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Density peaking and turbulent pinch in DIII-D discharges
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A study of density peaking and particle flow in low confinement (L-mode) DIII-D discharges [G. R.
McKee, C. C. Petty, R. E. Waltz et al., Nucl. Fusion 41, 1235 (2001)], using global gyrokinetic
simulations, is presented. It is found that under experimental conditions, in particular when realistic
collisionality is included, a turbulent pinch driven by electron temperature and density gradients can
occur. © 2006 American Institute of Physics. [DOI: 10.1063/1.2241767]

Density peaking has recently attracted considerable
experimental'_5 and theoretical modelling"é_9 attention. Its
importance relies on the fact that a peaked profile can in-
crease the power production, energy confinement, and boot-
strap current of the plasma. On the other hand, an ex-
cessively peaked pressure profile can reduce the stability
limit. For these reasons, it is important to understand this
phenomenon, and predict its occurrence and effects in future
reactors such as ITER.' Evidence found in low confinement
(L-mode) discharges“‘12 suggests that a turbulent particle
pinch (flow against density gradients) is responsible for the
observed peaking. Another candidate, the neoclassical Ware
pinch,13 is usually too small to explain experimental obser-
vations. Large tokamaks like DIII-D have very weak plasma
flows as a consequence of almost negligible particle sources
in the core. However, by looking at the observed peaked
density profiles one would expect the density gradients to
drive a significant outward flow. This apparent contradiction
is usually resolved by taking into account some inward flow
or pinch to nearly cancel the outflow and yield the experi-
mental levels. In more detail, if we write the total or net
electron particle flux as a sum of diffusive and convective
contributions we get
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where DZ is the turbulent diffusion coefficient and vy, is an
inward convective (i.e., pinch) velocity. Consequently, in or-
der to get I',— 0 and keep the density profile from flattening,
the pinch term must balance the diffusive term.

From a theoretical point of view, two different mecha-
nisms have been proposed as being responsible for such
anomalous pinch. The first one, usually called thermodiffu-
sion, was first developed in the collisional regime14 and sub-
sequently extended to the dissipative (low collisionality)
regime.15 Thermodiffusion predicts an inward flow compo-
nent of the total transport proportional to VT,/T,, where T, is
the electron temperature. The second mechanism, sometimes
called turbulent equipartition,l(’_19 involves the magnetic
field curvature and can induce a pinch as the result of subtle
functional constraints. Recent numerical studies of ion tem-
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perature gradient (ITG) and trapped electron mode (TEM)
turbulence, have devoted attention to this problem using
fluid® and gyrokinetic simulations.”’ These works found
enough evidence of a turbulent pinch for typical experimen-
tal parameters, but despite these advances, the connection
between density peaking and said pinch remains unclear.
One of the main reasons is that density peaking is a global
problem, whereas previous studies were either highly realis-
tic but local,”' or g10b3120 but with simplified physics. An-
other problematic issue with ITG/TEM simulations is the
strong reduction of the pinch intensity when realistic colli-
sionality is included.®?!

The purpose of this Brief Communication is to answer,
via gyrokinetic simulations, if the ITG/TEM pinch can be
responsible for the observed density peaking in experiments.
This question was previously addressed using linear gyroki-
netic simulations and a quasilinear model.” It was found that
for the most relevant cases such a description failed to de-
scribe the peaking. However, we believe that the main issue
is not a question of the physics model involved but of the
realism of the simulations used. To test this hypothesis we
present GYRO (Ref. 22) simulations of a DIII-D L-mode
discharge (shot 101391).” In GYRO, only perturbations or
deviations from a given equilibrium are evolved, whereas
equilibrium profiles are kept fixed. The simulations presented
here include nonlinear gyrokinetic ions and electrons, radial
profile variation with E X B rotation, shaped geometry, elec-
tron pitch-angle scattering and electromagnetic fluctuations.
Previous studies® have shown that this level of realism is
enough to match the experimentally inferred energy transport
coefficients with less than 10% adjustment of the ion tem-
perature gradient. It is important to emphasize that this work
should be seen as a numerical exercise, in which we are
trying to reconcile simulations with experimental observa-
tions, rather than a direct comparison between fluxes.

