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Abstract

Models for the prediction of ion pedestal temperature 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 # 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 of ballooning mode. Moreover, the effect of
geometry on the stability limits is included. In these pedestal models, the magnetic shear and safety
factor are calculated at a radius that is one pedestal width away from separatrix. The predictions of
these models are compared with pedestal data for type I ELMy H-mode discharges obtained from the
Jatest public version (version 3.2} in the Intemmational Tokamak Physics Activity Edge (ITPA) Pedestal
Database. 1t is found that the pedestal temperature model based on the magnetic and flow shear
stabilization yields the best agreement with experimental data (RMSE of 28.2%). For the pedestal
density model, it is developed using an empirical approach. It is found that the pedestal density yields
the RMSE of 10.9% with experimental data. For standard H-mode ITER discharges with 15 MA
plasma current, predictive analysis yields the tt;mperatu.re and density at the top of the H-mode pedestal
is 1.7 keV and 0.95 x10” parlicles;‘ml, respectively, Self-consistent simulations of 1TER carried out
using the BALDUR integrated predictive modeling code yield fusion @ in the range of 0.9 to 12.5,

which depends on the core transport model and the value of pedestal temperature,



Executive Summary

In this work, models for the prediction of pedestal temperature at the edge of type 1 ELMy
H-mode plasmas are developed. These pedestal 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 the effects of first and second stability limits are considered. In
addition, the effect of the bootstrap current on the stability limits is included. The bootstrap current can
reduce the magnetic shear in the steep pressure gradient region at the edge of the H-mode plasma,
which can result in access to the second stability of ballooning mode. Moreover, the effect of geometry
on the stability limuts, which can enhance the stability limits, is included. In these pedestal models, the
magnetic shear and safety factor are calculated at a radius that is one pedestal width away from
separatrix. For the pedestal width, six theory-based pedestal width scaling (based on (1) the magnetic
and flow shear stabilization width model [AOC psz], (2} the flow shear stabilization width model
[AC(ORg)™), (3) the normalized poloidal pressure width model [ASCR(Sy )", (4) the
diamagnetic stabilization width model [ASCP°R™), (5) the ion orbit loss width model [Aocg"” oy,
and (6) the two fluid Hall equilibrium width model [ASC(1/2)(4,/n,.)""]). The predictions of these
models are compared with pedestal data for type ] ELMy H-mode discharges obtained from the latest
public version (version 3.2) in the Intenational Tokamak Physics Activity Edge (ITPA) Pedestal
Database. In this databasé, the experimental results from JET tokamak, ﬁIII-D tokamak, ASDEX-U
tokamak and JT-60U tokamak can be obtained. It is found that the pedestal temperature model based on
the magnetic and flow shear stabilization yields the best agreement with experimental data (RMSE of

28.2%).



For the pedestal density mode, an empirical approach is employed, where the pedestal density
is assumed to be a function of line average density, plasma current, and magnetic field. It is found that
this pedestal density yield the RMS deviation with experimental data of 10.9%,

The pedestal density model and the pedestal temperature model based on the magnetic and
flow shear stabilization are used to predict the pedestal parameters for the Intemational Thermonuclear
Experimental Reactor 1ITER) with standard type I ELMy H-mode scenario. Predictive analysis yields
ion and electron temperatures at the top of the H-mode pedestal to be 1.7 keV and 0.95 x10”
particlesfma.

In addition, self-consistent modeling of ITER has been carried out using the BALDUR
integrated predictive modeling code together with either the Mixed Bohm/gyro-Bohm (Mixed B/gB)
core transport model or Multimode (MMM95} core transport model. The pedestal values are obtained
from the theoretical-based model either using the pedestal model developed or using the pedestal model
with a neoclassical transport concept. It is found that simulations of ITER with a standard H-mode
scenario yield fusion Q in the range of 0.9 to 12.5, which depends on the core transport model and the
value of pedestal temperature. The simulations using MMMS5 core transport tends to be more
optimistic than those using Mixed B/gB. To re;ach fusion & of 10, the BALDUR simulation with Mixed
B/gB requires the pedestal temperature higher than that used in the BALDUR simulation with MMM95

core transport model.
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Part I: Pedestal temperature models based on first and second stability limits of

ballooning modes

1 Introduction

Magnetic confinement fusion and inertial confinement fusion are two possible
pathways to harvest the binding energy stored in the atomic nucleus. While in inertial fusion
the discussion for the most appropriate way to ignite a fusion pellet is still going on and is
concerned with instabilities [1], and the interaction of charge particle and laser beams with
dense plasma [2-3], the underlying nuclear physics is similar for both approaches [4-5]. With
the decision to construct “the Intemational Thermonuclear Experimental Reactor (ITER)” [6]
in France, a big step forward has been taken to explore the properties of long buming plasma.
In this paper, we address one of crucial issues of the magnetic confinement fusion, especially
for the future burning plasma experiment such as ITER. Since the height of the pedestal
strongly influences the plasma performance in the high confinement mode (/-mode) operation
of the magnetic confinement fusion [7], it is important to understand the physics that governs
the H-mode pedestal.

In the pedestal study by Onjun et al. [8], six ranges of theoretical-based pedestal
temperature models were developed for type I ELMy H-mode plasmas. Note that in H-mode
experiments, plasmas are often perturbed by quasi-periodic bursts of energy and particles in
the region near the edge of the plasma, where this activity is referred to as “Edge Localized
Modes (ELMs)” [9-10). These pedestal temperature models in Ref. [8] utilize six theoretical
pedestal width models and ballooning mode pressure gradient limit. They also include
geometrical effect, bootstrap current effect and separatrix effect, leading to complicated
nonlinear behavior. For the best model, the agreement between medel’s predictions and
experimental data is about 31% RMSE with 533 data points obtained from the ITPA Pedestal
Database [11] Version 3.1. One weakness of those pedestal models is that the pedestal
pressure gradient is assumed to be limited by high-» ballooning mddes in the short toroidal
wavelength limit [12]. It has been widely observed in a number of experiments that plasma
can enter second stability regime of ballooning modes, resulting in a significantly increase of
its pedestal 'preséure gradient [13-15). Therefore, the pedestal temperature model that
considers the effect of both first and second stability limits of ballooning modes is needed for

reliable pedestal predictions.



Three pedestal temperature models in Ref. [8] are considered in this study. These three
pedestal models will be extended to include the effect of second stability of ballooning modes
by modifying scaling of normalized maximum pressure gradient limit, a.. These new ranges
of pedestal temperature models will be tested against the latest public version of the pedestal
data (Version 3.2) obtained from the ITPA Pedestal Database.

2 H-Mode Pedestal Temperatures

In the development of the pedestal temperature models described in Ref. [8], two
ingredients are required — pedestal width (A) and pressure gradient (Op/dr) — while the
pedestal density, Mpeq, is obtained directly from the experiment. The temperature at the top of
the pedestal (7.q) can be estimated as

ap
or

1
T . =
ped 2n _k

ped ™ d

A (N

where 4, is the Boltzmann constant. Based on Eq. (1), six ranges of the pedestal temperature
models were developed in Ref. [8]. Of these, the following three pedestal temperature models
are selected for further development in this work. These pedestal temperature models are
based on the flow shear stabilization pedestal width model [Acc(pRg)'?} [8], the magnetic and
flow shear stabilization pedestal width model [Accps?] [16] and the normalized poloidal
pressure pedestal width model{AacR(By pea)'?] [17]. These pedestal width models will be used
together with an improved pedestal pressure gradient model to develop new pedestal
temperature models.

