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A model is presented to explain the favorable ion thermal confinement trends of supershot plasm
in the Tokamak Fusion Test Reactor (TFTR). Turbulence suppression by radial electric field sh
is important to reproduce the measured temperatures. Supershot confinement scalings are reprod
in more than sixty discharges, including favorable core power scaling and variation with isotop
mass, density peakedness, edge recycling, and toroidal rotation. The results connect the transition
supershot regime with improved confinement regimes which are attained through sharp confinem
transitions in the core or edge. [S0031-9007(98)07088-4]

PACS numbers: 52.55.Dy, 52.25.Fi, 52.30.–q, 52.65.Tt
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The large size and cost of many proposed fusion react
derives partly from empirical scalings in which confine
ment degrades with heating power, and improves stron
with major radius and plasma current [1]. It is therefor
desirable to extend predictive models to regimes of o
eration having more favorable confinement scalings. E
hanced confinement regimes, such as the H-mode (h
confinement mode) [2], supershot [3], VH-mode (very hig
confinement mode) [4], ERS or NCS mode (enhanced
versed or negative central magnetic shear) [5,6] and hig
bP mode [7], show promise in this regard. The comple
suppression of turbulence by strongly sheared flows,
sociated with the radial electric fieldEr , has been pro-
posed to explain the sharp and localized transitions in t
H-mode, VH-mode, and reverse magnetic shear regim
as reviewed in Ref. [8]. The supershot regime, by co
trast, is attained without a sharp transition by gradua
reducing the edge particle influx from the plasma facin
surfaces. The core ion thermal diffusivity is more tha
10 times lower than in high-recycling (L-mode) plasma
Both the particle and ion thermal energy confinement of t
supershot core improve, rather than degrade, with cen
fueling and heating [9], similar to more recently discov
ered regimes with internal transport barriers [8].

In this work, we develop and test a model for ion the
mal transport that reproduces the favorable confinem
scalings of supershot plasmas. We propose that thistran-
sitionlessimproved confinement results from strong bu
incomplete turbulence suppression by sheared flows.
cluding this effect doubles the simulated ion temperatu
to reach agreement with measured values.

The model presented [10] involves ion thermal diffu
sion from toroidal ion temperature gradient (ITG) drive
modes [11], suppressed by radial electric field shear
the plasma core. The neoclassical radial electric field a
ion temperature are calculated self-consistently (using
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measured toroidal impurity velocity). A self-consisten
calculation is necessary because the plasma core is not
from marginal stability to toroidal ITG modes in the ab-
sence of sheared flows. The thermal hydrogenic dens
is inferred from the measured electron density, measur
carbon impurity density, and TRANSP Monte Carlo cal
culations of the beam ion density [12].

Two distinct approaches are taken, demonstrating th
the conclusions for the inner half-radius are independe
of the model for the ion thermal diffusivityxi. The first
approach reproduces temperature profiles from an analy
criterion describing turbulence suppression byEr shear
in the inner half-radius, while the second extends th
model of Ref. [13] to include the effect of a self-consisten
neoclassical radial electric fieldEr , covering 85% of the
plasma cross section. Large nonmonotonic features in t
measured toroidal velocity profiles of impurity ions are
consistently explained by the same neoclassical calculati
which providesEr [10,14].

Equation for the ion temperature profile.—The con-
finement trends are first described through an expedie
criterion taking theEr shearing ratevE3B [15,16] and
maximum linear growth rate of the toroidal ITG mode
g

max
lin approximately equal in the core [10]. This corre-

sponds, within a factor of 2, to nearly complete turbulenc
suppression on the basis of toroidal gyrofluid calculation
[17]. The maximum linear growth rate near marginal sta
bility, in the absence of sheared flows, is derived from th
results of a comprehensive linear gyrokinetic code for th
flat density gradient limit of the toroidal ITG mode [13],

gmax
lin . 2

Te

4Ti

µ
Ti

mi

∂1y2 1
Ti

dTi

dr
2

sTeymid1y2

4Lcrit
T sTe  Tid

, (1)

where Ti and Te are, respectively, the ion and electron
temperatures,mi is the ion mass,r is the local minor
© 1998 The American Physical Society
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radius, andLcrit
T ~ sTeyTid0.52 is the critical temperature

gradient scale length.
A simplified expression for the neoclassical shearin

ratevE3B can be derived [10,14],

vE3B 
RBu

B
d
dr

µ
Er

RBu

∂
.