In the simulations that follow, length is measured in
units of the minor radius @, mass in units of the ion mass m;,
temperatures in units of 7, (electron temperature), and ve-
locities in units of the ion sound speed (¢,=T,/m;). Fre-
quencies and growth rates use a combination of the former
and are measured in units of c¢,/a. Diffusivities are normal-
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FIG. 1. DIII-D profile data for discharge 101391. Plot (a) shows experimen-
tal electron density and temperature profiles, while plot (b) shows the cal-
culated electron-ion collisionality based on these profiles. The vertical dot-
ted lines denote the radial domain used in the simulations.

ized to a reference gyro-Bohm level XGBipch/ a, where
ps=c,/{,; is the ion-sound Larmor radius and ., =eB/m; is
the ion cyclotron frequency. In these units the relative gyro-
radius can be written as p« = p,/a. It is important to mention
that all of the simulations used in this study have the same
reference radius (r/a=0.6). The reference radius is the point
where normalizations such as ¢, or p, are computed and
where the resolution is best. For example, at this radius the
electron-ion collision frequency is given by v,;=0.16 (units
of ¢,/a) and p.=0.0025. A detailed summary of all the ex-
perimental parameters with their respective physical units is
given in Ref. 25, Table I, and some of the most relevant
experimental profiles are shown in Fig. 1. Finally, these
simulations include two gyrokinetic species (ions and elec-
trons), and equal density gradients (1/L,;=1/L,,) to satisfy
plasma neutrality. In this work, as well as in our previous
one,”! we consider only electron-ion pitch-angle collisions,
where v,; is taken from experiments. The details of the col-
lision operator can be found in Ref. 22.

With respect to code resolution we use a 128-point
velocity-space grid (8 energies, 8 pitch angles, and 2 signs of
velocity), and 10 poloidal (orbit) grid points per sign of ve-
locity. For the radial direction we employ a nonuniform grid
with 360 radial grid points and a span of 0.3<<r/a<0.8.
Finally, in the kg4 direction we have n,=16 complex toroidal
modes and resolve up to kgp,<0.9. This resolution is almost
identical to that used in Ref. 25, although the radial resolu-
tion is 50% higher (360 instead of 240 radial grid points). It
is important to mention that we used a reduced ion to elec-
tron mass ratio (u, = Vm;/m,) of 40 instead of the physical
60, which is computationally more efficient, and does not
significantly alter the results. Indeed, a previous study,25

Phys. Plasmas 13, 074505 (2006)

r/a

)

(Pe + Py} / 2 (units of MW)
A&}

of . A .
0.2 0.4 0.6 0.8
(b} r/a

FIG. 2. Radial electron particle flow in MW/keV (a) and average energy
flow in MW (b) from the baseline simulation (solid line) compared to their
experimental counterparts.

found that u,=40 (even u,=30) is more than adequate for
this type of discharge. Since these simulations include profile
variation, an adaptive source is used to avoid profile gradient
relaxation and ensure that there is no turbulent modification
to the equilibrium density and temperature profiles. It is im-
portant to clarify that the numerical sources will match the
experimental ones if the simulated power profiles match per-
fectly. The details of the algorithm used can be found in Ref.
26.

