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The relaxation of core transport barriers in TFTR enhanced reversed shear plasmas has been studied
by varying the radial electric field using different applied torques from neutral beam injection. Transport
rates and fluctuations remain low over a wide range of radial electric field shear, but increase when the
local E 3 B shearing rates are driven below a threshold comparable to the fastest linear growth rates
of the dominant instabilities. Shafranov-shift-induced stabilization alone is not able to sustain enhanced
confinement. [S0031-9007(97)02841-X]
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The possible role of the radial electric field in form
ing and sustaining transport barriers in H modes and V
modes has been discussed extensively [1 –4]. TFTR
hanced reversed shear (ERS) [5] and DIII-D negative ce
tral shear (NCS) [6] plasmas possess transport barri
deep in the plasma core, and large values of the rad
electric fieldEr and its gradient have been associated wi
high confinement in these regimes [7,8]. However, it r
mains an open question whetherEr plays a causative role
in reducing transport in these cases. Indeed, high c
particle, energy, and momentum confinement obtained
any means will lead to increased pressures and velocit
and most likely to large values ofEr and=Er .

While Er plays a central role in proposed mechanism
for transport bifurcations and good confinement [9], oth
proposals have been made in which it is not involve
[10,11]. The suggestion thatEr is the key in balanced-
injection TFTR ERS plasmas takes the following form
central fueling and heating results in steep gradients
the plasma pressurep, which yield large gradients inEr

and the E 3 B flow shear [12,13]. With sufficiently
large flow shear, turbulence is decorrelated. This lea
to a reduction in transport, and to a further increa
in =p and confinement. Low current density yields
large Shafranov shiftD, and thus increased=p and
E 3 B shear, as compared to plasmas with peak
current density profiles of the same stored energy. T
alternative explanation for the formation of core transpo
barriers relies on the role ofD itself. In Ref. [10],
reduction of instability drives and the formation an
sustainment of transport barriers is predicted for TFT
reversed shear plasmas as a result of favorable preces
of barely trapped particles induced by large gradients
the Shafranov shiftD0. Similar arguments were made
examining ballooning-type instabilities in the plasma edg
[11]. Proposals based on bothE 3 B and D0 effects
suggest a combined picture in which growth rate reducti
induced by largeD0 enables theE 3 B shear to be
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effective. In all of the above scenarios, good confineme
is expected to be reinforced by the stabilization o
ion-thermal-gradient turbulence from the peaking of th
density profile [14].

Results presented in this Letter indicate thatE 3 B
shear effects are necessary, and that Shafranov s
effects are not sufficient, to maintain the observed lo
radial transport and fluctuation levels in ERS pla
mas. Experimentally, it is difficult to separate th
roles of E 3 B shear andD0 effects. Since large
values of Er and =p accompany large Shafranov
shifts, a means of varyingEr independent of=p is
required to decouple the two effects. In these e
periments, ERS plasmas were generated with sim
lar neutral beam powers and heating profiles, which fix
quantities central toD0-induced stabilization. However,
these plasmas had various applied torques and t
different degrees of toroidal velocityVf. For any
plasma species, the radial force balance equation is gi
by Er  =pysnZed 1 VfBu 2 VuBf, where n is the
density of the species in question,Z is the charge number,
e is the electronic charge,Vu is the poloidal rotation
velocity, Bu is the poloidal magnetic field, andBf is the
toroidal field. ThusVf variations result in changes in
Er and its shear. In a toroidal geometry, the gradie
in the quantity EryRBu characterizes the decorrelation
rate of turbulence [13], whereR is the major radius. On
the outer midplane, the characteristicE 3 B shearing
rate can be written asgE3B  EryBf1yEr s≠Ery≠Rd 2

s1yBud≠Buy≠R 2 1yRg [15], whereB is the total mag-
netic field magnitude. The causative role ofEr in
sustaining enhanced confinement is in part indicated
the observation that core fluctuation and transport lev
increase whengE3B is driven below a critical level,
but remain low and unchanged above that thresho
This threshold behavior is anticipated in the work o
Ref. [12]. In determiningEr , Bu was measured with
the motional stark effect diagnostic [16] before th
© 1997 The American Physical Society
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transition into the ERS regime, when contribution
from the plasmaEr to the total electric field experi-
enced by the beam neutrals were small [17]. Afte
this time, the time-dependent transport codeTRANSP

[18] was used to calculateBu . Vf and the carbon
pressurepc were measured with charge exchange r
combination spectroscopy [19], andVu was calculated
with the NCLASS code using the neoclassical treatment o
Hirshman and Sigmar [20].

