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ABSTRACT

Accurately predicting the pedestal structure in high-(H-)confinement mode plasmas
is of great importance for the modelling of future tokamak plasmas. The main
predictions of a model of pedestal structure based on paleoclassical transport as the
main transport mechanism are presented. Numerical evaluations of this model are
compared with a database of measured DIII-D H-mode pedestal profiles. Across the
database, the electron temperature gradient is overpredicted by a factor of 1.7 £+ 1.1
and the electron density by a factor of 2.1 £ 0.7. These results are consistent with
paleoclassical transport producing the minimum level of electron transport. Trends in
the predictions indicate that some additional transport may be operative, especially in

high 3, and low confinement plasmas.
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1. INTRODUCTION

The regime in which the tokamak has found the greatest performance is the
H-mode (high performance plasma confinement mode), which is characterized by an edge
transport barrier that creates a pedestal in the edge electron density and temperature.
The characteristics of the pedestal are extremely important because they serve as a
boundary condition for the core of the plasma, and a sufficiently high pedestal pressure
will be required to produce the desired fusion output in a burning plasma device.! To
date, the EPED model has been fairly successful in predicting the height and width of
the pressure pedestal just before an edge localized mode (ELM) by combining peeling-
ballooning mode and kinetic ballooning mode constraints.? However, the individual
constituents of the pressure are not resolved in the EPED model, nor is the time
evolution between ELMs predicted. For these, one must have a transport solver that
can individually evolve the density and temperature using experimentally validated
transport models and processes. One of the difficult aspects of validating transport
models is designing experiments that test the model in specific ways and that especially
can isolate the particular process behind the model.

One transport model that has been proposed is the paleoclassical model.3=3 The
main idea of the paleoclassical model is that as current-induced poloidal magnetic flux
diffuses out of the tokamalk, it carries with it particles and heat. The model has been used
to explain some experimentally observed phenomena, with some success.® To further test
the paleoclassical transport model, in this work the transport equations are solved in
the outer half of the edge pedestal assuming paleoclassical transport to be the only
transport process there. This model is termed the Paleoclassical-Based Pedestal Model
or PCBPM.

The layout of the paper is as follows. In section 2, the PCBPM is formalized by
solving the transport equations for the electron density n, and temperature T, with
paleoclassical transport as the only transport process. The following section describes
how the pedestal profiles are measured and characterized in DIII-D.” The predictions
from the PCBPM are compared to measurements in section 4. The results are then

discussed and summarized in the concluding sections.
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2. THE PALEOCLASSICAL BASED PEDESTAL MODEL (PCBPM)

The flux surface averaged density and energy transport equations

1 d

(V1) = b v = (52) B
(V- q) = vl,dd [v’ (T + gTF)} _ g 2)

are the starting point of the paleoclassical based pedestal model. Here I' and q are the
particle and energy fluxes, respectively, with I' and T the flux surface averaged fluxes;
(S,) and Q™ are the sources of particles and energy; T is the temperature; p is the
radial coordinate, given as the square root of the toroidal flux, with a prime ' denoting
d/dp; and V is the volume enclosed by the p surface. The paleoclassical particle density

and heat fluxes are®

. 1d _

I'Pe = —Vd—p (V’neDn) (3)
. M+1 d _ 3

(V-q) = TV a2 <V/Dn§nT) 7 (4)

and other forms of transport are assumed to be negligible in the pedestal. The primary

paleoclassical parameter is the magnetic diffusivity

D, = Dyafa* =12 (5)

where 7 is the parallel neoclassical resistivity, o is the permittivity of free space,
a = max(p) is the minor radius of the plasma, and a is a geometric factor. The term M
in (4) is a helical winding factor for the electrons whose value M — 0 as p — a. (For
ions M = 0 always.?) The complete form of M is given in Ref. 3.

By putting (3) and the electron version of (4) into (1) and (2), n, and d7.,/dp = VT,

can be solved for analytically as

ne(a)D, / N.dp

ne(p) = BVl
_dTgc _ Pe — (3/2)NeTe
dp (3/2)(V'Dyne)
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This last equation can be integrated to yield

e ¢ P, — (3/2)N.T.
=T+ | (3/2)(VDyn) &)

p

These equations will be evaluated at a particular value of p = prgr in the pedestal.

A closer examination of the geometric factor

(R
(Vol*/R?)

a=a

reveals that the term in the denominator has a singularity at the separatrix of diverted

plasmas. Therefore, a substitution

a(p > prer) — a(prEF) (9)

is used in the evaluation of (7) and (8).
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3. EXPERIMENTAL MEASUREMENTS

Predictions from the paleoclassical-based pedestal model will be compared to
measurements taken during H-mode plasma shots on the DIII-D tokamak. The original
database for comparisons was the PEDSCALE database compiled by Osborne.® Further
comparisons have been made to shots from several experiments of the DIII-D 2011
campaign. Table 1 shows the wide range of the parameters of the shots for which the
PCBPM has been evaluated.

