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Improved Plasma Performance in Tolmmaks arith Negative Magnetic Shear

C. Kessel, J. Manickam, G. Rewoldt, and W. M. Tang
PLasma Physics Laboratory, Princeton University, Princeton, ¹mJersey 085$$ 0$-51

(Received 7 September 1993)

A tokamak plasma condguration is reported that simultaneously improves on the maximum
stable plasma pressure, the bootstrap current contribution, and kinetic stability to temperature and
density gradient driven modes in toroidal geometry. It is characterized by negative magnetic shear
in the plasma interior and a peaked pressure profile. Stability to the ideal lour-n external kink modes
requires a conducting shell at 1.3 times the plasma minor radius. This novel plasma configuration
is promising for improved plasma performance in advanced tokamak experiments.

PACS numbers: 52.55.Fa, 52.30.8t, 52.35.Kt, 52.35.Py

Improvements in plasma performance are necessary to
ensure the economic viability of tokamak reactors. We
report here on a novel plasma configuration which im-

proves simultaneously on three key plasma characteris-
tics: the P' = 2yo(p ), /BT, which is a measure of
the ratio of plasma kinetic pressure to toroidal mag-
netic field pressure and the fusion reactivity, the boot-
strap (self-generated current) contribution to the plasma
current, and the kinetic stability to toroidal drift-type
modes. Here ()„represents a volume average, y the
plasma pressure, and BT the vacuum toroidal magnetic
field at the geometric center of the plasma. The units
for all quantities are MKS unless otherwise noted. The
definition of P' can be contrasted with the more conven-
tional form p—:2LJO(p) /Bz~ by the additional weight-

ing given to peaked pressure profiles, which will always
make P* ) P. Both experiments and theoretical anal-

yses have supported the empirical representation [1] of
P = P~[Ir, (MA)/aBT] (or P' = P&[I&(MA)/aBT ]),
where the maximum tv is determined by magnetohy-
drodynamics (MHD) stability. Here, I„ is the plasma
current and a is the plasma minor radius. The MHD
stability results will be given in terms of Pi'v and PN.

The principal feature of this configuration is a region
with significant negative magnetic shear oc dq/cl@, where

Q is a poloidal magnetic fiux label, and q(@) is the safety
factor or inverse rotational number for the magnetic field
in the plasma. The shear is negative over the central
region of the plasma and then returns to the conven-
tional positive shear near the plasma edge. The asso-
ciated plasma current density is hollow. Negative mag-
netic shear has several beneficial effects. Among these
are complete stability to n = oo ideal MHD ballooning
modes in the negative magnetic shear region [2,3]. This
implies that ballooning mode stability does not impose
any constraint on the pressure gradient there. It permits
strong peaking of the pressure profile, which can allow a
large ratio of bootstrap to total plasma current, Ib, /I~,
and also produce a bootstrap current profile with favor-
able shape for stability. The hollow current profile asso-
ciated with the negative magnetic shear enables raising

q „;,without simultaneously raising q,dz„ thereby allow-

ing the plasma current to remain high. Raising q~;, is
known to be beneficial to both low and n = oo instabil-
ities [4,5]. Negative magnetic shear can also contribute
to improved plasma confinement by acting to help sup-
press the primary destabilizing mechanisms for trapped
particle modes [6].

Experimental discharges in JET [7] and DIII-D [8] have
been produced that exhibit negative magnetic shear re-
gions in the plasma center. These profiles are transient in
nature and are the result of rapid elongation ramping in
DIII-D and pellet injection in JET. The strong peaking
of the pressure profiles observed within the negative mag-
netic shear region suggests the existence of a "transport
barrier" (i.e. , a localized region within the plasma where
the thermal and particle transport are much smaller than
in the surrounding regions). A principal difFerence be-
tween these experimental and the present configurations
is the safety factor profile. The experimental cases have
minimum safety factors about 1.0, thereby allowing the
ideal rn = 1 internal mode to be the dominant MHD in-

stability. This is avoided in the present case by keeping
the safety factor well above unity.

The limit on PN is determined by stability to ideal
MHD modes, particularly, the low-n external kink modes
and the n = oo internal ballooning modes. The spe-
cific instability with the lowest P& threshold depends
sensitively on the plasma pressure and current profiles.
When optimizing the plasma profiles to maximize PN,
two approaches have been pursued. The first achieves
high pressure while keeping the plasma current as high
as possible and results in relatively broad pressure and
current profiles. This produces a low value for eP&, where

P„:—2po(p)„/B„and B„ is the poloidal magnetic field
at the plasma edge. The second approach achieves high
pressure by increasing the safety factor [4,5] throughout
the plasma and consequently lowers the plasma current.
This leads to a high value for eP„, peaked profiles, and
can allow complete stability to n = oo ballooning modes.
We use a third approach where we increase the safety
factor over most of the plasma cross section by creat-
ing a region with negative magnetic shear. This has the
advantage of simultaneously allowing both high plasma
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FIG. 1. The safety factor pro61es for the negative magnetic
shear (solid) and conventional shear (dotted) cases at P~ val-
ues of 6.3 and 5.1, respectively.