For the pressure gradient in the pedestal of type 1 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). Normally, the
calculation of ballooning mode stability is complicated, requiring information about the
plasma equilibrium and geometry. In Ref, [8], a scaling of the critical normalized pressure

gradient, ¢, was assumed to be

a, =0.4s[ 1+ x5 (1+58})] )



where s is the magnetic shear, and xys and &s are the elongation and triangularity at the 95%
flux surface. This scaling of ¢« is based on first stability limit of ballooning mode limit.
However, it has been widely observed in a number of experiments that the pedestal can obtain
access to second stability limit of ballooning mode, especially in high triangularity discharges
[13-15]. Here, we propose a method to include the second stability effect into the pedestal
model by modifying the scaling of the critical normalized pressure gradient in Eq. (2). A
simple form for the s-a MHD stability diagram as shown in Fig. 1 is used, which leads to an
analytic expression for a. that includes the effect of both first and second stability of

ballooning modes given by:

a, =a,(s)(1+ x5, (14563 ). 3)
where the ay(s) is defined as
3.0+ 0.8(s-2.0) ;5 >2.0
a,(s)=16.0-3.041.0-(2.0-5f 2025210 )
6.0 ;10> s

The bootstrap current and separatrix effects are included through the calculation of magnetic
shear as described in Ref. [8]. Note that the purpose of this paper is to show the improvement
of the pedestal temperature model with the new scaling of a;. The validation of this new
scaling of a., particularly the numerical values, needs a further analysis. We rather leave this

issue for future work.

First stable regimie

Unstable regime

Magnetic Shear s

Second stable
regime

Normalized Pressure Gradient a



Figure 1: The normalized pressure gradient vs. magnetic shear diagram (s-o diagram) is
plotted for a simple form. First stable regime, second stable regime, and unstable regime are
indicated on the diagram.

3 Results and Discussions

The statistical comparisons between the predicted pedestal temperatures using the
pedestal temperature models with pressure gradient restricted to only first stability regime of
ballooning modes (using Eq. (2) for a) and experimental values obtained from the latest
version of the ITPA Pedestal Database (version 3.2, contains 715 data points of type | ELMy
H-mode — 366 JT-60U, 135 ASDEX-U, 116 JET and 98 DIII-D) are summarized in terms of
the RMSE and Offset presented jn Table 1. Note that the definitions of RMSE and Offset can
be found in Ref. [8]. Results are presented for three pedestal temperature models. The value of
the coefficient, C,, used in each of the expressions for the pedestal width that minimizes the
RMSE for each model, is given in the second column of Tabte 1. It is found that the RMSEs
range from 36.9% to 44.1%. It is worth noting that the values of RMSE are slightly larger than
those in Ref. [8]. The pedestal temperature model with Acc(pRg)'? yields the lowest RMSE
and the pedestal temperature model with AocR(ﬂg_Ped)m yields the highest RMSE. For all

models, the offset is less than 6.0%.

Table 1: Coefficient, RMSE and Offset of the pedestal models using the pedestal pressure
gradient restricted to first stability limit of ballooning mode only.

Width scaling Cu ~ RMSE (%) Offset (%)
Ax(pRg)'? 0.18 36.9 2.3
Accps? 1.49 37.1 2.9
Acc( B ped) 0.018 44.1 5.9

When the pedestal temperature models employ the pedestal pressure gradient that
includes the effect of both first and second stability of ballooning modes, where maximum
normalized pressure gradient, ¢ is estimated using Eqs. (3) and (4), the statistical

comparisons between the models’ predictions and experimental data are shown in Table 2. It



can be seen that the RMSEs range from 32.4% to 40.6%. The Offsets in Table 2 are slightly
different from those in Table 1. The statistics in Table 1 and 2 indicates that the agreements
with experimental data for all three models somewhat improve when the effect of second
stability of ballooning mode is included. It is worth noting that only a small fraction of
discharges obtained in the database contains the data for the pedestal width. As a result, we

rather leave this issue for future work.

Table 2: Coefficient, RMSE and Offset of the pedestal models using the pedestal pressure
gradient considered both first and second stability limits of ballooning mode.

Widih scaling C. RMSE (%) Offset (%)
Acc(pRg)"* 0.089 32.9 25
Aoc s’ 0.45 32.4 1.7
Aoc(fg pea)' 0.0091 40.6 7.8

It i5 also found that the agreement at high triangularity is improved when the effect of
second stability is included, while the agreement at low triangularity is relatively the same.
This indicates that the effect of second stability that is included in Eq. (2) has an impact on
high triangularity discharges, which agrees with the experimental observation that an access to
second stability is usually found in high triangularity discharges.

Figure 2 shows the comparison between the model’s predictions and experimental data
for four tokamaks: ASDEX-U, JT-60U, JET, and DIII-D. This pedestal temperature model
utilizes the pedestal width Axcps® and the pedestal.pressure gradient including both first and
second stability, estimated using Eq. (2). This model yields the best agreement with
experimental data from ITPA Pedestal Database Version 3.2 (RMSE of 32.4% with 715 data
points) among the models considered in Table 2. It can be seen that the model tends to
correlate well with the data from ASDEX-U and JT-60U, but not DIII-D and JET. This

observation is similar with the result reported in Ref, [8].
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Figure 2: Plot for the pedestal temperature predicted by the model based on Accps® and the
pedestal pressure gradient including both first and second stability of ballooning modes
compared with experimental data from 715 data points. Each tokamak is indicated by a
different symbol.

4 Conclusions

Pedestal temperature models that include the effects of both first and second stability
ofbaiiooning. modes are developed for type | ELMy H-mode plasma in tokamaks. The results
for the pedestal temperature obtained are compared with 715 experimental data points
obtained from 1TPA database. [t is found that the inctusion of the effect of second stability of

ballooning modes results in an improved agreement with experimental data.
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Part II: The study of second ballooning stability effect on H-mode pedestal scalings

1. Introduction

It has been widely accepted that at this moment, there are two leading candidates to
harvest the energy from nuclear fusion reactions: Magnetic confinement fusion and inertial
confinement fusion. While in inertial fusion the discussion for the most appropriate way to
ignite a fusion pellet is still going on and is concerned with instabilities [1] and the interaction
of charge particle and laser beams with dense plasma [2-3], the underlying nuclear physics is
similar for both approaches [4-5]. With the decision to construct “the International
Thermonuclear Experimental Reactor (ITER)” [6] in France, a big step forward has been taken
to explore the properties of long burning plasma. In this paper, we address one of crucial
issues of the magnetic confinement fusion, especially for the future burning plasma
experiment such as ITER. Since the height of the pedestal strongly influences the plasma
performance in the high confinement mode (H-mode) operation of the magnetic confinement
fusion [7], it is important to understand the physics that governs the H-mode pedestal.

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 (-
mode). This plasma activity is widely believed to be caused by the generation of a flow shear
at the edge of plasma, which is responsible for suppressed turbulence and transport near the
edge of plasma. The reduction of transport near the plasma edge results in a narrow sharply-
defined region at the edge of the plasma with steep temperature and density gradients, called
the pedestal. This pedestal is located near the last closed magnetic flux surface and typically
extends over with a width of about 5% of the plasma minor radius. It was found that energy
confinement in the H-mode regime of tokamaks strongly depends on the temperature and
density at the top of the pedestal [8]. Therefore, it is important in H-mode tokamak plasma
studies, especially for the buming plasma experiment such as ITER, to have a reliable
prediction for temperatures at the top of the pedestal.

In the previous pedestal study by T. Onjun and his co-workers [9], 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 model’s predictions and experimental data for pedestal temperature is about 30.8%
RMSE for 533 data points from the International Tokamak Physics Activity Edge (ITPA)
Pedestal Database. One weakness of these pedestal temperature models is the assumption that
the plasma pedestal is in the first stability regime of ballooning modes. In the recent pedestal
modeling by T. Onjun [10], the pedestal model is extended to include the second stability
effect of ballooning modes using a simple scaling. It was found that it can tmprove the
agreement between the prediction and experimental data.

In this study, six pedestal width models used in the previous pedestal study by T.
Onjun and his co-workers [9] are modified to include the effect of the second stability limit of
ballooning modes, where the model for the stability limit of ballooning modes is based on
stability analysis results from the HELENA and MISKHA stability analysis codes. The
predictions from these pedestal temperature models are 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. In Section 5, conclusions are presented.