In the DIII-D tokamak, n, and T, are measured using the Thomson scattering
technique. Between the 2010 and 2011 campaigns, the Thomson system was upgraded?
to have almost twice as many channels in the pedestal region. As well, several 50 Hz
lasers were added to complement the existing 20 Hz lasers. The former allows more
confidence in the gradients measured in the pedestal, especially in the steep gradient
region. The latter allows for a shorter sampling time to ensure that a reasonable number
of ELM phase specific time slices are being used. In addition, the newer 50 Hz lasers have
a larger energy per pulse, which leads to a larger signal to noise ratio and presumably
more accurate measurements. Because of this upgrade, the data are presented as being
from the PEDSCALE database (pre-2011) or from the 2011 DIII-D run year.

The R, Z positions of the n, and T, data are converted to p space using an
equilibrium mapping reconstructed at each Thomson laser pulse time. The data are
binned according to ELM phase and then a particular subset (mostly 80-99% of the
ELM phase) is fit to a modified tanh function

o —c3(l+cq2)e® —e™@ o +c3
= z —z +
2 e +e 2

mtanh(p) :
where z = 2(¢o — p)/c1, and ¢y is the symmetry radius at the steepest part of the
pedestal. (Further details on the experimental methods can be found in Ref. 10.) The
value of ¢y for the T, fit (= p,) will be used for the reference radial location at which
to evaluate the predictions of section 2.

When the data are fit with the mtanh, there are uncertainties associated with each of
the fitting parameters. These uncertainties are propagated!! through the paleoclassical
calculations and thus provide the error bars on the PCBPM predictions of the following

section.
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Table 1. Ranges of parameters for the 158 DIII-D conditions considered in this work.

Parameter Range Mean Median
a [m] 0.52-0.61 0.58 0.58
Bx 0.97-3.42 1.80 1.76
Bp 0.47-2.60 1.08 0.95
By [T] 0.98-2.14 2.00 2.10
0 0.06-0.73 0.47 0.40
Ou 0.04-0.84 0.28 0.24
I, [MA] 0.46-1.50 1.01 1.00
K 1.71-1.89 1.78 1.76
4 0.70-1.19 0.96 0.97
pyped 0.09-2.81 0.96 0.88
Heating power [MW] 1.80-12.40 4.97 4.53
o5 3.08-13.27 5.46 4.92
Rinagaxis [m] 1.72-1.88 1.78 1.77
Rout [m)] 2.22-2.31 2.28 2.28

Volume [m?] 14.72-19.46 17.36 17.19
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4. COMPARISON OF PREDICTIONS TO MEASUREMENT

4.1. Temperature Gradient

The first shots for this study against which comparisons were made of the
paleoclassical pedestal model were those of the PEDSCALE database.® The VT,
predictions and measurements for this database are shown in figure 1. A majority
of the points lie around equality; this can be quantified by looking at the mean ratio
of VTP /VTS® = 1.1 £ 0.6, which is encouraging for the PCBPM. However, the linear
correlation coefficient for the nominal values is —0.08. The furthest outliers (those
marked 133137, 131499, and 136186) led to an investigation of why these points are so
far off. It turns out that for 133137 and 131499, the electron effective conductive heat
flow term P, in (7) is uncharacteristically small — a factor of 10 smaller than the ion P,
for 133137 and even negative for 131499 — and is dominated by a large collisional energy
exchange from electrons to ions. Small uncertainties in the measured difference between
ion and electron temeratures could potentially lead to uncertainties in the exchange
term, particularly at high density. To try to compensate for this possible systematic
difference, the ion and electron versions of the energy transport equation (2) can be
added so that the exchange terms mostly cancel. Then using only the paleoclassical

transport of (4), the summed equation can be solved for VT, to yield

3.
_dTepc _ (P6+Pi)/2—ZlNe(Te+njﬂ/ne) )
7 .
dp ;V/Dnne 1+ (niTi/ne) /Te'

(10)

The PCBPM predictions using (10) are shown as » in figure 2 (mean ratio
VTP VTSP = 1.7 £ 0.7 with correlation=0.8), and are overlayed with the predictions
using (7), shown as e. It is striking that with (10) nearly all of the points lie within
error bars of equality or to the right of equality. This would indicate that paleoclassical
transport by itself is predicting either the right amount of transport or too little, which is
consistent with the hypothesis that paleoclassical transport produces a minimum level of

transport. (If a gradient is overpredicted, that means the transport is underpredicted.)
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Figure 1. Ezperimentally measured VT, versus the
PCBPM predicted VT, using (7) for shots from the
PEDSCALE database. The black solid line is equality.
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Figure 2. Experimentally measured VT, versus the
PCBPM predictions based on (7) (o) or (10) (») for
shots from the PEDSCALE database. The black solid
line is equality. (Let it be noted that there are fewer
points e here than in figure 1 because some of the
database was lost when DIII-D suffered an MDS+

server failure.)

