inferredEr and its gra-
dient. Figure 4(b) shows the effect of this difference o
Er . While the neoclassicalEr at rya ­ 0.275 is nearly
zero until the ERS transition, the measuredEr is posi-
tive before pellet injection and returns to positive value
shortly thereafter, yielding a larger measuredE0

r before the
transition. Both the neoclassical and measuredEr profiles
exhibit a negative well after the transport bifurcation, b
1432
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the measured well depth is shallower than the neoclass
value, resulting in a smaller measuredE0

r after the transi-
tion. This would suggest thatvE3B was previously under-
estimated before the transition and overestimated after
transition when neoclassical predictions were used. Pre
ous experiments with RS discharges at lower field [22,2
suggested thatvE3B was up to a factor of 3 belowgmax

at the time of the transition when a neoclassicalyu was
used. These new measurements argue that this may
have been the situation, but that a larger unmeasured sh
flow was present.

This work was supported by U.S. Department o
Energy Contract No. DE-AC02-76CH03073.
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