Plasmas with reverse magnetic shear were genera
in the standard way [5] by heating them with a mod
est neutral beam power (7 MW) during the period o
current ramp-up. Transitions to the ERS regime we
obtained during a 350 ms period of high-power bea
heating (28 MW) in a balanced configuration havin
nearly equal power injected tangentially parallel (co) an
antiparallel (counter) to the plasma current. During th
period the central electron density increased rapidly d
to strong core particle fueling and improved core partic
confinement, reaching,9 3 1019 m23 (Fig. 1). Favor-
able ERS confinement was sustained for variable du
tions in the subsequent “postlude” period of lower-powe
heating (14 MW), as indicated by the continued rise
central electron density. Six neutral beam sources we
used in different combinations during the postlude phas
ranging from pure coinjection to predominantly coun
terinjection. This procedure variedVf, and thereby the
E 3 B shear, while maintaining a constantD0.

The plasma pressure and pressure peakedness, total
ticle number, stored energy,D0, and global energy con-
finement time remained nearly constant throughout t
postlude period so long as the discharges remained
the ERS regime. Eventually, however, the core transp
barrier was lost in some of the plasmas; they suffere
a back transition to poorer confinement, indicated mo
simply by the decay in central electron density. There

FIG. 1. The central electron density time evolution. Curve
are labeled according to the difference on co- vs counterinjec
power, Pco 2 Pctr , divided by the total injected powerPtot.
The shaded region indicates schematically the neutral be
heating wave form. The plasmas studied had a major rad
of 2.60 m, a minor radius of 0.95 m, a toroidal magnetic fiel
of 4.6 T, and a maximum plasma current of 1.6 MA.
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a clear correlation between the applied beam torque a
occurrence of such a back transition (Fig. 1). Counte
dominated, balanced, and slightly codominated injectio
sustained ERS confinement until the end of beam inje
tion, but strongly codominated injection reproducibly trig-
gered a back transition. Pure coinjection yielded the ea
liest confinement losses. Following back transitions, th
electron particle diffusivityDe increased by more than an
order of magnitude in the region of previously good con
finement, and the peaked electron profile density collaps
(Fig. 2). De was determined by a calculation of the par
ticle source and electron fluxGe in the TRANSP code and
is defined byGe ; 2De=ne 1 VWare, whereVWare is the
Ware pinch.

The correlation of back transitions with varied applied
torques at constant plasma pressure suggests that red
tions in E 3 B shear are involved in the loss in ERS
confinement. IncreasingVf in the coinjection direction
after the balanced phase leads to reductions inEr and
its gradient, as the change in theVfBu term in the car-
bon radial force balance equation is of opposite sign com
pared to that of the=pc and theVuBf terms. Profiles
of Er and the components from the carbon force balanc
equation are shown in Fig. 3 for a corotating plasma
two times. The first time is shortly after the 28 MW bal-
anced phase, and the second is in the earliest stages of
back transition. The local density and pressure at the la
ter time have just begun to fall. The=pc and theVuBf

contributions toEr are similar between these two times
but the magnitude and gradient ofEr are reduced signif-
icantly at the later time. While the local velocity shea
increases as a result of coinjection, gyrokinetic simula
tions [21] indicate that it is far below that required to ex
cite rotationally driven instabilities [22,23] which might
cause a loss in confinement. TheVfBu term shown in
Fig. 3 is negative in the outer half of the plasma, a re
sult of the measured counterrotation present even wi
codominated injected power.NCLASS calculations indi-
cate that the working ionVf is also counterdirected there.
TRANSP analysis shows that this is consistent with th
presence of a counterdirected torque, established by a
dial current of thermal particles that arises to preserv
ambipolarity in response to ripple loss of about 10% o

FIG. 2. (a) Profiles of the electron density at four times for
plasma that is codominated in the postlude. (b) Radial profile
of De for the same plasma.
2973
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FIG. 3. (a) Radial profile ofEr for the plasma discussed
in Fig. 2 and the contributions from the components o
the carbon force balance equation at 2.3 s. The shad
regions represent the difference in theVu term and the
net Er calculated if orbit squeezing effects are ignored
(b) Same as (a), but for 2.5 s, in the early stages
confinement loss.

the beam ions. Differences inEr measured in supershots
with different applied torques are consistent withVu being
driven and damped primarily by neoclassical processes
cluded inNCLASS[17]. However, large pressure gradient
raise concern regarding violation of the usual size orde
ing assumed in neoclassical theory. For carbon ions,
trapped ion orbit widths are small compared to theEr

and=p scale lengths, so this ordering is not violated fo
rya . 0.2, even without considering the influence of or
bit squeezing [24]. Squeezing reduces the orbit size
roughly 50% forrya , 0.2, preserving the ordering for
all radii, and is included in theNCLASS calculations us-
ing an approximate method [25]. Since large values
dErydr change the ion collisionality, the predictions o
Vu and thusEr are modified somewhat forrya , 0.25.