FIG. 2. Plasma parallel current density for negative mag-
netic shear case, showing the total (solid) and bootstrap
(dashed) current profiles at PN ——6.3.

current and peaked pressure profiles.
In this Letter we present the results of a study to opti-

mize the plasma performance in the context of the Toke
mak Physics Experiment (TPX) [9]. This experiment is
intended to operate as a steady state tokamak at high
P~. The proposed device has a plasma aspect ratio of
4.5, vacuum toroidal magnetic field of 4.0 T, plasma cur-
rent of 2.0 MA, and elongation and triangularity at the
95% flux surface of 1.8 and 0.5, respectively. In order to
provide a comparison, results for both the negative mag-
netic shear configuration and a conventional shear con-
figuration, which has positive magnetic shear through-
out the plasma, will be given. The plasma equilibria for
the two cases are shown in Figs. 1—3. Here the safety
factor profiles and the parallel current density profiles

((j B)/(B VP)) are plotted as a function of a minor
radial coordinate, defined as the square root of the ratio
of the volume enclosed by the flux surface to the total
plasma volume. The brackets ( ) refer to the flux surface
average. The pressure profiles are given by po(1 —Q)~~,
where po and n„rea8.36 x 10s N/m2 and 2.0 for the
negative magnetic shear case, and 8.12 x 10s N/mz and
1.25 for the conventional shear case. The quantity Q is
the poloidal flux normalized to zero at the plasma axis
and unity at the edge.

Ideal MHD stability analysis was carried out using
BALMSG [3] for n = oo ideal MHD ballooning modes and
PEST2 [10] for the low-ri ideal MHD kink modes. The
n = oo ballooning modes are found to be stable up to a
P& (PN) value of 7.2 (5.5) for the negative magnetic shear
case and 5.1 (4.0) for the conventional shear case. Above
these values n = oo instability occurs in the region where
the magnetic shear begins to rise rapidly near the plasma
edge. We have examined the stability to n = 1 —6 exter-
nal kink modes with boundary conditions corresponding
to a conducting shell at infinity and at 1.3a, where a
is the plasma minor radius. This shell position of 1.3a
was chosen to represent the stabilizing efFects of the con-
ducting structures and vacuum vessel. For no conducting
shell, the highest stable P~ (P~) values for the negative
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FIG. 3. Plasma parallel current density for the conven-
tional shear case, showing the total (solid) and bootstrap
(dashed) current profiles at PN = 5.1.

magnetic shear and conventional shear cases are 2.5 (1.9)
and 4.2 (3.4), respectively. The limiting toroidal mode
number is n = 1 for both cases. The negative magnetic
shear case has a more peaked pressure profile and re-
duced magnetic shear near the plasma edge as compared
to the conventional shear case. This leads to worse low-n
stability in the absense of the conducting shell. However,
for the more realistic conducting shell scenario, the val-
ues are 6.8 (5.2) and 5.2 (4.1), respectively. The limiting
toroidal mode numbers in the presence of the conducting
shell are n = 3 for the negative magnetic shear case and
n = 2 for the conventional shear case. The enhanced
stability of the negative magnetic shear configuration for
n ( 6 is due to a shifting of the mode structure from the
plasma center to the region where the magnetic shear is
zero, thereby bringing it closer to the conducting shell.
Combining the results of the kink and ballooning stabil-
ity, the PN (PN) limit is 6.8 (5.2) for the negative mag-
netic shear case and 5.1 (4.0) for the conventional shear
case.

The plasma current is normally composed of a boot-
strap and an external current drive component. Since
methods for external current drive have low efficiencies,
steady state tokamak operation will require that a large

1213



VDLUME 72, NUMsER. 8 PHYSICAL REVIE%' LETTERS

fraction of the plasma current be generated by the boot-
strap effect. The ratio of bootstrap current to total
plasma current scales as Ib, /I„= Cb, +~P„, where Cb,
depends primarily on the plasma density and temper-
ature profiles [ll], and c = a/R is the plasma inverse
aspect ratio. Hence, in order to achieve a large fraction,
P„and Cb, must be large However, achieving a high ra-
tio, Ib, /I„= 1, alone is not sufIicient because the result-
ing current and pressure profiles must be MHD stable.
Since the shape of the bootstrap current profile is largely
determined by the pressure gradient, it is naturally hol-
low. Profiles for the negative magnetic shear case and
the conventional shear ease are illustrated in Figs. 2 and
3, with the bootstrap current providing 93% and 50%
of the total plasma current, respectively. Since the boot-
strap ratio increases with PN, although the negative mag-
netic shear case can access higher values, the PN value
is limited to 6.3 to maintain Ib /I„ l. Values of total
bootstrap current exceeding the desired plasma current
are possible, and would require current drive opposite to
the bootstrap current to remove the excess. The conven-
tional shear case is at its stability limit of PN ——5.1. For
both cases the peak temperature is 20 keV, the efFective
ion charge is Z,ir = 2.0, and the Harris collisional model

