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Roles of Electric Field Shear and Shafranov Shift in Sustaining High Confinement
in Enhanced Reversed Shear Plasmas on the TFTR Tokamak
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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 X 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]

PACS numbers: 52.55.Fa, 52.25.Fi, 52.35.Ra, 52.55.Dy

The possible role of the radial electric field in form- effective. In all of the above scenarios, good confinement
ing and sustaining transport barriers in H modes and VHs expected to be reinforced by the stabilization of
modes has been discussed extensively [1-4]. TFTR ernen-thermal-gradient turbulence from the peaking of the
hanced reversed shear (ERS) [5] and DIII-D negative cendensity profile [14].
tral shear (NCS) [6] plasmas possess transport barriers Results presented in this Letter indicate th&at< B
deep in the plasma core, and large values of the radialhear effects are necessary, and that Shafranov shift
electric fieldE, and its gradient have been associated witheffects are not sufficient, to maintain the observed low
high confinement in these regimes [7,8]. However, it re+adial transport and fluctuation levels in ERS plas-
mains an open question whethgér plays a causative role mas. Experimentally, it is difficult to separate the
in reducing transport in these cases. Indeed, high comles of E X B shear andA’ effects. Since large
particle, energy, and momentum confinement obtained byalues of E, and Vp accompany large Shafranov
any means will lead to increased pressures and velocitieshifts, a means of varyindz, independent ofVp is
and most likely to large values &, andVE,. required to decouple the two effects. In these ex-

While E, plays a central role in proposed mechanismgperiments, ERS plasmas were generated with simi-
for transport bifurcations and good confinement [9], otheldar neutral beam powers and heating profiles, which fixed
proposals have been made in which it is not involvedquantities central ta\’-induced stabilization. However,
[10,11]. The suggestion thd, is the key in balanced- these plasmas had various applied torques and thus
injection TFTR ERS plasmas takes the following form:different degrees of toroidal velocity/,. For any
central fueling and heating results in steep gradients iplasma species, the radial force balance equation is given
the plasma pressuig which yield large gradients i, by E, = Vp/(nZe) + V4By — VyBy4, Wheren is the
and the E X B flow shear [12,13]. With sufficiently density of the species in questidhis the charge number,
large flow shear, turbulence is decorrelated. This leads is the electronic chargeVy is the poloidal rotation
to a reduction in transport, and to a further increasevelocity, B, is the poloidal magnetic field, anBly is the
in Vp and confinement. Low current density yields atoroidal field. ThusV, variations result in changes in
large Shafranov shiftA, and thus increase@p and E, and its shear. In a toroidal geometry, the gradient
E X B shear, as compared to plasmas with peakeih the quantityE,./RB, characterizes the decorrelation
current density profiles of the same stored energy. Theate of turbulence [13], wherR is the major radius. On
alternative explanation for the formation of core transporthe outer midplane, the characteristic X B shearing
barriers relies on the role ofA itself. In Ref. [10], rate can be written aygxg = E,/B[1/E,(JE,/dR) —
reduction of instability drives and the formation and(1/Bg)dBg/dR — 1/R] [15], whereB is the total mag-
sustainment of transport barriers is predicted for TFTRhetic field magnitude. The causative role &f in
reversed shear plasmas as a result of favorable precessismstaining enhanced confinement is in part indicated by
of barely trapped particles induced by large gradients irthe observation that core fluctuation and transport levels
the Shafranov shiftA’. Similar arguments were made increase whenygxp is driven below a critical level,
examining ballooning-type instabilities in the plasma edgeébut remain low and unchanged above that threshold.
[11]. Proposals based on both X B and A’ effects This threshold behavior is anticipated in the work of
suggest a combined picture in which growth rate reductiofRef. [12]. In determiningE,, B, was measured with
induced by largeA’ enables theE X B shear to be the motional stark effect diagnostic [16] before the
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transition into the ERS regime, when contributionsa clear correlation between the applied beam torque and
from the plasmakE, to the total electric field experi- occurrence of such a back transition (Fig. 1). Counter-
enced by the beam neutrals were small [17]. Afterdominated, balanced, and slightly codominated injection
this time, the time-dependent transport cotRaNnsP  sustained ERS confinement until the end of beam injec-
[18] was used to calculatdy. V4 and the carbon tion, but strongly codominated injection reproducibly trig-
pressurep. were measured with charge exchange regered a back transition. Pure coinjection yielded the ear-
combination spectroscopy [19], andy was calculated liest confinement losses. Following back transitions, the
with the NCLASS code using the neoclassical treatment ofelectron particle diffusivityD, increased by more than an
Hirshman and Sigmar [20]. order of magnitude in the region of previously good con-