Ti

Brn

d lnsRBud
dr

1
1
B

dsVwiBud
dr

2
1
B

d
dr

µ
Ti

rn

∂
,

(2)

where r21
n  2d ln niydr, ni is the thermal hydro-

genic density,B and Bu are, respectively, the total and
g

poloidal magnetic fields, andVwi is the hydrogenic toroidal
velocity.

The diffusivities for radial transport of ion thermal en-
ergy and toroidal momentum are nearly equal [18] (as e
pected from quasilinear theory), while the profile shape
of Ti and inferredVwi are very similar [10,14]. Then
dVwiydr . jV dTiydr, wherejV is a constant approxi-
mately equal to the ratio of net torque to net heating pow
absorbed by the ions.

The criterion becomesvE3B  fsB, . . .dgmax
lin , where

in generalf , 1 accounts for additional parametric de
pendences, e.g., anisotropy in the turbulent wave numb
spectrum. This can be written as a first order differenti
equation,dTiydr 1 TiyrE

T  0, where
1yrE
T 

Ti

B
d
dr

µ
1
rn

∂
2

Ti

Brn

d lnsRBud
dr

2
sTeymid1y2f

4Lcrit
T sTi  Ted

Ti

Brn
2

Bu

B
jV Ti 1

Te

4Ti

µ
Ti

mi

∂1y2

f

. (3)
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This reduces to the condition for marginal stability of th
odd-parity toroidal ITG mode whenvE3B ! 0, corre-
sponding to the core of L-mode plasmas. The calculat
ion heat flux retains a relatively sharp increase above t
toroidal ITG threshold despite finite contributions below
the threshold from trapped-electron destabilization of th
even-parity mode [11,13]. Suppression byEr shear al-
lows the ion temperature gradient to steepen beyond t
which is marginally stable in the absence of sheared flow
The mutually reinforcing character of supershot trend
is driven by the strong nonlinearity inTi and the cou-
pling of particle and thermal energy transport byEr shear
(first term in numerator). The effect of varyingf , 1 in
Eq. (3) is weakened by its large coefficients.

Figure 1 compares the calculated and measuredTi pro-
files. Outside the half-radius, where the local confine
ment trends are characteristically L-mode, the sheari
rate falls progressively short of the growth rate as the r
dius increases. Equation (3) can be shown to reprodu
the coreTi profiles of the set of 45 discharges shown late
in Fig. 7.
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FIG. 1. Supershot ion temperature profile in inner half-radiu
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Nonlinear simulations.—The nonlinear simulations,
carried out using theTRV code [10] cover 85% of the
plasma cross section and giveTi profiles in the inner
half-radius nearly identical with those from the criterio
vE3B . g

max
lin . In the outer half-radius, an estimate

of the turbulentxi is required to find the progressive
deviation from toroidal ITG marginal stability. Here we
use the model of Ref. [13] for the ion thermal diffusivity
xi0 and include the effect ofEr shear by taking a simple
parametrization of the results of Ref. [17], neglectin
destabilization by the gradient of the parallel veloc
ity, xi  xi0s1 2 jvE3Bjyg

max
lin dHs1 2 jvE3Bjyg

max
lin d,

where H is the unit step function. The neoclassicalEr

is calculated from an analytical form more complete tha
Eq. (2), reproducing numerical results [10,14] obtaine
using a full viscosity matrix.

The nonlinear simulations, shown in Fig. 2, reproduc
the expansion of the enhanced confinement zone with he
ing power. The hydrogenic temperature profiles obtain
using thexi inferred from measured data with TRANSP
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FIG. 2. Model reproduces expansion of core enhanced c
finement zone as auxiliary heating power increases from
to 18 MW. (a) Comparison of hydrogenic temperature profile
from model and experiment. (b) Ion thermal diffusivityxi .
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FIG. 3. Ion thermal diffusivities at various normalized rad
as a function ofTi . (a) Inferred from TRANSP (experiment).
(b) Simulated (modelwyEr ).

in place of the modelxi, are shown for comparison. When
this expansion was considered at fixed minor radius (e
the one-third radius), an apparent rough scalingxi ~ 1yTi

was inferred [9]. Figure 3(a) shows the diffusivity in
ferred from TRANSP. In the inner half-radius, the scalin
with Ti is favorable, while in the outer half-radius,xi in-
creases withTi as in L-mode plasmas. Figure 3(b) show
that this qualitative behavior is recovered in the nonline
simulations.