2. H-Mode Pedestal Temperature Model

In the development of the pedestal temperature models described in Onjun ez al. [9],
two ingredients are required: the pedestal width (A) and the pressure gradient (Op/dr). The
pedestal density, 7p.q, is obtained directly from the experiment or from the pedestal density
model described in Section 4. The temperature at the top of the pedestal (7,.q) can be

estimated as

T AN

ped 2npedk|6r|

)

where & is the Boltzmann constant. Six pedestél models were developed based on Eq. (1) in

the work by T. Onjun et al. [9). These pedestal temperature models are based on (1) the



magnetic and flow shear stabilization width mode! [Accps’] [11], (2) the flow shear
stabilization width model [Ax(oRg)"] [9], (3) the normalized poloidal pressure width mode)
[ACR(Ba pea)™] [12], (4) the diamagnetic stabilization width model [Axp™R'?] [13], (5) the
ion orbit loss width model [Acce'? ] [14], and (6) the two fluid Hall equilibrium width model
[Aoc(l/Z)(Aanped)m] [15]. Note that the constant of proportionality in the pedestal width
scaling based the two fluid Hall equilibrium width model in the work by P N Guzdar and his
co-workers [15] is varied in this work to improve agreement with experimental data. These six
pedestal width models are used in this paper together with an improved pressure gradient
model to develop new pedestal temperature models.

For the maximum pressure gradient in the pedestal of type 1 ELMy H-mode
discharges, the pedestal pressure gradient is approximated as the pressure gradient limit of
high-n ballooning modes in the short toroidal wavelength limit. The ballooning mode is
usually described using the magnetic shear vs. normalized pressure gradient diagram (s-a
diagram). 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 the work by
T Onjun and his co-workers [16}, stability analyses for JET triangularity scan H-mode
discharges were carried out using the HELENA and MISHKA ideal MHD stability codes. For
the JET high triangularity discharge 53298, the stability analysis results are shown in fig. 10 of
Ref, [16]. Based on that result, the s-a MHD stability diagram with both the first and second
stability effects included can be simplified as Fig. 1 in this paper. This s-a MHD stability
diagram leads to an analytic expression for the critical normalized pressure gradient o that
includes the effect of both the first and second stability of ballooning modes and geometrical

effects given by:

2 2 2
a, Euw[@] :au(s 1+K95(l+10595) . (2)
B; dr ). 7 :

where 1, is the permeability of free space, R is the major radius, g is the safety factor, Bris the
toroidal magnetic field, s is the magnetic shear, xys and &;s are the elongation and triangularity

at the 95% flux surface, and ap(s) is a function of magnetic shear as

10



(3+0.8(s-3) 5>6
6— 2
a,(s)=46-3 1-[ 3sj 62523, (3)
6 3>s

Note that the form of s-a MHD stability diagram in this work, the effect of geometry on the
plasma edge stability has a similar form with that used in the work T. Onjun and his co-
workers [9], but somewhat stronger. The function in Eq. (3) can be understood as the
following: for s > 6, the equation indicates that the pedestal is in the first stability regime of
ballooning modes; for 6 > s> 3, the equation represents the regime of a transition from first to
second stability of ballooning modes; for 5 < 3, the equation represents a plasma that is in the
second stability of ballooning modes, where the pedestal pressure gradient is limited by finite
# ballooning mode stability. It should be noted that the effect of the current-driven peeling
mode is not considered in this work. In Eq. (3), the bootstrap current and separatrix effects are
included through the calculation of magnetic shear as described in the work T. Onjun and his
co-workers [9]. Note that the magnetic shear is calculated as

e b(v*,8)a
=5 [1-S62 W8 )% | 4
s su[ P ] 4

where the multiplier Cys 1s adjusted to account for the uncertainty of the bootstrap current

effect.

i1
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Fig. 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.

3. Resuits and Discussions

Statistical comparisons between predicted pedestal parameters and corresponding
experimental values obtained from the ITPA Pedestal Database [17] version 3.2 are carried
out. To quantify the comparison between the predictions of each model and experimental data,
the root mean-square error (RMSE), the offset, and the Pearson product moment correlation

coefficient (R) are computed.

12



Table I: Statistical results of the models for type | ELMy H-mode discharges.

Pedestal width scaling | C,, | Ces | RMSE (%) | Offset (%) | R
Accps® 5.10 | 3.0 282 0.5 0.80
Acc{ pRg)'* 022 |45 354 2.9 0.75
AcR(fp ped) 1.50 |3.7 35.5 -1.0 073
Axc PR 1.37 | 49| 493 -1.1 0.67
Aocg™ g 275 [491 1094 9.0 0.28
Acc(1/Z)(Awingea)? [ 0.014 | 5.9 50.5 -6.5 0.68

Six scalings for the pedestal temperature are derived using the six models described
above for the width of the pedestal together with the mode! given by Egs. (2) and (3) for the
critical pressure gradient that includes both the first and second stability of ballooning modes.
The pedestal temperature scalings are calibrated using 457 experimental data points (90 from
JET experiment, and 367 from JT-60U experiment) for the ion pedestal temperature from the
ITPA Pedestal Database (Version 3.2). The statistical results are shown in Table §. The value
of the coefficient, C,, used in each of the expressions for the pedestal width and the value of
multiplier Cps used in the calculation of magnetic shear are given in the second and third
column of Table 1, respectively. It is found that the RMSEs for the pedestal temperature
range from 28.2% to 109.4%, where the model based on Axps” yields the lowest RMSE. For
the offset, it is shown in Table 1 that the offsets range from -6.5% to 9.0%, where the model
based on Accps” yields the best agreement (smallest absolute value of the offset). For the
correlation R, it is shown in Table 1 that the values of correlation R range from 0.28 to 0.80,
where the model based on Accps” yields the best agreement (highest value of R). From these
results, it can be concluded that the pedestal temperature based on Axps® yields the best
average agreement with experimental data. The comparisons between the predictions of the
models based on Accps® and experimental data are shown in Figs.. 2. It can be seen that the

predictions of pedestal temperature are in reasonable agreement with experimental data.
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Fig. 2: Experimental ion pedestal temperature for type I H-mode plasmas compared with the
model predictions based on Accps’.

4. H-Mode Pedestal Density Model

In the development of the pedestal density model, an empirical approach is employed.
In the work by J Hughes ef a/. [18], a pedestal density scaling is deveioped for Alcator CMOD
H-mode discharges. This scaling is expressed as a function of the line average density, plasma
current (Jp), and toroidal magnetic field (Br). Using this kind of power law regression fit for
the 626 data points in the ITPA Pedestal Database (Version 3.2), the best predictive pedestal
density scaling for type I ELMy H-mode discharges is found to be

g [107m* )= 074 [107m> )7 (2, [aa])™ (B [1])*". ()

This scaling yields an RMSE of 10.9%, R2 of 0.97, and offset of 3.3% with a data set of 626
data points {132 from ASDEX-U experiment, 127 from JET experiment, and 367 from JT-
60U experiment). The comparisons of the density models’ predictions for the pedestal density
using Eq. (5) and the experimental data are shown in Fig. 3. In the figure, the agreement is
good for a low ratio of pedestal density to the Greenwald density. However, the agreement
tends to break away at high density. This might indicate that the physics that controls low and
high edge density might be different.
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Fig. 3: The ratios of experimental pedestal electron density for type I H-mode plasmas to the
Greenwald density are compared with the ratio of the mode! predictions using Eq. (6) to the
Greenwald density.

