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Abstract

Models for the prediction of ion and electron pedestal temperatures at the edge of type 1 ELMy H-
mode plasmas are developed. These models are based on theory motivated concepts for pedestal width
and pressure gradient. The pedestal pressure gradient is assumed to be limited by high »n ballooning
mode instabilities, where both the first and second stability limits are considered. The effect of the
bootstrap current, which reduces the magnetic shear in the steep pressure gradient region at the edge of
the H-mode plasma, can result in access to the second stability mode of ballooning. In these pedestal
models, jthe magnetic shear and safety factor are calculated at one pedestal width away from
separatrix. The predictions of these models are compared with the high resolution pedestal data for
type | ELMy H-mode discharges obtained from the latest public version (version 3.2) in the
International Tokamak Physics Activity Edge (ITPA) Pedestal Database. The predictions of ion and
electron pedestal temperatures for ITER using these models are carried out. It is found that at the
design point, assuming a flat density profile, the pedestal temperature of ITER is about 2.3 keV.
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reliable prediction for temperatures at the top of
the pedestal.

In the previous pedestal study by T. Onjun
et al. [3], six theory-based pedestal temperature
models were developed using different models
for the pedestal width, together with a
ballooning mode pressure gradient limit, that is
restricted to the first stability of ballooning
modes. These models also include the effects of
geometry, bootstrap current, and separatrix,
leading to a complicated nonlinear behavior. For
the best model, the agreement between the
model’s predictions and experimental data for
pedestal temperature is about 30.8% root mean

1. Introduction

It is well known that when the plasma
heating power increases, plasmas can undergo a
spontaneous self-organizing transition from a
low confinement mode (L-mode) to a high
confinement mode (H-mode). This plasma
activity is widely believed to be caused by the
generation of a flow shear at the edge of the
plasma, which is responsible for suppressed
turbulence and transport near the edge of the
plasma. The reduction of transport near the
plasma edge results in a narrow sharply-defined
region at the edge of the plasma with steep

tergpetralru;f:h.and ddens;ty glrad}[egts, Caliﬁd lthe square error (RMSE) for 533 data points from
pedestal. This pedestal is located near the last the International Tokamak Physics Activity

closed magnetl.c ﬂux. surface and typically Edge (ITPA) Pedestal Database. One weakness
extends over with a width of about 5% of the of these pedestal temperature models is the

plasfrvn a mmtq r?}(li lu;I' It \évas fqund t?a;ltkeneriy assumption that the plasma pedestal is in the
confinement in the H-mode regime ol tokamaxs first stability regime of ballooning modes. It is
strongly depends on the temperature and deqsn.y well known that in some circumstances such as
at the top ,Of the pedestal [1]. Therefore, s high plasma shaping and low collisionality, a
important in H-mode tokamak plasma studies, plasma can gain access to second stability,

especially for the bumlgg plasma experiment which can result in a significant increase of edge
such as the International Thermonuclear

Experimental Reactor (ITER) [2], to have a
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pressure gradient and, consequently, pedestal
temperature.

In this study, three pedestal width models
in Ref. [3] are modified to include the effect of
the second stability limit of ballooning modes.
The predictions from these pedestal temperature
models are to be tested against the latest public
version of the pedestal data (Version 3.2),
obtained from the ITPA Pedestal Database. This
paper is organized in the following way: In
Section 2, the pedestal temperature model
development is described. In Section 3, the
predictions of the pedestal temperature resulting
from the models are compared with pedestal
temperature  experimental data. A simple
statistical analysis is used to characterize the
agreement of the predictions of each model with
experimental data. The development and
comparison with experimental data for the
pedestal density models are shown. In Section 4,
conclusions are presented.