Lithium pellets, injected into the Ohmic phase, subs
quently reduce the edge recycling to strongly improve pe
formance. Small amounts of helium, by contrast, increa
recycling and spoil performance. The model reproduc
this strong sensitivity, both in lithium pellet experiments
shown in Fig. 4 for the scan of Ref. [19], and in helium
spoiling experiments [10]. Coupling of particle and en
ergy transport throughEr shear results in pronounced sen
sitivity to edge conditions.

In reactor-relevant mixtures of deuterium and tritium
[20], local core particle and ion thermal energy confin
ment are strongly improved relative to deuterium plasm
[20–22]. The supershot isotope effecttE ~ A0.8020.89

i is
much stronger than in deuterium-tritium L-mode plasma
for which tE ~ A0.5

i [23], whereAi is the volume average
thermal hydrogenic atomic number. In the model pr
sented,Er shear plays an essential role in this trend, r
sulting in a heightened nonlinear sensitivity of the co
temperature to that in the outer regions. A weaker “i
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lin ,

the measured DD! DT Ti increase at the half-radius projects
to an increase of 7 keV at the magnetic axis, relative to 8 ke
measured.

trinsic” isotope effect, with strength similar to the L-mod
regime, may result fromEr shear itself, as demonstrated
for an L-modeD-T case in Ref. [23] (constant shear
ing rate withg

max
lin ~ A

21y2
i ), or another mechanism [24].

This weaker intrinsic effect would be strongly amplifie
by Er shear in the inner half-radius, where 75% of the e
ergy in supershots is stored. Figure 5 illustrates the co
sequences of the criterionvE3B . g

max
lin of Eq. (3) when

used to calculate the centralTi as a function of that at the
half-radius for a matched pair of disharges. The isoto
effect is nonlinearly accentuated by the peaked dens
profile as described by Eq. (3). No prior theory predic
an effect stronger thantE ~ A0.5

i .
Figure 6 compares matched deuterium and tritium s

pershot plasmas. WithoutEr shear, the model of Ref. [13]
often falls 35%–50% below experiment in supersho
without resolving the isotope effect. This is consiste
with the simulation of a supershot in Ref. [13] which ne
glectedEr shear [revisedTi measurements (1996) show
Ti0 to be 10 keV higher than quoted for this discharg

iT 
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FIG. 6. Comparison of simulated hydrogenicTi with experi-
ment for a matched pair of discharges, one fueled by tritiu
beams (DT), the other by deuterium (DD).
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and without Er shear to TRANSP (experiment). 45 TFTR
discharges are shown.

(1992) [13], revealing a 35% discrepancy [10] ]. The ex
tended model, with self-consistent neoclassicalEr , brings
the simulated temperatures to agreement with data and
covers known confinement scalings.

Figure 7 compares the thermal ion kinetic energies in t
inner half-radius for 45 supershot discharges [21,22] w
plasma current 1.6 MA, major/minor radius 2.52/0.87 m
toroidal magnetic field 4.8 T, heating power 5–23 MW
isotopic mass1.9 , Ai , 2.6, and varying toroidal rota-
tion. Without Er shear, the discrepancy between expe
ment and simulation increases with stored energy;Er shear
is more important at higher ion temperatures.

In summary, the model presented reproduces dist
guishing trends of the TFTR supershot regime whi
retaining validity in L-mode plasmas. The nonlinea
simulations assume radial convective transportciGiTi ,
where Gi is the radial ion flux density, andci  3y2.
The results are relatively insensitive toci , as confirmed
by the approach takingvE3B . g

max
lin , independent ofci .

Simulations of particle transport have not been carried o
but are essential forab initio predictions.

Finally, comparisons with recent spectroscopic me
surements ofEr in TFTR are underway. A significant
nonuniform offset of the measured carbon poloidal velo
ity, in the ion diamagnetic direction relative to neoclass
cal, is observed [25]. The offset is qualitatively consiste
with turbulence-generated equilibrium flows seen in glob
codes [26], which are (i) stronger with more peaked pr
files, (ii) in the ion diamagnetic direction givingEr . 0,
and (iii) radially extended. Nevertheless, the positive me
suredEr is strongly correlated with the energy confine
ment time. Our nonlinear simulations using measuredEr

also reproduce supershotTi profiles, preserving the crite-
rion vE3B . g

max
lin in the core to within a factor of 2.
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