The strategy used in this study was to initially obtain a
baseline case that matches the experiment, and subsequently
change the electron density {L,,=-[d(In n,)/dr]"'} and tem-
perature {L;,=-[d(InT,)/dr]"'} gradient lengths to deter-
mine the pinch term effects and their relevance under experi-
mental conditions. The resulting electron particle flow for the
baseline case compared to the experimental one is shown in
Fig. 2(a), and the resulting average energy flow (P,+P;)/2 is
shown in Fig. 2(b). Notice that in this, and all other simula-
tions, we smoothed the plots with a 5-point boxcar average
to guide the eye. We also lowered 1/L7; by 10% in all our
cases in order to match the experimental y; and y,, otherwise
the levels predicted could be a factor of 2 higher than the
experimental ones. This strong sensitivity of y; and x, to Ly;
is a consequence of the stiffness inherent in the transport
problem, which is rather striking if we consider that the
experimental error for 1/Ly; is about 10% as well. To further
highlight the difficulty of this problem, the averaged
experimental electron and ion power at r/a=0.6 and
T,=1.25 keV is 2.28 MW, whereas the experimental elec-
tron plasma flow is only 0.0256 MW/keV at the same radius
and temperature. We emphasize that the small value of the
electron plasma flow, which is the result of an almost negli-
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FIG. 3. Plot (a) shows the variation of radial electron particle flow as 1/L,,
is increased by 10% and 20% while 1/L,, is kept fixed. Plot (b) shows the
same variation when 1/L,, is decreased by 10% and 20% and 1/L,, is kept
fixed.

gible particle source, is very difficult to replicate in the simu-
lations without adjusting the electron profiles. However, the
average energy flow [Fig. 2(b)] shows very good agreement
between simulation and experiment showing that the relevant
physics is captured overall.

For the first scan we kept 1/L,, fixed to its experimental
value and raised 1/L;, by 10% and 20%. The resulting
plasma flow can be seen in Fig. 3(a). Increasing the electron
temperature gradient reduces the flow magnitude for both
cases as expected from ITG considerations, and in the 20%
case it creates a negative net flow (I',<0) for r/a>0.65.
A similar effect, albeit less dramatic, can be observed in
Fig. 3(b) when 1/L,, is decreased by 10% and 20%, while
keeping 1/Lr, fixed to its experimental value. In this case the
pinch term is not as strong, although the net flow is consid-
erably reduced in most of its radial domain. It is important to
mention that the experimental error for 1/Ly, and 1/L,, is
around 5% and 10%, respectively. For the final scan we used
a combination of the former, and simultaneously raised and
decreased 1/Ly, and 1/L,,, respectively, as shown in Fig. 4.
Unsurprisingly, the most dramatic effects are observed in this
case, where the total flow is greatly reduced for the 10% case
with I',<0 in some regions (r/a>0.7), and strongly nega-
tive for r/a>0.55 in the 20% case.

One might object to these results on the grounds that
they were obtained by adjusting the gradients everywhere by
the same amount, or that the 20% cases were above the ex-
perimental uncertainity. However, our main objective was to
illustrate the possibility of obtaining a pinch and conse-
quently a density peaking under experimental conditions, in
particular when “high” collisionality is included. An im-
provement over this work can be done by adjusting individu-
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FIG. 4. Variation of radial electron particle flow as 1/L,, is increased and
1/L,, is decreased simultaneously by 10% and 20%.

ally the temperature and/or density gradients using a feed-
back mechanism, in order to get a “perfect” matching with
the experimental flows. This type of approach, which has
been used successfully in a simpler electrostatic simulation
with @, =20 and p*=0.004,27 found that when the simulation
flows agrees with the experimental ones at every radius, a
peaking of the density is observed. The discharge in Ref. 27
is dimensionally similar to the discharge considered here and
therefore has the same collisionality.

To summarize this work, we simulated L-mode DIII-D
discharges using gyrokinetic simulations of ITG/TEM turbu-
lence and found the existence of a pinch under experimental
conditions, reconciling the apparent discrepancies between
anomalous pinches and collisionality. This evidence supports
our hypothesis that fully realistic simulations are crucial to
the reliable calculation of experimental flows.

This work was supported by the U.S. Department of
Energy Grant No. DE-FG03-95ER54309.
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