5. Pedestal Prediction in ITER ‘

The pedestal temperature and density models developed in this paper are used to
predict the pedestal parameters for the ITER design. For an ITER standard H-mode discharge
with 15 MA plasma current and the line average density of 1.05%10% particles/m’, the pedestal
density is predicted to be 0.95 x10%° particles/m’. 1t is worth noting that the pedestal density
using Eq.(5) indicate a flat density profile since the pedestal density is almost the same as the
line average density. This observation is often observed in H-mode experiments with high
density. In addition, the pedestal density in ITER predicted using an integrated modeling code
JETTO yields similar result for the density profile [19]. The pedestal temperature model based
on the width of the pedestal as ACCpfz and the cnitical pressure gradient model that includes
both first and second stability of ballooning modes is used to predict the pedestal temperature
in ITER. Figure 4 shows the predicted pedestal temperature as a function of pedestal density.
It can be seen that the ;;edestal temperature decreases as the pedestal density increases. At the
predicted pedestal density, the predicted pedestal temperature is 1.7 keV. Under these
conditions, it is found that the pedestal width in ITER predicted by the model ranges about 4

cm.
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Fig. 4: Predictions of pedestal temperature as a function of pedestal density using the pedestal
temperature model based on Accps’

6. Conclusions

Pedestal temperature models that include the effects of both the first and second
stability of ballooning modes are developed for type I ELMy H-mode plasmas in tokamaks.
The results for the pedestal temperature are compared with experimental data obtained from
the ITPA Pedestal Database version 3.2. It is found that the pedestal temperature model based
on the magnetic and flow shear stabilization yields the best agreement with experimental data
(with RMSE of 28.2%). It is found that the prediction of pedestal temperatures for ITER using
the pedestal temperature and density models developed is 1.7 keV.
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Part I11: Self-consistent prediction of ITER using mixed Bohm/gyro-Bohm and

Multi-Mode core transport models

1. Introduction

The International Thermonuclear Expertmental Reactor (ITER) is an international
collaborative effort with the aim to demonstrate the scientific and technological feasibility
of fusion energy using the magnetic confinement fusion concept [1}. Because of good
energy confinement and acceptable particle transport rates for impurity control in high
confinement mode (H-mode) plasma, H-mode is one of the possible scenarios that will be
used in burning plasma experiments like ITER. It is interesting to know the performance of
ITER with the standard H-mode scenario, which will lead to a way to optimize or to
improve the performance in order to have a better chance of success.

In a previous ITER study by G. Bateman and his co-workers {2], the BALDUR
integrated predictive modeling code with the Multi-mode (MMM$5) anomalous transport
mode] together with neoclassical transport, calculated using the Cheng-Hinton neoclassical
model [3], was used to predict the plasma core profiles of ITER and, consequently, the
performance of ITER. In that work, the boundary conditions, which were taken to be at the
top of the pedestal, were obtained from a predictive pedestal model based on magnetic and
flow shear stabilization width model and first stability regime of infinite-n ballooning
modes pressure gradient model [4]. It is also assumed that 24 MW of the RF heating power
goes to thermal ions and 16 MW goes to thermal electrons. Fast ions resulting from
auxiliary heating are not considered. The heating produced by fusion reactions and the
resufting fast alpha particles are added to the ohmic and auxiliary heating. The
performance of ITER was evaluated in term of fusion Q. Note that fusion @ is the ratio of a
fusion power with an applied heating power. An optimistic performance of ITER was
obtained in that simulation with fusion Q of 10.6. In the later ITER study by T. Onjun and
his co-workers [5], ITER simulations were camried out using the JETTO integrated
predictive modeling ¢ode with the Mixed Bogm/gyro-Bohm (Mixed B/gB) anomalous
transport model with NCLASS neoclassical transport [6). In addition, the combination of
33 MW of NBI heating pdwer and 7 MW RF heating power was used. An optimistic
pcrformancé of ITER with fusion O of 16.6 was found. It was al;30 found that the JETTO
code predicts the strong edge pressure gradient, which is in the second stability regime of
ballooning modes. In other words, the values at the top of the pedestal in the JETTO
simulations are higher than those used in the BALDUR simulations.
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In this work, the BALDUR integrated predictive modeling code is used to simulate
the core profiles in ITER standard H-mode scenario. Two different core transport models
(MMMB95 or Mixed B/gB) are employed in the BALDUR code to carry out simulations of
ITER. Then, the results will be compared. In addition, the neoclassical transport, calculated
using the NCLASS module, is added to the core transport to fully describe the transport in
the plasma core. In addition, 40 MW of heating power used in these simulations is divided
into 33 MW of NBI heating power and 7 MW of RF heating power. This paper is
organized as follows: Brief descriptions for a BALDUR integrated predictive modeling
code, anomalous transport models, and pedestal models are given in Sec.2. The ITER
prediction using a BALDUR integrated predictive modeling code is described in Sec. 3,

while conclusions are given in Sec. 4.

2. BALDUR integrated predictive modeling code

The BALDUR integrated predictive modeling code [7] is vsed to compute the time
evolution of plasma profiles including electron and ion temperatures, deuterium and tritium
densities, helium and impurity densities, magnetic g, neutrals, and fast ions. These time-
evolving profiles are computed in the BALDUR integrated predictive modeling code by
combining the effects of many physical processes self-consistently, including the effects of
transport, plasma heating, particle influx, boundary conditions, the plasma equilibrium
shape, and sawtooth oscillations. Fusion heating and helium ash accumulation are
computed self-consistently. The BALDUR simulations have been intensively compared
against various plasma experiments, which yield an over all agreement of 10% RMS
deviation [8, 9]. In BALDUR code, fusion heating power is determined using the nuclear
reaction rates and a Fokker Planck package to compute the slowing down spectrum of fast
alpha particles on each flux surface in the plasma [7]. The fusion heating component of the
BALDUR code also computes the rate of production of thermal helium ions and the rate of
depletion of deuterium and tritium jons within the plasma core. In thus work, two core
transport models in BALDUR will be used to carry out simulations of ITER. The brief

details of these transport models are described below.

2.1 Mixed B/gB core transport model

The Mixed B/gB core transport model [10] is an empirica’l transport model. It was
originally a local transport model with Bohm scaling. A transport model is said to be
“local” when the transport fluxes (such as heaf and particle fluxes) depend entirely on local

plasma properties (such as temperatures, densities, and their gradients). A transport model
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1s said to have “Bohm” scaling when the transport diffusivities are proportional to the
gyro-radius times thermal velocity over a plasma linear dimension such as major radius.
Transport diffusivities in models with Bohm scaling are also functions of the profile shapes
(characterized by normalized gradients) and other plasma parameters such as magnetic g,
which are all assumed to be held fixed in systematic scans in which only the gyro-radius is
changed relative to plasma dimensions.

The original JET model was subsequently extended to describe ion transport, and a
gyro-Bohm term was added in order for simulations to be able to match data from smaller
tokamaks as well as data from larger machines. A transport model is said to have “gyro-
Bohm” scaling when the transport diffusivities are propo;tional to the square of the
gyroradius times thermal velocity over the square of the plasma linear dimension. The
Bohm contribution to the JET model usually dominates over most of the radial extent of
the plasma. The gyro-Bohm contribution usually makes its largest contribution in the deep
core of the plasma and plays a significant role only in smaller tokamaks with relatively low

power and low magnetic field.

2.2 Multimode core transport model

The MMM95 model [11] is a linear combination of theory-based transport models
which consists of the Weiland model for the ion temperature gradient {ITG) and trapped
electron modes (TEM), the Guzdar-Drake model for drift-resistive ballooning modes, as
well as a smaller contribution from kinetic ballooning modes. The Weiland model for drift
modes such as ITG and TEM modes usually provides the largest contribution to the
MMM95 transport model in most of the plasma core. The Weiland model is derived by
linearizing the fluid equations, with magnetic drifts for each plasma species. Eigenvalues
and eigenvectors computed from these fluid equations are then used to compute a
quasilinear approximation for the thermal and particle transport fluxes. The Weiland model
includes many different physical phenomena such as effects of trapped electrons, T; # T,
impurities, fast ions, and finite b. The resistive ballooning model in MMM95 transport
model is based on the 1993 ExB drift-resistive ballooning mode model by Guzedar—Drake,
in which the transport is proportional to the pressure gradient and collisionality. The
contribution from the resistive ballooning model usually dominates the transport near the
plasma edge. Finally, the kinetic ballooning model is a semi-empirical model, which
usually provides a small contribution to the total diffusivity throughout the plasma, except

near the magnetic axis. This model is an approximation to the first ballooning mode
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stability limit. All the anomalous transport contributions to the MMMO9S transport model

are multiplied by x™, since the models were originally derived for circular plasmas.

