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Radial Electric Field Measurements in Reversed Shear Plasmas
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Measurements of the radial electric field have been obtained on the Tokamak Fusion Test Re
utilizing the motional Stark effect diagnostic. A large negative excursion in the radial electric fi
occurs before the transition to the enhanced reversed magnetic shear mode. The electric fi
localized to a narrow spatial region and is not observed in discharges without the transition to impr
confinement. Concomitant with the radial electric field excursion is a change in the measured imp
poloidal rotation velocity and bursts of magnetic fluctuations. [S0031-9007(98)06252-8]
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The radial electric field andyor its derivative has recently
emerged as a key element in reducing particle and therm
transport in plasmas in a number of different circumstanc
[1–3]. One paradigm that has been suggested [4] in wh
E 3 B induced velocity shear reduces the growth and r
dial extent of turbulent eddies in the plasma thereby r
sulting in lower cross-field transport. This model, whic
appears generally consistent with transport improveme
at the plasma edge inH modes [5], has also been succes
fully applied to transport reduction in the plasma core
theVH mode [6,7], supershot [8], enhanced reversed sh
(ERS) [9–12], and negative central shear (NCS) [13,1
confinement regimes. Other models have been propo
that involve the radial electric field causing a change in t
trapped particle orbits which can lead to elimination of b
nana orbits and trapped particle instabilities along with
reduction in neoclassical transport [15,16].

The critical quantity to measure for further understan
ing of the physical processes involved is the radial elect
field (Er ) profile. To date, direct electric field measure
ments have been made at the plasma edge using Langm
probes. The radial electric field has also been inferred
measuring the plasma flow velocity and pressure distrib
tion and applying the force balance equation to compu
Er . In a toroidally confined plasma, the radial electri
field enters the force balance for each plasma species p
pendicular to the flux surfaces. From the ion pressu
balance, it is given by

Er ­ sZienid21=rpi 1 yfiBu 2 yuiBf , (1)

whereZi is the charge of the ion,pi is the ion pressure,ni

is the ion number density,e is the electronic charge,yfi,
yui are, respectively, the ion toroidal and poloidal flow
velocities, andBf, Bu are, respectively, the toroidal and
poloidal magnetic fields. This equation applies separat
to each ion species and is valid at each point on a fl
surface. There are data, both direct and inferred, on
electric field at the plasma edge relating to the physi
of the H mode. However, the poloidal rotation velocity
profile has been difficult to measure due to poor spat
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resolution [17]. Thus, there is a strong need for a dire
Er measurement. Previous techniques to measureEr in
the central region of a hot plasma have used a heav
ion beam [18]. Very high energies are required, eve
for moderate size devices, so this technique has not be
applied on experimental devices that are large or ha
high magnetic fields.

A new approach has been developed to measureEr

[19,20] based on the motional Stark effect (MSE) [21,22
The MSE diagnostic was developed to measure the safe
factor (q profile) which plays a fundamental role in deter-
mining the equilibrium and stability of plasmas in toroida
magnetic confinement configurations. It has become th
preferred technique for this measurement due to its exc
lent spatial and temporal resolution combined with its hig
accuracy and nonperturbing implementation. As a neutr
beam of hydrogenic atoms propagates across a magne
field, an electric field,Em ­ Vb 3 B, will be induced in
the atom’s frame, whereVb is the beam velocity andB is
the magnetic field. The electric field causes spectral spl
ting and polarization of the emitted radiation, known a
the Stark effect. Assuming that there are no other electr
fields present, then the direction of the polarized emissio
is a measure of the local direction of the magnetic field
This is directly related to the safety factor by numerica
solution of the Grad-Shafranov equation [23].

In a plasma with a substantial pressure gradient
rotation, the radial electric field can be significant an
can affect the interpretation of the MSE measuremen
With the plasma radial electric field included, the measure
polarization angle from MSE is modified,

tansgmd ­
ybBu cossa 1 Vd 1 Er cossVd

ybBf sinsad
, (2)

where gm is the measured pitch angle,yb is the beam
velocity, a is the angle between the neutral beam and th
toroidal field, andV is the angle between the measuremen
sight line and the toroidal field, as shown in Fig. 1
In order for the MSE diagnostic to determine both th
magnetic field pitch angle and the radial electric field
© 1998 The American Physical Society 4887
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FIG. 1. Viewing geometry for the MSE diagnostic and neutra
beam on TFTR. Twenty sight lines cover from inboard of th
magnetic axis to the outboard plasma edge.

