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Global gyrokinetic particle simulations have been used to search tokamak configurations
which are stable against the Ion Temperature Gradient-driven (ITG) modes commonly
held responsible for the core anomalous ion heat transport. The stable configurations
are characterized by strongly reduced or reversed VB drifts on the low-field side. As in
high B, (poloidal beta) tokamak experiments excellent transport properties have been
observed, we conjecture, inspired by our simulations, that this may be the result of the
stabilization of ITG modes by the reduction of the VB drifts.

Ion Temperature Gradient-driven instabilities are now commonly held responsible for the turbulence
giving rise to anomalous ion heat transport in the core of tokamaks; ITG-based transport models can
successfully predict the plasma thermal transport over a wide range of parameters [1]. The reduction of
this transport would be of great help to the achievement of a fusion reactor; configurations that are free of
these instabilities are of very high interest. An effort has recently been made to find such configurations,
e.g. oblate plasmas [2] and plasmas with sheared rotation [3] have been discussed as routes to ITG-mode
stabilization. We propose here another route to ITG stability: the reduction of the VB drift on the low
field side of the torus.

In this Letter, we study finite-pressure effects on ITG instabilities using the first global gyrokinetic
Particle-In-Cell codes which work with full finite-pressure MHD equilibrium data. We note that microin-
stabilities in general equilibria were previously studied in the ballooning limit [4]. With respect to global
ITG stability, we find that the dominant effect is related to the particle VB drift on the low field side
of the torus: the growth rates decrease with decreasing VB drift. In fact, the configurations are stable
when VB is close to reversal.

The ITG instability takes its free energy from the ion temperature gradient. It can be destabilized by
the parallel motion (slab ITG), the poloidal magnetic drifts due to toroidicity (toroidal ITG) and the
trapped-ion precession (trapped ion mode). The latter two destabilizing mechanisms are related to the
magnetic drift,
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where B denotes the magnetic field, 2 the ion cyclotron frequency, vy and v, the parallel and per-
pendicular particle velocities, and p the plasma pressure. From a wave-particle interaction diagnostic
implemented in one of our codes, we find that particles with ;. >> v|| contribute most to the instability.
In a simple analysis which helps to understand the simulation results to be presented, the second term in
eq. (1) can therefore be neglected. In the local, kj = 0, and fluid limits, the drift frequencies may then
be defined as
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where n is the toroidal mode number, e the electron charge, T; the ion temperature, x the straight field
line poloidal angle, ¢ the safety factor, g = Vx-V9/(|Vx||V%|) and ¢ the poloidal magnetic flux of the



equilibrium. Focusing on the toroidal ITG regime and taking the local and fluid limits of the gyrokinetic
equation in the absence of a density gradient, one obtains the dispersion relation [5] [6]:

w? 4+ whwq =0, (4)

Le. the mode is locally stable for wy > 0 (favorable gradient region) and locally unstable for wy < 0
(unfavorable gradient region), the growth rate increasing with |wy|. Similar arguments can be made for
trapped-particle-driven modes.

A direct way of stabilizing the mode is to lower the magnetic drift on the low-field-side of the torus,
thereby reducing wg. In configurations where the magnetic field has a minimum, the VB drift is even
reversed and the unfavorable gradient region is turned into a favorable gradient region. Figure 1 shows
the contours of wy in two configurations: (a) the usual case of a low S, equilibrium and (b) of a higher
Bp equilibrium where the drifts are reversed over most of the plasma. The dashed region corresponds to
negative values, i.e. the unfavorable gradient region. Configuration (a) has a wide region of unfavorable
gradient and is expected to be unstable to global ITG modes. The configuration (b) has favorable
gradients over most of the plasma and is expected to be stable to global modes.

Z[m]
Z[m]

FIG. 1. Contours of the drift frequency wq (arbitrary units); the hatched zones correspond to negative val-
ues, i.e. to the unfavorable gradient region. The dashed lines correspond to the magnetic surfaces s = 0.25,
5 = 80=0.5, s = 0.75 and s = 1.0. (a): standard configuration with 8 = 3% and local Bp(s = s0) = 1.2. This
configuration is unstable for ITG modes. (b): configuration with drift reversal on the low field side, 8 = 4.4%,
local By(s = 80) == 4.9. This configuration is stable for all toroidal mode numbers.