The pressure collapses whengE3B is driven by rotation
below a critical value, indicating thatE 3 B shear is nec-
essary to sustain enhanced confinement (Fig. 4). The m
imum linear growth rategmax

lin is comparable to this critical
value and was calculated with a gyrofluid treatment th
includes the role ofD0, but excludes the effects ofE 3 B
shear [26]. In these plasmas, modes are expected to
come unstable primarily by the trapped electron prece
sion resonance. In the codominated postlude plasmas,
loss of core stored energy occurs at different times but
comparable values ofgE3B, again indicating thatE 3 B
shear is necessary to maintain low transport (Fig. 5). T
causative role ofE 3 B shear is further emphasized by
the fact that reductions ingE3B clearly precede back tran-
sitions, while all other plasma quantities, includingD0, are
constant or nearly constant. This constancy also impl
thatD0 effects alone are not sufficient to maintain enhanc
confinement. HoweverD0 effects reduce growth rates by
a factor of 2, which may be of benefit toE 3 B shear
suppression.

Increases in core local fluctuation levels, measur
from reflectometry [8] are correlated with increases
local transport coefficients in plasmas with back trans
tions (Fig. 6). Also, transport coefficients and fluctua
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FIG. 4. Profiles of shearing rate and total plasma pressure f
a counterdominated plasma (a),(b), and one of the codominat
plasmas (c),(d). In the codominated case, the plasma press
is unchanged untilgE3B falls well belowg

max
lin .

tion levels remain low untilgE3B falls below the critical
threshold value. The insensitivity of transport and fluc
tuations to variations ingE3B above a threshold value,
and the similar magnitude ofgE3B andg

max
lin at the onset

of increased transport and fluctuations, is consistent wi

FIG. 5. (a) The stored energy, integrated out torya  0.3
for plasmas with and without back transitions. This lo-
cation is near the radius of maximumgE3B before the
back transition, and is near the boundary of the regio
of low fluctuations (Ref. [8]). (b) gE3B at rya  0.3.
Also shown is g

max
lin for the codominated case with

sPco 2 Pctr dyPtot  0.62. Growth rates for the other plasmas
during their 14 MW postlude ERS phases are comparabl
(c) The gradient in the Shafranov shift,D0, at rya  0.3.
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FIG. 6. The effective particle diffusivityDe, and measured
fluctuation amplitudes atrya  0.3 for plasmas with (a) all
coinjection (b) predominantly coinjectionfsPco 2 Pctr dyPtot 
0.62g, and (c) balanced injection in the postlude. The measur
ments have spatial resolution of 1–2 cm, and sample a wa
number range of0.5 , k , 2.0 cm21.

expectations from Ref. [12]. There, nonlinear simulation
of ion drift-wave-type turbulence indicate that suppressio
of turbulence-induced transport should be complete wh
gE3B , g

max
lin . While the fact thatgmax

lin ygE3B , 1 2 at
the onset of turbulence is suggestive, the more importa
point is that the predicted threshold character of turb
lence suppression is observed. In fact, it was sugges
in Ref. [12] that parametric dependencies may influenc
the value ofgmax

lin ygE3B at the onset of turbulence sup-
pression, and variations of a factor of 2 in this ratio wer
observed in simulations. Differences ing

max
lin ygE3B at the

transition to enhanced confinement of more than a fact
of 2 were also observed in recent ERS experiments
which the Bf was varied [27]. In addition, the natural
turbulence decorrelation rate is the quantity more appr
priately compared togE3B [2], but it is not readily evalu-
ated. These observations point to the need for study w
respect to the identification of the most relevant shear su
pression criterion.

The fluctuation amplitude increases gradually a
jgE3Bj decreases, suggesting that the smaller valu
of jgE3Bj are effective in suppressing the turbulenc
at least partially. When transport coefficients are ne
a maximum, jgE3Bj is near its local minimum value.
For the plasma with co-only injection in the postlude
[Fig. 6(a)], transport coefficients and fluctuations leve
begin to fall again after 2.6 s. After this time, thegE3B
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profile broadens and becomes dominated by gradients
Vf rather than=p, indicating thatE 3 B shear from
rotation drive may be reducing turbulence, as has bee
suggested for DIII-D NCS [8] and VH-mode plasmas [4].
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