Er , two independent measurements are required. O
approach is to use different viewing angles, which have
different sensitivity toEr . Then the difference between
the two measurements will allow a separation of th
magnetic field and the electric field. Alternatively, usin
different velocity components from the neutral beam wi
also permit unfolding of the electric and magnetic field
Each approach will have different characteristics of spat
resolution and sensitivity [19]. On the Tokamak Fusio
Test Reactor (TFTR) we chose to add detectors to meas
the pitch angle of the neutral beam half-energy compone
This, combined with the full energy component previous
used for the MSE measurement provides a measure ofEr .
This approach has the advantage of using the same s
lines and collection optics and has good spatial resolutio
The disadvantage is that the uncertainty of the rad
electric field is larger compared with other technique
due to the increased beam attenuation of the half-ene
component and a smaller measured pitch angle differen
between the full and half-energy measurements for a giv
Er . The instrument on TFTR had half-energy detecto
for four channels covering a portion of the major radiu
from 3.08 to 3.20 m. This covers the region where th
plasma radial electric field was expected to be largest a
does not suffer from too much beam attenuation. Show
in Fig. 2(a) is the time evolution of the measured MS
pitch angle atR ­ 3.08 m (rya ­ 0.35) for both the full
and half-energy signals. The resultingEr is shown in
Fig. 2(b). In most cases the electric field was quite sma
however, in this example, the change inEr was so large,
localized, and short in duration that it is readily separab
from the magnetic field contribution, which can only var
on a much longer time scale, characteristic of the magne
diffusion through the highly conductive plasma. One wa
to separate theEr from the magnetic field contribution is
to use the equilibrium reconstruction to fit the pitch ang
profile without the single sight line that exhibits the larg
transientEr change. Then the difference between the fitte
and measured pitch angles is theEr contribution. The
MSE pitch angle computed by theVMEC equilibrium code
[23] without using the affected sight line is also show
in Fig. 2(a) for this discharge. The electric field from
the resulting difference is shown in Fig. 2(b), which is in
good agreement compared to theEr measured by the half-
energy channel. The time resolution for this data is 10 m
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FIG. 2. (a) Time evolution of the MSE pitch angle atR ­
3.08 m (rya ­ 0.35) for the full (solid line) and half-energy
(dotted line) signals and theVMEC (dashed line) reconstruction.
(b) The correspondingEr deduced from the full/half-energy
difference (solid line) and the full energy/VMEC difference
(dashed line).

and has a statistical uncertainty of 17 kVym, while the
systematic uncertainty is estimated to be about 40 kVym.
The systematic uncertainty results mainly in an overa
offset to the data while the statistical uncertainty manifest
itself as random noise. The statistical uncertainty ca
be reduced to about 10 kVym with some loss of time
resolution.

Above some neutral beam power threshold TFTR
reversed magnetic shear plasmas [24] exhibit a stron
reduction in transport, known as the ERS mode [9]. Th
transition into the ERS mode is characterized by a rapi
rate of rise of the core density caused by a precipitou
drop in the particle, ion thermal and momentum transpor
At the same time there is a substantial decrease in th
density fluctuation level [25]. Reversed shear plasma
were formed by neutral beam injection early in the curren
ramp phase. This produced a hollow current profile with
a minimum in theq profile,qmin, at rya , 0.3 0.5. This
was followed by a high power neutral beam injection
phase with input powers ranging from 12–30 MW.
The discharges that have been studied with the newEr

measurements had toroidal fields of 4.6 and 3.4 T an
with plasma currents of 1.6 and 1.2 MA, respectively. In
discharges that made an ERS transition, a transient a
localized radial electric field often appeared 20–60 m
after the high power heating phase began and 60–100 m
prior to the transition. This phenomenon was previousl
observed in measurements of the carbon poloidal rotatio
velocity [26]. In discharges without ERS transitions we
have not observed largeEr excursions. The change in
Er can be over2250 kVym, compared to anEr level
of 10–20 kVym before the excursion, and was usually
observed on only one of the MSE sight lines, which have
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separation of 4 cm. Shown in Fig. 3 is the time evolutio
of the pitch angle at three radii. TheR ­ 3.04 m sight
line shows the effect on the pitch angle of theEr excursion
between 1.75 and 2.0 s. The two adjacent sight lin
show little or no indication of any electric field. If the
width of the Er excursion was less than the sight line
width or spatial resolution of 3.5 cm, then the instrumen
would underestimate the realEr change due to the spatial
averaging of the measurement. The neutral beam pow
was increased from 8 to 12.5 MW at 1.7 s. At 1.85–1.90
the transition into ERS occurs. The largeEr excursion
consistently happens before the ERS transition, but t
magnitude ofEr can vary significantly from shot to shot.
The location of the change inEr is just inboard ofrmin,
the location of the minimum of theq profile. This is
also approximately where the ERS transport improveme
begins. TheEr excursions appear to happen just befor
qmin reaches an integer value ofqmin ­ 2 or 3. In our
limited set of data, the largestEr excursion occurs at
the lower toroidal field whenqmin ­ 2.2 6 0.18. In
discharges withqmin , 3.2, at 4.6 or 3.4 T, theEr change
is smaller.