2.3 Pedestal Models

A model used to predict the temperature and density at the top of the pedestal of
type I ELMy H-mode plasmas is described in this section. This model is used in this paper
to provide boundary conditions in the integrated predictive simulations of burning plasma
experiments. The width of the temperature pedestal, A, is assumed to be determined by a
combination of magnetic and flow shear stabilization of drift modes [12],

A=C,ps’, 1
where Cyw is a constant, 5 is the magnetic shear and p is the ion gyro-radius at the inner
edge of the steep gradient region of the pedestal. In the steep gradient region of the
pedestal, the pressure gradient is assumed to be constant and to be limited by the ideal,

short wavelength, MHD ballooning mode limit. This first stability ballooning mode limit is
approximated by

a, = 0.4s(1+x2(1+562)). @)
where xps and dgs are the elongation and triangularity at the 95% magnetic surface,
respectively. '

The pedestal ﬁressure is taken to be the product of the pedestal width and the

critical pressure gradient. After some algebra, the following expression is obtained for the

pedestal temperature, Tpeq,:

2 2
T, =0.323C;;‘,[£2] (f-f;-]{ %e ] s, €))
q R LT

where B is the toroidal magnetic field, q is the safety factor, 4y is the average hydrogenic

ion mass in atomic mass units, R is the major radius and #mpq )9 is the electron density at the
top of the pedestal in units of 10'* m™. In Ref. [3], the Cw was found by optimizing the
agreement with the pedestal data obtained from the ITPA Pedestal Database {13], in which
the value of Cy = 2.42 yield the RMSE of 32% with 533 pedestal data points.

The pedestal density, nyeq, 1s described by a simple pedestal density model. Since
the pedestal density is usually a large fraction of line average density, m, the pedestal

density can be calculated as:

Rpet = 0.71n,. . )]
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This pedestal density model agrees with the pedestal data obtained from the ITPA pedestal
database with 12% RMSE.

1. ITER simulations using BALDUR code

The BALDUR integrated predictive transport modeling code is used to carry out
the simulations of ITER with the designed parameters shown in Table 1. In this work, an
anomalous transport is calculated either using the Mixed B/gB transport model or using the
MMMBO5 transport model, while the neoclassical transport is computed using the NCLASS
module, The boundary conditions are provided at the top of the pedestal by the pedestal
model described above, It is assumed that the electron and ion pedestal temperatures are
the same values. Three different values of the pedestal constant C,, are used in these
simulations. When the simulation is carried out with the value of Cy, = 2.42, it shows the
actual prediction. When the simulation is carried out with the value of C,, = 1.16, the lower
bound of the prediction is found. When the simulation is carried out with the value of C, =
4,86, the upper bound of the prediction is predicted. The auxiliary heating power of 40
MW, which is a combination of 33 MW NBI heating power with 7 MW of RF heating
power, is used in these simulations,.

Figures 1 and 2 show the profiles for ion (top) and electron (middle) temperatures
and electron density (bottom) as. a function of major radius at a time of 300 sec for
different values of the pedestal constant C,. It is found in these simulations that the
predicted pedestal temperatures are about 3 keV (with the lower and upper bound of 2.6
keV and 4.1 keV, respectively). It can be seen in both figures that the temperature profiles
are peak profiles. For the density profiles, the simulation with the Mixed B/gB transport
model tends to be flat with a smaller peak at the region close to the center of the plasma
than that in the simulation with the MMM?95 transport model. The temperature profiles in
the simulation with the MMMO95 model are higher than those in the simulation with the
Mixed B/gB model. The central temperatures in the simulation with the Mixed B/gB model
are in the range between 10 keV to 15 keV, while those in the simulation with the MMM95
model are in the rang;,e between 15 keV to 20 keV. Note that the central temperatures
obtained in the ITER simulation in the previous study [2] are higher than the results
obtained in this work. This can be explained by the difference in the auxiliary heating used
in the simufations. In the previous ITER siﬁmlation, the auxiliary heating power was
assumed to be 40 MW of RF heating power mainly applied in the plasma core region by
employing a parabolic heating profile. This is an effective heating profile for burning
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plasma experiments since most of the power will be avaijlable at the center of the plasma.
On the other hands, the combination of NBI and RF heating power is used in this work.
Because ITER plasma density is high, the broader heating profile is obtained, which results

in lower temperature profiles, especially at the plasma center.

Table 1: The basic parameters for ITER design

Parameters Values
Major radius 6.2 m
Minor radius 20m
Plasma current 15 MA

Toroidal magnetic field | 53T

Elongation 1.70
Triangularity | 0.33

Line average density 1.0x10% m™
Auxiliary power 40 MW
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Fig. 1: Profiles for ion (top) and electron (middle) temperatures and electron density
{bottom) are shown as a function of major radius at a time of 300 sec. These BALDUR
simulations are carried out using Mixed B/gB core transport model for different values of
pedestal width constant Cy. The simulation with Cy = 2.42 (blue) represents the actual
prediction, while the simulations with Cy, = 1.16 (red) and Cy, = 4.86 (green) represent the

lower and upper bound of the prediction, respectively.



lon temperature (keV)

25 v

Elactron temperature (keV)

1 2E+20

8.0E+1D

4.0E+1B

Electron density {m*}

0.0E+0D

20 A

15 A

10 -

Major radius {(m})

25

~C_w=242
s C_w=116
- C_w=486
G X”‘-:
j | w\
40 50 B0 70 80
Major radius {m)
s,
4 2,
& <
& R
o N
a5 o
j Q \
4.0 50 6.0 70 80
Major radivs (m)
n' hn
. - [
4.0 50 8.0 7.0 8.0

Fig. 2: Profiles for ion (top) and electron {middle) temperatures and electron
density (bottom) are shown as a function of major radius at a time of 300 sec. These
BALDUR simulations are carried out using MMMS$9S core transport model for different
values of pedestal width constant Cy. The simulation with Cy;, = 2.42 (blue) represents the
actual prediction, while the simulations with Cy, = 1.16 (red) and C,, = 4.86 (green)
represent the lower and upper bound of the prediction, respectively.

In Fig. 3, the alpha power production of ITER is plotted as a function of time. It can
be seen that the alpha power production from the simulation with the MMM95 model is
significantly higher than that from the simulation with the Mixed B/gB model. The higher

alpha power production results from the higher temperature prediction in the simulation




with the MMM9S model. The fusion performance can be evaluated in term of Fusion Q,

which can be calculated as
Fusion O = > Fo g , 4)
PAUX
where Pg . is an average alpha power and Payx is an auxiliary heating power (equal to 40
MW for these simulations). Therefore, the fusion Q in ITER is predicted to be 6.2 (with the
upper and lower bound of 6.8 and 5.4, respectively) in the simulation with the MMM95
transport model. For the simulation with the Mixed B/gB transport model, the fusion Q of

2.3 (with the upper and lower bound of 1.1 and 3.7, respectively) can be obtained.
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Fig. 3: The alpha power production is plotted as a function of time. The blue line is the
result obtained from the simulation using the Mixed B/gB core transport code and the
pedestal model with C,, = 2,42, The red line is the result obtained from the simulation
using the MMM95 core transport code and the pedestal model with Cy, = 2.42.

4. Conclusions

Self-consistent simulations of 1ITER have been carried out using the BALDUR
integrated predictive modeling. Simulations are carried out either using the MMM95
transport model or using the Mixed B/gB transport model. It is found that the simulations
carried out using the MMM95 mode! yield more optimistic results than those using the
Mixed B/gB model. When the Mixed B/gB model is used, the simulation yields fusion ¢
of 2.3 (with the lower and upper bound of 0.9 to 3.7, respectively). For the simulation
carried out using MMM95, the fusion @ of 6.2 (with the lower and upper bound of 5.4 to

6.8, respectively) is obtained.
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Part IV: Self-consistent modeling of ITER with BALDUR integrated predictive modeling

code

1. Introduction

The Intemational Thermonuclear Experimental Reactor (ITER) is an international
collaborative effort with the aim to demonstrate the scientific and technological feasibility of
fusion energy [1] using magnetic confinement fusion concept. While in inertial fusion, another
possible approach for fusion research, the discussion for the most appropriate way to ignite a
fusion pellet is still going on and is concerned with instabilities [2], and the interaction of
charge particle and laser beams with dense plasma [3-4], the underlying nuclear physics is
similar for both approaches [5-6], the step with ITER is an important step for magnetic
confinement fusion research. With a decision to construct the device in France, this big step
forward has been taken to explore the properties of long buming plasma. In this paper, the
performance of ITER based on its standard H-mode scenario is investigated using an
integrated predictive integrated modeling code BALDUR with two different core transport
models. It is important to simulate plasma behaviors in ITER and to predict the ITER
performance, which will lead to a way to optimize or to improve the performance in order to
have a better chance of success.