Plasmas with reverse magnetic shear were generatditiement, and the peaked electron profile density collapsed
in the standard way [5] by heating them with a mod-(Fig. 2). D, was determined by a calculation of the par-
est neutral beam power (7 MW) during the period ofticle source and electron fluk, in the TRANSP code and
current ramp-up. Transitions to the ERS regime werés defined byl', = —D,.Vn, + Vyare, WhereVy,, is the
obtained during a 350 ms period of high-power beamWare pinch.
heating (28 MW) in a balanced configuration having The correlation of back transitions with varied applied
nearly equal power injected tangentially parallel (co) andorques at constant plasma pressure suggests that reduc-
antiparallel (counter) to the plasma current. During thistions in E X B shear are involved in the loss in ERS
period the central electron density increased rapidly dueonfinement. Increasiny, in the coinjection direction
to strong core particle fueling and improved core particleafter the balanced phase leads to reduction&,inand
confinement, reaching-9 x 10" m~3 (Fig. 1). Favor- its gradient, as the change in tig By term in the car-
able ERS confinement was sustained for variable durabon radial force balance equation is of opposite sign com-
tions in the subsequent “postlude” period of lower-powerpared to that of théVp. and theVyB, terms. Profiles
heating (14 MW), as indicated by the continued rise inof E, and the components from the carbon force balance
central electron density. Six neutral beam sources werequation are shown in Fig. 3 for a corotating plasma at
used in different combinations during the postlude phasewo times. The first time is shortly after the 28 MW bal-
ranging from pure coinjection to predominantly coun-anced phase, and the second is in the earliest stages of the
terinjection. This procedure varied,, and thereby the back transition. The local density and pressure at the lat-
E X B shear, while maintaining a constakt. ter time have just begun to fall. THép. and theVyB,

The plasma pressure and pressure peakedness, total paeontributions toE, are similar between these two times,
ticle number, stored energy’, and global energy con- but the magnitude and gradient Bf are reduced signif-
finement time remained nearly constant throughout thécantly at the later time. While the local velocity shear
postlude period so long as the discharges remained imcreases as a result of coinjection, gyrokinetic simula-
the ERS regime. Eventually, however, the core transpotions [21] indicate that it is far below that required to ex-
barrier was lost in some of the plasmas; they sufferedite rotationally driven instabilities [22,23] which might
a back transition to poorer confinement, indicated mostause a loss in confinement. Thg By term shown in
simply by the decay in central electron density. There iFig. 3 is negative in the outer half of the plasma, a re-
sult of the measured counterrotation present even with
codominated injected powerNCLASS calculations indi-

12 (Pco'F;ctr) _ cate that the working ioy is also counterdirected there.
i - TRANSP analysis shows that this is consistent with the
® presence of a counterdirected torque, established by a ra-
= dial current of thermal particles that arises to preserve
o 8r ambipolarity in response to ripple loss of about 10% of
©
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FIG. 1. The central electron density time evolution. Curves 0
are labeled according to the difference on co- vs counterinjected 0 0.5 10 0.5 1

power, P,, — P, divided by the total injected poweP,. r/a r/a

The shaded region indicates schematically the neutral beam

heating wave form. The plasmas studied had a major radiuBlG. 2. (a) Profiles of the electron density at four times for a
of 2.60 m, a minor radius of 0.95 m, a toroidal magnetic fieldplasma that is codominated in the postlude. (b) Radial profiles
of 4.6 T, and a maximum plasma current of 1.6 MA. of D, for the same plasma.
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FIG. 3. (a) Radial profile ofE, for the plasma discussed 3
in Fig. 2 and the contributions from the components of é’_
Te]
(]