[12] is used to estimate the bootstrap current contribu-
tion. The temperature and density profiles are shown in
Fig. 4. For the negative magnetic shear case, the boot-
strap and total current pro61es are very closely aligned
and demonstrate that the bootstrap efFect can provide
nearly 100% of the plasma current with a profile that
has favorable MHD stability properties.

In order to address the efFect of negative magnetic
shear on confinement, a comprehensive kinetic toroidal
eigenvalue calculation [13,14] is employed to investigate
the linear stability of toroidal drift-type modes. The
analysis includes dynamics associated with the niost
prominent microinstabilities: the ion temperature gra-
dient [il, :— (d ln T;/dr)/(d inn, /dr)] modes and the
trapped particle modes. For sufficiently large negative
magnetic shear, the orbit-averaged magnetic curvature

and gradient drifts chuqye from destabilizing to stabi-
lizing for the majority of the trapped particles, so that
enhanced confinement may be expected. Although this
effect of negative magnetic shear on trapped particle in-
stabilities is well known [6], until recently the means for
creating such large negative magnetic shear in tokamaks
was not established. The other dominant destabilizing
mechanism for toroidal drift modes is the ion temper-
ature gradient, parametrized by q, . For typical toka-
mak parameters, suppression of this mechanism requires
il, ( il,'"~, with q,

'"~ in the range from 1 to 2 [15].It is im-
portant to note that the density and temperature profiles,
which optimize the bootstrap current for the negative
magnetic shear equilibrium reported here, correspond to
il, ( ri,

'" in the same region of the plasma interior where
s ( 0. Figure 5 illustrates the radii where s has a mini-
mum and g, has a minimum. For the present discussion
of plasma transport the de6nition of magnetic shear will
be s:—(r/q)dq/dr, where r is the (horizontal) fiux sur-
face minor radius. Between these two locations there
is a completely stable region for the toroidal drift-type
instabilities. The linear growth rates for the negative
magnetic shear and conventional shear cases are shown
in Fig. 6. Here it is seen that kinetic stability for the
negative magnetic shear case occurs in the region where
the conditions that s ( 0 and g; ( rl,'"i are simultane-
ously satisfied, while the conventional shear case exhibits
a finite growth rate throughout the plasma.

The toroidal drift-type instabilities analyzed here are
acknowledged to be leading candidates to account for
the anomalous radial transport of particles and energy
observed in the interior region of tokamak experiments
[16). If these modes can be linearly stabihzed by the
profiles that generate negative magnetic shear, then the
transport in the stabiiiwxi region should be reduosd to
the neoclassical (coliisional) level. This effectively forms
a "transport barrier" in the plasma interior which can
sustain the peaked pressure profiles, shown here to be
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FIG. 4. The plasma temperature and density pro6les for
the negative magnetic shear case (solid) Mid the conventional
shear case (dotted).

FIG. 5. The magnetic shear 8 = (r/q)dq/dr and g;
—:(dlnT~/dr)/(dhniii/dr) profiles for the negative magnetic
shear case at P~ = 6.8 (solid), and the conventional shear
ease at PN = 5.1 (dotted). The stable region for the negative
magnetic shear case is also in@cated.
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FIG. 6. The linear growth rates of the toroidal drift mode,
for the negative magnetic shear and conventional shear cases,
calculated in the electrostatic limit. Here, kl[I p; is chosen to
approximately maximize the growth rate, and collisions and
a carbon impurity are included in the calculation.

advantageous to both ideal MHD stability and bootstrap
current generation.

The present analysis has identified a target configu-
ration for improved tokamak performance, which is the
critical first step for guiding experimental and theoreti-
cal analysis. Work on simulating the dynamic evolution
of the negative magnetic shear configuration is planned,
since this is essential for establishing its accessibility in
experiments.

In summary, we have reported on the favorable prop-
erties of tokamak plasmas with negative magnetic shear
in the plasma center. These include a near 100Fo self-
generated current profile, excellent stability to balloon-

ing modes, and a possibility of enhanced confinement
through suppression of toroidal drift-type instabilities.
The external kink modes are the limiting instability and
require additional stabilization through the presence of
a conducting shell at approximately 1.3 times the minor
radius. Work on the resistive MHD modes is underway
and will be reported elsewhere.
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