Achieving fusion ignition is one of the goals in fusion study of ITER. Due to the fact
that H-mode discharges in tokamaks generally provide excellent energy confinement and have
acceptable particle transport rates for impurity control, burning plasma experiments, such as
ITER, are designed to operate in the high mode (H-mode) regime. According to previous
ITER study by G. Bateman and his co-workers [7], a BALDUR integrated predictive
modeling code with a Multi-mode (MMM95) core transport model was used to predict the
plasma core profiles of ITER and, consequently, the ITER performance. The boundary
conditions, which were taken to be at the top of the pedestal, were obtained from a predictive
pedestal model based on magnetic and flow shear stabilization width model and first stability
regime of ballooning modes [8]. The performance of ITER was expressed in term of fusion (.
Note that fusion Q is the ratio of a fusion power with an applied heating power. According to
the ITER simulations carried out using BALDUR code, an optimistic performance of ITER
was obtained with fusion @ of 10.6. In the later ITER study by T. Onjun and his co-workers

[9], ITER simulations were carried out using a JETTO integrated predictive modeling code
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with a Mixed Bogm/gyro-Bohm (Mixed B/gB) core transport model, which predicted a more
optimistic performance with fusion O of 16.6. It was also found that the JETTO code predicts
the strong edge pressure gradient, which is in the second stability regime of ballooning modes.
In other words, the values at top of the pedestal in JETTO simulation are higher than those
used in BALDUR code.

In this work, a BALDUR integrated predictive modeling code is used to simulate the
core proftles in ITER standard H-mode scenario by using two different core transport models
{(MMM95 or Mixed B/gB) together with the pedestal values obtained from the JETTO
simulations in the work by T. Onjun and his co-workers [19]. The paper is organized as
follow: A brief descriptions for a BALDUR integrated predictive modeling code and both core
transport models are addressed in Sec.2. The ITER prediction using a BALDUR integrated

predictive modeling code is described in Sec. 3, while conclusions are given in Sec. 4.

2. BALDUR integrated predictive modeling code

The BALDUR integrated predictive modeling code [10] is used to compute the time
evolution of plasma profiles including electron and ion temperature, deuterium and tritium
density, helium and impurity density, magnetic g, neutrals, and fast jons. These time-evolving
profiles are computed in the BALDUR integrated predictive modeling code by combining the
effects of many physical processes self-consistently, including the effects of transport, plasma
heating, particle influx, boundary conditions, the plasma equilibrium shape, and sawtooth
oscillations. Fusion heating and helium ash accumulation are computed self-consistently. The
BALDUR simulations have been intensively compared against various plasma experiments,
which yield an over all agreement of 10% RMS deviation [11-12]. In this work, two core
transport models in BALDUR will be used to carry out simulations of ITER. The brief details

of these transport models are described below.,

2.1 Mixed B/gB core t;'ansport model

The Mixed B/gB core transport model [13] is an empirical transport model. It was
originally a local transport model with Bohm spaling. A transport model is said to be “local”
when the transport fluxes (such as heat and particle fluxes) depend entirely on local plasma

properties (such as temperatures, densities, and their gradients). A transport mode! is said to
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have “Bohm” scaling when the transport diffusivities are proportional to the gyro-radius times
thermal velocity over a plasma' linear dimension such as major radius. Transport diffusivities
in models with Bohm scaling are also functions of the profile shapes (characterized by
normalized gradients) and other plasma parameters such and magnetic g, which are all
assumed to be held fixed in systematic scans in which only the gyro-radius is changed relative
to plasma dimensions.

The original JET model was subsequently extended to describe ion transport, and a
gyro-Bohm term was added in order for simulations to be able to match data from smaller
tokamaks as well as data from larger machines. A transport model is said to have “gyro-
Bohm™ scaling when the transport diffusivities are proportional to the square of the gyroradius
times thermal velocity over the square of the plasma linear dimension. The Bohm contribution
to the JET model usually dominates over most of the radial extent of the plasma. The gyro-
Bohm contribution usually makes its largest contribution in the deep core of the plasma and
plays a significant role only in smaller tokamaks with relatively low power and low magnetic
field.

2.2 Multimode core transport model

The MMMS5 model [14] is a linear combination of theory-based transport models
which consists of the Weiland model for the ion temperature gradient (ITG) and trapped
electron modes (TEM), the Guzdar-Drake model for drifi-resistive ballooning modes, as well
as a smaller contribution from kinetic ballooning modes. The Weiland model for drift modes
such as ITG and TEM modes usually provides the largest contribution to the MMM95
transport model in most of the plasma core. The Weiland model is derived by linearizing the
fluid equations, with magnetic drifis for each plasma species. Eigenvalues and eigenvectors
computed from these fluid equations are then used to compute a quasilinear approximation for
the thermal and particle transport fluxes. The Weiland model includes many different physical
pﬁenomena such as effects of trapped electrons, T; # T, impurities, fast ions, and finite b. The
resistive ballooning m;)del in MMMB95 transport model is based on the 1993 ExB drift-
resistive ballooning mode model by Guzdar-Drake, in which the transport is proportional to
the pressure gradient and collisionality. The contribution from the resistive ballooning model
usually dominates the transport near the plasmal edge. Finally, the kinetic ballooning model is

a semi-empirical model, which usually provides a small contribution to the total diffusivity
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throughout the plasma, except near the magnetic axis. This model is an approximation to the
first ballooning mode stability limit. All the anomalous transport contributions to the MMM95
transport model are multiplied by x™, since the models were originally derived for circular

plasmas.

3. ITER simulations using BALDUR code

The ITER simulation is carried out using the BALDUR integrated predictive modeling
code with the designed parameters shown in Table 1. The core transport is calculated using
either the Mixed B/gB core transport model or the MMMO95 core transport model. The
boundary conditions are the values at the top of the pedestal,l which are obtained from the
work by T. Onjun and coworkers [9], where an anomalous transport is fully suppressed and
neoclassical transport is fully governs the pedestal region. In addition, an instability driven
either by an edge pressure gradient or by an edge current can trigger ELM crashes, which
limits the height of the pedestal. The predictions of electron and ion pedestal temperature are
summarized in Fig. 1. It can be seen that ion temperature is higher than electron temperature
and the pedestal temperatures increase as the pedestal increases. The auxiliary heating power
used in these simulations is the combination of 33 MW NBI heating with 7 MW of RF
heating.

80

——Jon
- m- Electron

Padestal temperature (keV}
P
[ = ]

0.0 : : . .
1] 2 4 ;] 8 10
Pecestal width (cm)

Fig. 1: The ion and ele¢tron temperatures at the top of the pedestal are plotted as a function of
pedestal width. These results are obtained using a JETTO integrated predictive modeling code
with Mixed B/gB core transport model.