2. H-Mode Pedestal Temperature

In the development of the pedestal
temperature models described in Ref. [3], two
ingredients are required — pedestal width (A)
and pressure gradient (Gp/0r) — while the
pedestal density, npeq4, is obtained directly from
the experiment. The temperature at the top of the
pedestal (7},..q) can be estimated as:

P |
or

T

|
2n .k M

ped

ped

where k is the Boltzmann constant. Six
ranges of the pedestal models were developed
based on Eq. (1) in Ref. [3]. Note that the
notation is described in Table 1. Of these, the
following three pedestal temperature models are
selected for further development in this work.
These pedestal models are the flow shear
stabilization pedestal width model
[A=C.(pRg)"*] [3], the magnetic and flow shear
stabilization pedestal width model [A=C,ps’]
[4], and the normalized poloidal pressure
pedestal width model [A=C R(fpea)] [5] &
where Cy, is the pedestal width constant, p is the
ion gyro radius, s is the magnetic shear, R is the
major radius, ¢ is the safety factor and Bgpeq 1S
the normalized pedestal pressure. These pedestal
width models will be used together with an

improved pressure gradient model to develop
new pedestal temperature models.

For the maximum pressure gradient in the
pedestal of type I ELMy H-mode discharges, the
pedestal pressure gradient is approximated as
the pressure gradient limits of high-» ballooning
modes in the short toroidal wavelength limit.
The ballooning mode is usually described using
the magnetic shear vs. normalized pressure
gradient diagram (s-o. diagram) [6]. Normally,
the calculation of ballooning mode stability is
complicated, requiring information about the
plasma equilibrium and geometry. A number of
different codes have been developed for stability
analysis, such as HELENA, MISHKA, and
ELITE. In Ref. [3], a scaling of the critical
normalized pressure gradient, ¢, was proposed
by assuming that the pedestal pressure gradient
is restricted to first stability limit of ballooning
modes:

a, =04s[ 1+ (14557 )| @)

where s is the magnetic shear, and s and
&s are the elongation and triangularity at the
95% flux surface. However, it has been widely
observed in a number of experiments that the
pedestal can obtain access to a second stability
limit of ballooning mode, especially in high
triangularity discharges [7-9]. Here, the scaling
of the critical normalized pressure gradient in
Eq. (2) is extended to include the effect of
second stability of ballooning modes.

In Ref. [10-12], stability analyses for
several JET H-mode discharges were carried out
using the HELENA and MISHKA ideal MHD
stability codes. The results suggest a simple
form for the s-o MHD stability diagram as
shown in Fig. 1, which leads to an analytic
expression for @, that includes the effect of both
the first and second stability of ballooning
modes given by:

a, = Coay (s M1+ k2 (14562 )). (3)

where C, is a constant and
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3+0.8(s—4) s> 4

2
a,(s)=15-2 1—(4;Sj A>s>2  (4)

2.5s ;8 <2

The numerical coefficients used in Eq. (4)
are chosen according to the stability results
computed using the HELENA and MISHKA
codes in Ref. [10-12]. It is worth noting that, for
s > 4, Eq. (4) indicates that the pedestal is in the
first stability regime of ballooning modes. For 4
> s > 2, the scaling in Eq. (4) represents the
regime of a transition from first to second
stability of ballooning modes. For s < 2, the
scaling in Eq. (4) represents a plasma that is in
the second stability of ballooning modes, where
the pedestal pressure gradient is limited by finite
n ballooning mode stability. It is also noted that
the effect of the current-driven peeling mode is
not considered in this work. In Eq. (4), the
bootstrap current and separatrix effects are
included through the calculation of magnetic
shear as described in Ref. [3].