The predictions for the shots from the DIII-D 2011 run campaign are shown in
figure 3 overlaid with those from the original PEDSCALE database. One observation

is that the range of measured temperature gradients has not been extended beyond
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that observed previously in the database. (With the upgraded Thomson system, the
increased radial resolution would be able to measure steeper gradients than before the
upgrade.) Another observation is that the PCBPM gradient predictions are generally
greater than or equal to the measured gradients (mean ratio VIP¢/VT®P = 1.7+ 1.1
with correlation=0.55). This is still consistent with paleoclassical transport processes
producing a minimum level of transport. For the largest overpredictions an additional

energy transport channel would be necessary to properly model the pedestal.
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Figure 3. Experimentally measured VT, versus the
PCBPM predicted VT, using (10). The different

symbols denote different experiments from the 2011
run year (V,A,<«) or from the PEDSCALE database
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Figure 4. The ratio VTP®/NTSP versus (a) the energy confinement time o>, (b) the magnetic

diffusivity Dm and (c) the poloidal normalized pressure Bp.
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In order to understand and deconvolve the parametric dependencies of the
predictions shown in figure 3, the ratio of prediction to measurement was plotted against
several plasma parameters. The plots for the parameters judged to be most interesting
are shown in figure 4. Here we see that the agreement (ratio=1) between prediction and
measurement is best for larger confinement times (T§8y2 is the empirical scaling of energy
confinement time as defined in Ref. 12). This is consistent with paleoclassical processes
producing a minimum level of transport: at smaller confinement times, there must be
additional transport processes active to degrade confinement, and at higher confinement
times, these additional processes are subdued such that paleoclassical processes are
dominant. From figure 4(b), we see that while agreement between prediction and
measurement is better for larger values of the magnetic diffusivity D,,, the correlation is
not as strong as T§8y2. Finally, the ratio increaes linearly with 3,, and agreement is best
at lower 3,. It is interesting to note that it was found previously'® that empirically the
width of the pedestal in DIII-D scales as Bé/ ?. The EPED1.6 model obtains a similar
scaling for the pedestal width by invoking Kinetic Ballooning Mode (KBM) constraints
on the pedestal.? Further work needs to be done to determine if the KBM provides the
additional transport that is missing when the PCBPM overpredicts the gradients at

higher 8, and lower 752

4.2. Density

Unlike the PCBPM temperature gradient predictions, which were fairly close to
measurements, the original electron density predictions from (6) for the PEDSCALE
database were ~ 5x too large and are shown as e in figure 5. However, once the
singular nature of the a factor is taken into account, shown as » in figure 5, the density
is only overpredicted by a factor of ~ 2.

The PCBPM density predictions using (9) for shots from the 2011 run year are
plotted (V,<,A) with the PEDSCALE results (») in figure 6. Overall the mean ratio is
nP¢/nSP = 2.1 + 0.7 with a correlation of 0.89.

The neutral fuelling model that is being used is a simple model that does not
account for 2D effects. However, the neutral fuelling is not a large part of the PCBPM
predictions: if N, is set to 0, the mean ratio nke/nSP decreases only a small amount to
2.0+£0.6.
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5. DISCUSSION

The results of the previous section are not inconsistent with paleoclassical processes
producing the minimum level of transport. Further work must be done to show whether
there is significant fluctuation induced transport, ion orbit loss transport, or even
neoclassical transport that will bring the transport up to apparent experimental levels.
Whatever the additional transport, more particle transport than thermal transport is
needed to account for differences between the density and temperature predictions.

Up to this point, the PCBPM predictions are done interpretively, i.e. experimental
profiles are used in the calculation of D,, and a power balance analysis is necessary
to establish the sources S and ). A further refinement is to use the profiles from a
given iteration in the next iteration, until a steady state is reached. Steady states are

achievable for each of the cases shown; however, the results are not significantly different.
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6. SUMMARY

A model for the electron density and temperature pedestal structures was presented,
based on paleoclassical processes providing the dominant transport. The model was used
to predict the electron density and temperature gradient in the steep gradient region of
the edge pedestal for a variety of DIII-D shots. These predictions compare favorably
with measurements, in particular that the paleoclassical processes produce the minimum
level of transport. Additional transport is apparently needed at high 3, and low ¢§8y2

in order to produce a higher fidelity model of the pedestal.
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