In our simulations, the plasma is modeled with gyrokinetic ions [7] and adiabatic electrons. An ax-
isymmetric equilibrium magnetic structure (solution of the Grad-Shafranov equation [8]) is provided by
the MHD equilibrium code CHEASE [9]. The full plasma cross-section is considered in the simulations.
We follow the time-evolution of electrostatic, quasineutral perturbations of a local Maxwellian equilib-
rium distribution function, using two different particle-in-cell (PIC) codes running on a massively parallel
CRAY-T3D. The first one is a linear finite element PIC code [10] solving for the electrostatic potential
in non-orthogonal magnetic coordinates and the second one is a new version of the nonlinear code ORB
[11]. The latter works in cylindrical coordinates but has been modified [12] to accept the same MHD
equilibrium data as the finite element code; here, it is used in its linear version only. Both codes give
essentially the same results.



Other effects have been studied by many authors, e.g. electromagnetic perturbations [4] [13] and/or
trapped electrons [14] [15]. Though their influence on our results will have to be investigated in future
work, there are reasons to believe that the general conclusions will not be changed; we note, for instance,
that the drives related to trapped electrons and to the ion physics are both determined by the radial
gradient of the magnetic field. Furthermore, we focus here on flat density cases, where the effect of
trapped electrons is expected to be small [16] [17].

A set of JET-shaped equilibria was produced, varying the sources (current and pressure profiles) in the
Grad-Shafranov equation. The boundary shape and the value of the safety factor g = 2 at a given radial
point, s = sg = 0.5, have been kept constant. Here, s is the square root of the normalized poloidal flux,
s = (¥/v0)%®, and acts as the radial variable. Other parameters are: major radius Ro = .96 m, minor
radius a = .35 m, elongation E = 1.6, triangularity 6 = 0.3 and By = 1 T. The set covers a wide range of
parameters: 0 < 8 < 4.5%, 0 < 8, < 2.5, shear 0.3 < § < 0.9 at s = s, internal inductance 0.5 < I; < 1
and Shafranov shift 0 < ¢ < .5a.

We then studied the stability of ITG modes in these equilibria, using a flat density profile, typical of
the core of an H mode, and flat electron temperature T, = 1 keV. The ion temperature profile was such
that the logarithmic ion temperature gradient peaks at s = so, effectively confining the most unstable
mode around s = sq:
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where k = 1/0.35, As = 0.42 and T;(s = so) = 1 keV. As a consequence of these parameters one obtains
a/p; = 76 where p; is the deuterium Larmor radius and Ly /Ro = 0.127, where Ly is the temperature
gradient scale length. The simulation provides the most unstable mode for a given toroidal mode number
n.

The simulations confirm the simple analysis following eqs (2)-(4). The configuration (a) is unstable
for several toroidal mode numbers n; the corresponding growth rates are shown in figure 2. The mode
amplitudes peak in the negative wy region of unfavorable gradient. They are destabilized mainly by the
poloidal magnetic drifts, but also somewhat by the parallel motion and the trapped ion precession, and
thus can be classified as toroidal ITGs with small slab ITG and trapped-ion character.
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FIG. 2. Growth rate (normalized to the ion cyclotron frequency) as a function of toroidal mode number for the
configuration (a) shown in figure 1.

The configuration (b) is found to be fully stable, i.e. stable for all values of n, despite the flat density
(m; = oo) and the value of Ly/Ry = 0.127 which usually lead to high growth rates [18]. This is because
VB is favorable everywhere around s = so where the ion temperature gradient is large. Note that a much
stronger temperature gradient can give the mode a strong slab ITG character and therefore destabilize
it despite the favorable gradient.



For further analysis, we restrict ourselves to the surface s = so, and define € = —wy [wZ;, its local value
on the low field side of the mid-plane ¢; and its magnetic surface average