the carbon force balance equation at 2.3s. The shaded
regions represent the difference in tHg term and the
net E, calculated if orbit squeezing effects are ignored.
(b) Same as (a), but for 25s, in the early stages of 0
confinement loss. 0
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the beam ions. Differences i, measured in supershots FIG. 4. Profiles of shearing rate and total plasma pressure for
. . - . . . a counterdominated plasma (a),(b), and one of the codominated

W'_th different applied tprqu_es are ConS'Ste,nt withbeing . plasmas (c),(d). In the codominated case, the plasma pressure

driven a_md damped primarily by neoclassical processes ifjs unchanged untig5 falls well below y[i>

cluded inNCcLASS[17]. However, large pressure gradients

raise concern regarding violation of the usual size order- _ _ N

ing assumed in neoclassical theory. For carbon ions, théon levels remain low untilyexp falls below the critical

trapped ion orbit widths are small compared to the threshold value. The insensitivity of transport and fluc-

andVp scale lengths, so this ordering is not violated fortuations to variations inygxg above a threshold value,

r/a > 0.2, even without considering the influence of or- and the similar magnitude ofgxs andyi,  at the onset

bit squeezing [24]. Squeezing reduces the orbit size b@f increased transport and fluctuations, is consistent with

roughly 50% forr/a < 0.2, preserving the ordering for

all radii, and is included in th@iCLASS calculations us-

ing an approximate method [25]. Since large values of bg';‘ r,:nc@(,j co’(ﬂ':}ls\; mix
dE,/dr change the ion collisionality, the predictions of , Stored energy
Vs and thusE, are modified somewhat for/a < 0.25. "r/a<0.3 )

The pressure collapses whepxg is driven by rotation 2 0 0.67 ]

-y . . . . 1 .
below a critical value, indicating th& X B shear is nec- (Peo-Petr)
. , . —% o -o0.62
essary to sustain enhanced confinement (Fig. 4). The max- Piot 003 04
vl (@) L . 0 |.3, |0.4

imum linear growth ratey;;;~ is comparable to this critical 2
value and was calculated with a gyrofluid treatment that
includes the role ofA’, but excludes the effects & X B
shear [26]. In these plasmas, modes are expected to be-
come unstable primarily by the trapped electron preces-
sion resonance. In the codominated postlude plasmas, the
loss of core stored energy occurs at different times but at
comparable values ofgx g, again indicating thaE X B
shear is necessary to maintain low transport (Fig. 5). The
causative role off X B shear is further emphasized by
the fact that reductions ifg < clearly precede back tran- 0.
sitions, while all other plasma quantities, includiag are 1.9 21 23 25 07
constant or nearly constant. This constancy also implies Time (s)
thatA’ effects alone are not sufficient to maintain enhanceg,5 5 (a) The stored energy, integrated outrttu = 0.3
confinement. Howeved' effects reduce growth rates by for plasmas with and without back transitions. This lo-
a factor of 2, which may be of benefit 8 X B shear cation is near the radius of maximunpgxs before the
suppression. back transition, and is near the boundary of the region
Increases in core local fluctuation levels, measure@f low fluctuations (Ref.[8]). (b)yexp at r/a =03.
S . Also shown is yy,  for the codominated case with
from reflectometry [8] are correlated with increases NP, — Puu)/Pwi = 0.62. Growth rates for the other plasmas
local transport coefficients in plasmas with back transiuring their 14 MW postlude ERS phases are comparable.
tions (Fig. 6). Also, transport coefficients and fluctua-(c) The gradient in the Shafranov shift!, atr/a = 0.3.
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S profile broadens and becomes dominated by gradients in

balanced [~co counter mix V4 rather thanVp, indicating thatE X B shear from
(PeoPetr) rotation drive may be reducing turbulence, as has been
= suggested for DIII-D NCS [8] and VH-mode plasmas [4].
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