3. Results and Discussions

Statistical ~ comparisons  between  the
predicted pedestal parameters and corresponding
experimental values obtained from the ITPA
Pedestal Database [13] version 3.2 are
summarized in terms of the RMSE presented in
Table 2. The comparison is carried out for the
high resolution pedestal data, which consist of
124 data points for the electron pedestal
temperature, pedestal width, and pedestal
pressure gradient. Note that the definitions of
RMSE can be found in Ref. [3]. Results are
presented for three pedestal temperature models.
These three pedestal temperature models are
based on three different models for the pedestal
width along with the pressure gradient model for
both first and second stability of ballooning
modes, where the maximum normalized
pressure gradient, ., is estimated using Eq. (4).
The value of the coefficient, C,, used in each of
the expressions for the pedestal width is given in
the second column of Table 2. The value of the
coefficient, Cy, used in each of the expressions
for the pedestal normalized pressure gradient is
given in the third column of Table 2. The values
of C, and Cy were computed by minimizing the
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sum RMSE T, + RMSE_A + RMSE_dp/dr. It
is found that the RMSEs for electron pedestal
temperature (RMSE_T,,.q) range from 57% to
63%. For the pedestal width, the RMSEs
(RMSE_A) range from 30% to 38%. For the
pedestal pressure  gradient, the RMSEs
(RMSE_dp/dr) range from 51% to 56%. All
three models yield similar results for the
comparison with experiment data.

The comparisons between the predictions
of the model based on Accps” and experimental
data are shown in Fig. 2 for the pedestal
temperature (top panel), the pedestal width
(middle panel), and the pedestal pressure
gradient (bottom panel). It can be seen that the
predictions of pedestal temperature, width and
pressure gradient, are in reasonable agreement
with experimental data. It is worth showing the
improvement of the new pedestal models
compared with the previous version of the
pedestal models derived in Ref. [1]. Similar
comparisons were carried in Ref. [1] using a
different database of experimental
measurements. Statistical comparisons of the
predicted pedestal temperature, pedestal width,
and pedestal pressure gradient with experimental
data from the new database are shown in Table
2. It can be seen that RMSE_T7,.q in Tables 2 and
3 are almost the same for all three models, but
the RMSE_A and RMSE dp/dr are significantly
different.

The effect of using a new pressure gradient
model that includes second stability [Eqgs. (3)
and (4)] can be illustrated by deriving
corresponding pedestal models using only the
first stability condition [Eq. (2)]. The
comparisons between the predictions of the
model based on Axps® together with Eq. (2) and
experimental data are shown in Fig. 3 for the
pedestal temperature (top panel), the pedestal
width (middle panel), and the pedestal pressure
gradient (bottom panel). It can be seen that the
predictions of pedestal temperature are in a
reasonable range of experiment, while the
pedestal widths are over-predicted and the
pressure gradients are under-predicted relative to
the data on the average. It can be concluded that
the exclusion of access to second stability of
ballooning mode results in the under-prediction
of the pedestal pressure gradient in most of the
discharges. In compensation for the under-
prediction of the pedestal pressure gradient, the
prediction of the width is over-predicted on the
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average in order to maximize agreement with
the pedestal temperature.

The pedestal models that include both first
and second stability of ballooning mode were
derived in this paper using a subset of the
database (124 data points) for which pedestal
temperature, pedestal width, and pedestal
gradient are available. In Table 4, the
predictions of these models are compared with
the larger number of data points from the full
database for the electron pedestal temperature
(715 data points) and the ion pedestal
temperature (457 data points). Separate models
for the ion pedestal temperature are derived by
adjusting the value of C,. in order to minimize
the RMSE relative to the measured ion
temperature values. The models for the electron
pedestal temperature remain the same as derived
above (jn Table 1).

Finally, the pedestal temperature models
developed in this paper are used to predict the
electron and ion pedestal temperatures for the
ITER design. Figure 4 shows the predicted
electron pedestal temperature (top panel) and
ion pedestal temperature (bottom panel) as a
function of pedestal density. It can be seen that
the pedestal temperature decreases as the
pedestal density increases. At the design point,
Npea/Ngr =0.84, Where n,eq is the pedestal density
and n,, is the Greenwald density, assuming that
the density profile is flat between the magnetic
axis and the top of the pedestal. At this point,
the pedestal temperature is predicted to be about
2.3 keV. Note that the “design point” would
shift to the left in Fig. 4 and, consequently, to a
higher pedestal temperature, if the pedestal
density were taken to be less than the average
plasma density. The predicted results are only
slightly different for the ion and electron
pedestal temperatures in Fig. 4, as a
consequence of the high density in ITER. It is
found that the pedestal width in ITER is
predicted by all three models to be in the range
from 2 to 3 cm. Because of the narrow pedestal
width, it is not surprising to obtain relatively low
values for the pedestal temperature in ITER.