=152, ©

We note that wy; is a magnetic surface quantity and commutes with the surface average in (€). Let us
consider the usual model configurations with circular concentric magnetic surfaces and with B ~ 1 /R,
where R is the distance from the axis of symmetry. In such a case, ¢ is the standard parameter quantifying
toroidicity in the ballooning limit and is equal to Ly /Ro. The ITG growth rate has a maximum with
respect to €; [18]. The positive (favorable gradient) and negative (unfavorable gradient) contributions
from wy almost cancel each other and (¢) ~ 0. This is in contrast to the situation in drift-reversed
equilibria where the average has only positive contributions and (¢) is of the order 1 and positive. Figure
3 shows the growth rate of the n=6 mode of all the configurations studied versus the average drift
frequency ratio (). The correlation between the two quantities is almost perfect for (¢) > 0.2. The
values of (¢) < 0.2 have lower growth rates than at (€)=0.2; they correspond to equilibria where ¢; is
large but where € averages close to zero and where, similarly to the model configuration results [18], ¢; is
above the value that leads to the highest growth rate.
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FIG. 3. Growth rate (normalized to the ion cyclotron frequency) of the n = 6 mode for different configurations,
as a function of the surface-averaged drift frequency ratio (¢) =< —wa/wh > at 5 = 3.

We found that (€) is in fact the best indicator for ITG stability, but two other quantities come near.
The first is the traditional MHD magnetic well [19] which is also a measure for the surface average of
VB and shows excellent correlation with the growth rate [10]. Similar conclusions were drawn in [20] for
purely trapped particle modes. The second is the local (at s = s9) value of 8, which is related with VB
drift reduction through the gradient of the toroidal magnetic field. In contrast, the growth rates do not
correlate well with the global value of 8,, nor with parameters such as the shear at s = s, the Shafranov
shift, the internal inductance [;, or the normalized plasma pressure 3.

There are a number of experimental discharges in various devices where the stabilization of microin-
stabilities by the reduction of VB may have contributed to a reduction of anomalous transport. As the
VB drift reduction tends to occur in equilibria with high local (i.e. local to a magnetic surface) values
of B, [8] these equilibria should have relatively high global 3, as well. In several tokamaks, some high B
discharges, when free of ELMs, have indeed shown very good confinement properties. On JET [21] and
DIII-D [22], confinement substantially better than the JET/DIII-D H-mode scaling has been obtained.
On PBX-M [23], the heat diffusivity was seen to decrease in time while 8, increased. On JT-60U [24]
[25] [26], high B, discharges showed a highly enhanced confinement leading to record-breaking neutron
yields; the ion heat transport was found to be low everywhere in the core unlike the situation when a
H-mode transport barrier is present. This is consistent with a stabilization of microinstabilities by the
reduction of VB over a wide radial extension.



A preliminary analysis of JET equilibria with low current and relatively high G, (= 1.5) has shown that
a reduction of VB by a factor of four (compared to a usual, low-beta configuration with B ~ 1 /R) can
experimentally be realized. In such conditions, a drastic reduction of ITG-induced transport is expected.
Detailed studies of the transport properties of such discharges should be undertaken concentrating on
cases without gross MHD activity (ELMs and sawteeth).

A condition for drift reversal can be derived by noting that the unfavorable gradient occurs in the
region where % < 0. Using the equation of MHD equilibrium puoVp = (V x B JES B , one can easily show
that, for an axisymmetric system,

0B 18R _, dp
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where B; and B, are the toroidal and poloidal components of the magnetic field. The 0(B2) term on
the right-hand side of this equation is small compared to the first one and may be neglected. Thus drift
reversal occurs when
d 18R
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i.e. the pressure gradient must be sufficiently large. Note that large pressure gradients can destabilize
MHD modes; configurations of practical interest might have to compromise between microstability and
MHD stability.

In conclusion, we have presented global gyrokinetic PIC simulations which show that ITG modes can be
stabilized by a reduction of the equilibrium V B drifts. For fixed plasma shape, safety factor at half radius
and ion temperature gradient, ITG stability is determined by these drifts. We expect similar tendencies
for other magnetic-drift-driven microinstabilities such as collisionless trapped particle modes. We find
that, for relatively strong gradients (Ly /Ry = 0.127), a configuration is fully ITG stable when the VB
drifts are close to reversal. Such magnetic configurations do exist in some experimental discharges and
should, according to our simulations, be characterized by a low level of ITG transport. We also conjecture
that the experimentally observed low level in ELM-free high-3, discharges may be due or partly due to
reduced V B drifts on the low-field side.

In the near future, a serious effort should be made in analyzing experimental data from MHD-quiescent
discharges, trying to correlate VB reduction with ion thermal transport. On the theory side, the future
search for stable configurations should not be limited to microstability but must include MHD consider-
ations as well.
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