Simulations of ITER are carried out using either the Mixed B/gB core transport model

or the MMMB95 core transport model in the BALDUR code in which the value of the pedestal
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width is varied from 2 to 8 cm (the pedestal temperature is varied following Fig.1). It can be
seen in Figs. 2 and 3 that the ion and electron temperature profiles tend to be peak. For the
density profiles, the simulations with Mixed B/gB core transport model tend to be flat at low
pedestal width (low pedestal temperature), but tend to be peak at high pedestal width (high
pedestal temperature). On the other hands, the simulations with MMMS9S5 core transport model
tend to be flat for all values of the pedestal width. The relatively flat profiles are also obtained
in the previous ITER studies [7, 9]. In Fig. 4, it shows the increase of central ion temperature
{top panel) and central electron temperature (bottom panel) as a function of pedestal width (in
turn, the pedestal temperature). It can be seen that the central temperatures for both ion and
electron obtained using BALDUR code with either Mixed B/gB or MMM95 are in the range
between 10 keV to 20 keV; while the JETTO simulations using Mixed B/gB [9] produce
higher central temperature, even though the same pedestal values are used. Note that the
purpose of this paper is to show the performance of ITER designed. The difference in the
predictions of BALDUR and JETTO code with Mixed B/gB needs a further analysis. We

rather leave this issue for future work.
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Fig. 2: Profiles for ion (top) and electron (middle) temperatures and_electron density (bottom)
are shown as a function of major radius at a time of 300 sec. These BALDUR simulations are
carried out using Mixed B/gB core transport model for different values of pedestal
temperature. -
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Table 1: The basic parameters for ITER design
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Parameters Values

Major radius 62m
Minor radius 2.0m
Plasma current 15 MA

Torcidal magnetic field | 53T

Elongation 1L.70
Triangularity 033

Line average density 1.0x10*° m*
Effective charge 1.4
Auxiliary power 40 MW

In Fig. 5, fusion @ at the time of 30'0 sec is plotted as a function of the pedestal width.
It can be seen that fusion ( increases as the pedestal width increases. This increase can be
explained by the increase of pedestal temperatures, which leads to an increase of central
temperatures. Based on the ITER design, the performance of ITER is expected to reach fusion
©Q of 10. Based on Fig. 5, to reach fusion @ of 10, the BALDUR simulations with Mixed B/gB
require the pedestal width greater than 8 cm, which means the pedestal temperature higher
than 6 keV. However, the BALDUR simulations with MMM?95 core transport model require
the pedestal width about 6 cm (3% of the minor radius), which means the pedestal temperature
between 4 to 5 keV. Note that the pedestal width of H-mode plasma typically extends over

with a width of less than 5% of the plasma minor radius.
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Fig. 4: The central ion (top) and electron (bottom) temperatures are plotted as 2 function of
pedestal width. The solid line and dotted line are the results from the BALDUR predictions
either using Mixed B/gB core transport code or using MMM95 core transport model,
respectively; while the dot-dashed line is result from the JETTO predictions using Mixed
B/gB core transport code.
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Fig. 5: Fusion Q is plotted as a function of pedestal width. The solid line and dotted line are
the results from the BALDUR predictions either using Mixed B/gB core transport code or
using MMM95 core transport model, respectively; while the dot-dashed line is result from the
JETTO predictions using Mixed B/gB core transport code.

4, Conclusions

Self-consistent simulations of ITER have been carried out using the BALDUR
integrated predictive modeling. Simulations are carried out either using MMMS95 core
transport model or using Mixed B/gB core 'transport mode] with the pedestal values obtained
from the model based on the neoclassical trénsport in JETTO code. It is found that the
standard H-mode scenario simulation of the ITER design yields fusion @ in the range of 1.0 to
13.3, which depends on the core transport model and the value of pedestal width used. The
simulations using MMM®95 core transport tends to be more optimistic than those using Mixed
B/gB. To reach fusion Q of 10, the BALDUR simulations with Mixed B/gB requires the
pedestal width greater than 8 cm (means the pedestal temperature higher than 6 keV); while
the BALDUR simulations with MMMS95 core transport model requires the pedestal width
about 6 cm (means the pedestal temperature between 4 to 5 keV).
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Three pedestal lemperature models in the work by Onjun
et al. (2002) are considered in this study. Thesc three ped-
estal models will be exlended 1o include the effect of second

|stability of ballooning modes by modifying scaling of nor-
Imalized maximum pressure gradient limit, a,.. These new
lranges of pedestal lemperature models will be tested against
\the latest public version of the pedesial data (Versien 3.2)
\pbtained from the ITPA Pedestal Database.

2. H-MODE PEDESTAL TEMPERATURES

'In the development of the pedestal temperature models
described in Onjun e al. (2002), 1wo ingredients are required—
pedestal width {A) and pressure gradient (dp/dr)—while the
pedestal density, iy, is oblained directly from the experi-
ment. The temperature at the top of the pedestal {74} can be

lestimaled as

| ap
ar

T =

ped

(1)

2"[“4 kb

\where &, is the Bolizmann constant. Based on Eq. (1), six
ranges of the pedesial temperature models were developed
in the work by Onjun ¢t ai. (2002). Of these, the following
\three pedeslal temperature models were selected for further
development in this work. These pedestal temperature mod-
els are based on the fMlow shear stabilization pedestal widih
'model [A o {pRg)'"?} (Onjun et al., 2002), the magnetic
and flow shear stabilizalion pedestal width model [A o< ps?]
[Sugihara et al., 2000) and the nonnalized poloidal pressure
ipedestal width model [A & R{By pea}'’?] (Osbome et al.,
1999}, These pedestal width models will be vsed together
\with an improved pedestal pressure gradient model to develop
‘new pedestal temperature models.

For the pressore gradient in the pedesial of type ] ELMy
H-mode discharges, the pedesta) pressure gradient is approx-
imated as the pressure gradient limiis of high-»n batlooring
'modes in the short loroidal wavelength limit. The balloon-
ing mode is usually described using the magnetic shear vs.
normalized pressure gradient diagram {s-« diagram). Nor-
mally, the cajculation of ballooning mode siability is éom-
plicated, requiring information about the plasma eguilibrium
and geometry. In Onjun e @l. (2002), a scaling of the critical
normalized pressure gradient, a,, was assumed 10 be

a, = Cas[1+ &2,0 + 582)). (2)

where s is the magnetic shear, and xgs and o5 are (he
elongation and triangularity at the 95% flux sufface. This
scaling of «, is based on first stability limit of ballooning
mode limit. However, it has been widely observed in a
number of experiments that the pedestal can obiain access to
second stability limit of ballooning mode, especially in high
iriangularily discharges (Kamada et al., 1999; Osbome eral.,
2000; Sutwrop er al.. 2000). Here, we propose a method to
include the second stability effect into the pedesial model by

T. Onjun

modifying the scaling of the critical normalized pressurc
gradient in Eq. (2). A simple form for the s-a MHD s1ability
diagram as shown in Figure | is uscd, which leads 10 an
analylic expression for a, thal includes the effect of both
fiest and second stability of ballooning modes given by:

o, = ay(s)(1+ k(1 + 5855)). 3)
where the ag(s} is defined as

3.0+ 08(s—2.0)
60-30V1.0—-(20-5)? :20=s5=10. (4
6.0 0>

s> 2.0

apfs) =

The bootstrap current and separatrix effects are included
through the calculation of magnetic shear as described in
Onjun er al. (2002). Note that the purpose of this paper is to
show the improvement of the pedestal temperalure mode)
with the new scaling of «,. The validation of this new
scaling of a,, particularly the numerical values, needs a
further analysis, We rather leave this issue for future work.

3. RESULTS AND DISCUSSIONS

The stalistical comparisons between the predicted pedestal
temperatures using the pedestal temperature models with
pressure gradient restricied to only first siability regime of
ballooning modes (using Eq. (2) for a,) and experimental
values obtained from the latest version of the ITPA Pedestal
Database (version 3.2, contains 715 dala points of Lype [
ELMy H-mode—366 JT-60U, 135 ASDEX-U, 1 16 JET and
98 DIII-D} are summarized in 1erms of the RMSE and Offsel
presenied in Table 1. Nole that the definitions of RMSE and

First stable regime

Unstable regime

Magnetic Shear s

Second stable
regime

Normalized Pressure Gradient a

Fig. ]. The normalized pressure gradicnt vs, magnetic shear diagram (5-o
diagram) is plotted for a simple form. First stable regiine, second siable
regime, and unstable regime are indicated on the diagram.
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Table 1. Coefficiens, RMSE und Offsel of the pedestal models
using the pedesial pressure gradient restricied to first
stability fimit of balooning mode only

| Width scaling Fe REMSE (%) Oifsel (%)
A (pRg) ' 0.1% 36.9 2.3
Acc ps? 1.49 371 2.9
0018 44 ] 5.9

‘ A { By pea)?