Measurements of the chord averaged carbon poloid
rotation on TFTR also shows a large excursion [26] co
comitant with the radial electric field transient measured b
MSE. The time evolution and the temporal structure of th
Er excursion from the MSE data and the poloidal veloc
ity excursion look remarkably similar, as shown in Fig. 4
This is consistent with radial force balance, Eq. (1), sinc
the pressure and toroidal velocity show little change du
ing this time. The MSEEr measurement shown has a
temporal averaging time of 5 ms resolution, and for th
poloidal velocity it is 20 ms. The statistical uncertaint
of the chordal poloidal velocity measurement is 0.1 kmys.
Quantitatively one can compare the change inEr , during
the excursion, between MSE and the poloidal velocity
the time of peak change, which is at 1.81 s, as show
in Fig. 4. The change is a better comparison since t
absolute values can differ due to systematic uncertaint
as well as contributions from the pressure gradient a
toroidal velocity terms in Eq. (1). The apparent change

FIG. 3. The magnetic field pitch angle evolution of three sigh
lines. The time of the ERS transition is at 1.85–1.90 s.
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chord averaged poloidal velocity corresponds to a chan
in Er of about2120 kVym, using Eq. (1) and a toroidal
field of 3.0 T at the location of the sight line shown in
Fig. 4. This is within a factor of 2 of the corresponding
change inEr from MSE, which is about2200 kVym. We
can reasonably expect the inversion of the poloidal velo
ity [17] to increase, giving better agreement with the MS
data. Also, the viewing sight lines of the two diagnostic
are a few centimeters apart, and with the very narrow l
calization ofEr of less than 3.5 cm it may be different at
the two locations.

Several physical models have been hypothesized
explain the reduced transport in various regimes. A theo
that has emerged as a leading candidate isE 3 B induced
velocity shear that reduces the growth and radial extent
turbulent eddies in the plasma resulting in reduced cros
field transport. Studies of the ERS transition mechanis
in TFTR have been done for both the start of the transitio
which occurs shortly after the beginning of the high powe
phase, as well as the back transition, in a lower pow
“postlude” phase when the plasma undergoes a transit
out of the ERS mode. For the postlude studies [10] it wa
found that the plasma remained in the ERS mode when
characteristic shearing rate [27,28],

vE3B ­
sRBud2

B

√
≠

≠c

!
Er

RBu

, (3)

exceeded the linear growth rate of the fastest growin
mode, as calculated from a linear gyrofluid model [29
Typical values of the growth rate and flow shear rat
are,2 3 105 s21 [10,11]. However, for comparisons at
the start of the ERS transition, the agreement was n
as good. At the lower magnetic field the flow shea
rate was about a factor of 3 below the growth rate
whereas at the higher magnetic field they were equ
[11]. These comparisons were based on a neoclassi
calculation of the poloidal velocity, without benefit of
Er or poloidal velocity measurements. In light of thes
new measurements ofEr the flow shear rate, during the
excursion, is more than an order of magnitude larger th
was previously estimated and would significantly excee

FIG. 4. The time evolution ofEr (solid line) from MSE and
the measured poloidal rotation velocity (dashed line) at simil
radii.
4889



VOLUME 80, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 1 JUNE 1998

e

d
d
s

.

n
,

FIG. 5. (a) The time evolution ofEr at two radii and
(b) Mirnov coil signal with MHD bursts correlated with
changingEr .

the linear growth rates required to stabilize the turbulen
and trigger an ERS transition.

With large changes in the radial electric field an
poloidal rotation it is natural to expect other effects o
the plasma. During the time interval of the largeEr and
Vu excursions there are occasional coherent magne
field fluctuations observed on Mirnov pickup coils with
frequency components near 50 and 250 kHz. The 50 kH
mode usually precedes the 250 kHz burst. The low
frequency mode has a toroidal mode number ofn ­ 1,
while the higher frequency mode has a best fit forn ­ 0.
The bursts last for 0.2–0.3 ms. The mode is also observ
on the electron cyclotron emission (ECE) diagnostic an
is localized very near the radius ofqmin. This MHD
activity has no effect on the plasma stored energy or oth
parameters. Changes in the magnitude ofEr are corre-
lated with the timing of the MHD bursts. On a discharg
where Er appears on two channels, the burst coincide
with an increase ofEr at one channel and a decrease a
the other channel, as shown in Fig. 5. The correlation
the changes inEr between the two sight lines is probably
caused by some motion of theEr location. The instability
has not yet been identified; however, with the large grad
ent in the poloidal flow providing a source of free energy
the Kelvin-Helmholtz [30] instability is a possible candi-
date. Usually the shear in the magnetic field is sufficie
to stabilize this instability [4,31], but with the gradients in
Er occurring nearqmin, where the magnetic shear is very
weak, the plasma may be susceptible to this instability.

In conclusion,Er measurements in TFTR have been
demonstrated using the combination of full and half neutr
beam energy components. The large and localized chan
in Er andVu appear to trigger a transition to the ERS mod
and precipitate an MHD instability. The cause or the driv
4890
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mechanism forEr and the poloidal flow is unknown. With
the significant variation in the magnitude ofEr from shot
to shot and the limited set of data, it is not known what th
parametric dependence is ofEr , but with this and further
studies ofEr it is likely to provide important insight into
our basic understanding of plasma transport.
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