4. Conclusions

Pedestal temperature models that include
the effects of both first and second stability of
ballooning modes are developed for type I
ELMy H-mode plasmas in tokamaks. The
results for the pedestal temperature, width and
pressure gradient are compared with high
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resolution data points in the ITPA Pedestal
Database version 3.2. It is found that the
inclusion of the second stability of ballooning
modes  improves the agreement with
experimental data for the pedestal pressure
gradient and, consequently, for the width. The
predictions of ion and electron pedestal
temperatures for ITER using these models are
carried out. It is found that at the design point
with a flat density profile assumption, the
pedestal temperature of ITER can reach 2.3 keV.
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Table 1: Notation used in this paper

Symbol Unit Description
a m Plasma minor radius (half-width)
r m Flux surface minor radius (half-width)
R m Major radius to geometric center of
each flux surface
K Plasma elongation
o Plasma triangularity
Bt Tesla | Vacuum toroidal magnetic field at R
1, MA Toroidal plasma current
. Mi AMU | Hydrogenic mass
He m”> Electron density
T, keV Electron temperature
T; keV Ion temperature
Y;; Beta [ky(n.TotnT})/(Br > 120)]
p m Ion gyroradius
s Magnetic shear
q Safety factor

Table 2: Coefficients and RMSEs of the models using the normalized pressure gradient model
including both first and second stability limits of ballooning modes.

Width scaling Cu Co RMSE Tpea (%) | RMSE_A (%) RMSE dp/dr (%)
Axc(pRq)"? 0.10 0.8 60 32 56
Axcps’ 0.29 0.8 63 38 51
A S pea)” 0.012 0.8 57 30 54
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Table 3: Coefficients and RMSEs of the models using the normalized pressure gradient model
including only first stability limits of ballooning modes.

Width scaling Cyv | RMSE T,s(%) | RMSE_A (%) RMSE_dp/dr (%)
Axc(pRg)"? 0.22 57 76 95
Accps’ 2.41 64 87 96
A By pea) 0.021 62 43 81

Table 4: RMSEs of the electron pedestal temperature models using the normalized pressure gradient
model including both first and second stability limits of ballooning modes when applied to the full
pedestal database.

Electron pedestal temperature lon pedestal temperature
Width scaling Co
Cy RMSE  Tpeq (%) Cy RMSE _Tpeq (%)
Asxc(pRg)'”? 0.8 0.10 44 0.094 30
Acxcps’ 0.8 0.29 37 0.41 31
Ao pea) 0.8 | 0.012 167 0.0082 34
- First stable
— | regime
©
% Unstable regime
Q
@ [Second
o .
2 jstable regime
=

Normalized pressure gradient (o)

Figure 1: The normalized pressure gradient vs. magnetic shear diagram (s-o diagram) is plotted. First
and second stability region and unstable region is also described.
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Figure 2: Plot for the pedestal temperature (a), width (b), and pressure gradient (c) predicted by model
based on Accps’ and the pedestal pressure gradient including both first and second stability of
ballooning mode compared with experimental data from 124 data points. Each tokamak is indicated by

a different symbol.
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Figure 3: Plot for the pedestal temperature (a), width (b), and pressure gradient (c) predicted by model
based on Axps® and the pedestal pressure gradient including only first stability compared with
experimental data from 124 data points.
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Figure 4: Predictions of electron (top) and ion (bottom) pedestal temperature as a function of
the pedestal density based on three pedestal temperature models.
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