Offset can be found in Onjun er @l (2002). Results are
presented for three pedestal temperature modcls. The value
of the coefficient, C,,, used in each of the ¢xpressions for the
pedestal widih that minimizes the RMSE for each model, is
given in the second column of Table 1. It is found that the
RMSEs range from 36.9% 10 44.1%. It is worth noling that
‘the values of RMSE are slightly targer than those in Onjun
¢l al. {2002). The pedestal temperature model with A o
(pRg)'/? yields the lowest RMSE and the pedestal temper-
ature model with A o R{ 85 peq)'/? yields the highest RMSE.
For all models, the offset is less than 6.0%.

When the pedestal lemperature models employ the ped-
estal pressure gradient thal includes the effect of both first
and second stability of ballooning modes, where maximum
normalized pressure gradienl, &, , is cstimated vsing Egs. (3}
and {4}, the siatistical comparisons between the models’
predictions and experimental dala are shown in Table 2. It
tan be seen that the RMSEs range from 32.4% to 40.6%.
| The Offsets in Table 2 are slightly different from those in
 fable 1. The siatistics in Tables 1 and 2 indicales that the
agreements with experimental data [or all three models
somewhat improve when the effect of second stability of
ballooning mede is included. Tt is worth noting (hat only a
small fraction of discharges obiained in the daiabase con-
tains Lhe dala for the pedesial width. As a resull, we rather
leave 1his issue for future work.

It is also found that the agreement at high iriangularity is
improved when the effect of second stability is included,
while Lhe agreemenl at low triangularity is relatively the
‘same. This indicates that the effect of second stability that is
mcluded in Eq. (2) has an impaci on high triangularity
discharges, which agrees with the cxperimental observation

Table 2. Coefficient, RMSE and Offset of the pedestal models
using the pedestal pressure gradient considered both first und
second stability limirs of batlooning mode _

Widih scaling C. RMSE (%) Offset (%)
b (pRe) ' 0.089 329 2.5
B ps? 0.45 324 1.7
At (B pea)? ¢.0091 10.6 7.8

10.0

o ASDEX-U

o JT-60U

s JET A
< o DIi-D
g
— 1.0- o

§ b
-
g
o ©
0.1 - .
01 1.0 10.0
Tp,d (keV)

Fig. 2. Plot for the pedestal iemperalore predicted by the model based on
& ot ps? and the pedestal pressure gradient including botk first and second
stability of ballooning modes compared with experimenial data from 7135
data points. Each lokamak is indicated by a different symbol.

that an access 10 second stability is usually found in high
tnangularity discharges.

Figure 2 shows the compartson between the model’s
predictions and experimental data for four tokamaks:
ASDEX-U, JT-60U, JET. and DIL-D. This pedestal iemper-
ature mode] utilizes the pedestal width A « ps? and the
pedestal pressure gradient including both first and second
stability, estimaled using Eq. {2). This mode] yields the best
agrecement with experimental data from ITPA Pedestal Data-
base Version 3.2 (RMSE of 32.4% with 715 data points)
among the mode]s considered in Table 2. [t can be scen 1hat
the model tend to correlate well with the data from ASDEX-U
and JT-60U, bul not DIII-D and JET. It can be seen thal the
maodel's predictions tend 1o correlate well with the data from
ASDEX.-U and JT-60U, but not from Dil0-D> and JET.

4. CONCLUSIONS

Pedesial temperature models that include the effects of both
{irst and second stability of ballooning modes are developed
for type | ELMy H-mode plasma in tokamaks. The resulis
for the pedestal temperature obtained are compared with
7[5 experimental data points obtained from ITPA database.
1t is found that the inctusion of the effect of second stability
of ballooning modes results in an improved agreement with
experimenial data.
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Abstract
Models for the prediction of ion and electron pedestal temperatures at the edge of type | 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 »
bailooning 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 of ballooning mode. In
these pedestal models, the 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 1 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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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 generatién of a flow
shear at the edge of plasma, which is responsible for suppressed turbulence and transport near the
edge of plasma. The reduction of transport near the plasma edge results in a narrow sharply-defined
region at the edge of the plasma with steep temperature and density gradients, called the pedestal.
This pedestal is Jocated near the last closed magnetic flux surface and typically extends over with a
width of about 5% of the plasma minor radius. It was found that energy confinement in the H-mode
regime of tokamaks strongly depends on the temperature and density at the top of the pedestal [1].
Therefore, it is important in H-mode tokamak plasma studies, especially for the burning plasma
experiment such as the International Thermonuclear Experimental Reactor (ITER) [2], to have a
reliable prediction for temperatures at the top of the pedestal.

In the previous pedestal study by T. Onjun er 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 mode), the agreement between model’s predictions and experimental data for
pedestal temperature js about 30.8% RMSE for 533 data points from the International Tokamak
Physics Activity Edge (ITPA) Pedestal Database. One weakness of these pedestal temperature models
is the assumption that the plasma pedestal is in the first stability regime of ballooning modes.

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 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 f:ompared 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 Sectjon 4, conclusions are presented.

2. H-Mode Pedestal Temperature

In the development of thé pedestal temperature models described in Ref. [3], two ingredients
are required — pedestal width (A) and pressure gradient (8p/dr) — while thle pedestal density, .y, is
obtained directly from the experiment. The temperature at the top of the pedestal (T.q) can be

estimated as -



T 1 |8p|A
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where £ is the Boltzmann constant. Six ranges of the pedestal models were developed based on Eq. (1)
in Ref. [3]). 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 [Aoc(qu)m] [3], the magnetic and flow shear stabilization pedestal width model [Accps?) 4],
and the normalized poloidal pressure pedestal width model[AxR(f pes)?] [5]- 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 1 ELMy H-mode discharges, the
pedestal pressure gradient is approximated as the pressure gradient limits of high-n ballooning modes
in the short toreidal 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 analysts, such as HELENA,
MISHKA, and ELITE. In Ref. [3], a scaling of the critical normalized pressure gradient, a, was

proposed, assuming a the restriction to first stability limit of ballooning modes, as
o, =0.4s[1+)q§,(l+5c5fjs )] )

where s is the magnetic shear, and xys and &; 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 second stability limit of ballooning mode, especialiy 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-a
MHD stability diagram as shown in Fig. 1, which leads to an analytic expression for &, that includes
the effect of both first and second stability of ballooning modes given by:

2, = Coaro (X1 + k2 {1+ 582 )). 3)
where Cy is a constant and
(3+0.8(s~4) ;5> 4
45\
a,(s)=15-2.]1- > 42522 (4)
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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 10 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 # 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 predicted pedestal parameters and corresponding
experimental values obtained from the 1TPA Pedestal Database [13] version 3.2 are summarized in
terms of the RMSE presented in Table 1. 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]. Resuits
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, a,
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 1. 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
1. The values of C,, and C, were computed by minimizing the sum RMSE_7,4 + RMSE_A +
RMSE_dp/dr. 1t is found that the RMSEs for electron pedestal temperature (RMSE_ T4} 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 base:& on Axcps® 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 pr-essure 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]. Simjlar 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. 1t can be seen that RMSE_T,.4 in Tables 1 and 2 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 [Eqs. (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 A«ps® 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. 1 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 average it 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 7,4, A and_dp/dr are
available. In Table 3, the predictions of these models are compared with the larger number of data
poionts from the full database for the electron pedestal temperature (715 data points) and the ion
pedestal temperature (457 data points). Separate models for the jon 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 (in Table
.

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
pedestai 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 (Np.o/ng =0.84, where nyy is the pedestal density and ng is the Greenwald density,
assuming that the density profile is flat between the magnetic axis and the top of the pedestal), 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 10 3 cm.
Because of the narrow pedestal width, it is not surprising to obtain rela{ively low values for the

pedestal temperature in I'TER.



