4. Conclusions

Pedestal temperature models that include the effects of both first and second stability of
ballooning modes are developed for type | ELMy H-mode plasmas in tokamaks. The results for the
pedestal temperature, width and pressure gradient are compared with high 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 camried out. It is found that at the design point assuming a flat density profile, the

pedestal temperature of ITER can reach 2.3 keV.
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Table 1: Coefficients and RMSEs of the models using the normalized pressure gradient modei

including both first and second stability limits of ballooning modes.

Width scaling C. Co | RMSE_T,4(%) | RMSE_A(%) | RMSE_dp/dr (%)
Acc{ pRg)? 0.10 0.8 60 32 56
Accps’ 0.29 0.8 63 38 51
Ay pea)” 0.012 | 0.8 57 30 54

Table 2: Coefficients and RMSEs of the models using the normalized pressure gradient model

including only first stability limits of ballooning modes.

Width scaling Cw | RMSE_T,4(%) | RMSE_A (%) RMSE_dp/dr (%)
Acc(pRg)'"? 0.22 57 76 95
Accps® 2.41 64 87 96
Acc(foped)” 0.021 62 43 81

Table 3: RMSEs of the eleciron pedestal temperature models using the nommalized pressure gradient
model inciuding both first and second stability limits of ballooning modes when applied to the ful)
pedestal database.

Electron pedestal temperature Ion pedestal temperature
Width scaling Co .
Cu RMSE_T,s (%) C. RMSE_7,e4 (%)
Axc(pRg)"? 0.8 0.10 44 0.094 30
Axcps’ 0.8 0.29 37 0.41 31
A By pea)? 08 | 0012 167 0.0082 34
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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 Axps® 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 Acxps’ and the pedest

al pressure gradient including only first stability compared with

experimental data from 124 data points.
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Abstract. Models for the prediction of ion and electron pedestal temperatures at the edge of type
I 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 curmrent, 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 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
latest public version {version 3.2) in the International Tokamak Physics Activity Edge (1TPA)
Pedestal Database. 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
standard H-mode 1TER discharges with 15 MA plasma current, predictive analysis yields ion and
electron temperatures at the top of the H-mode pedestal in the range from 1.7 to 1.9 keV.

1. Introduction

It is well known that when the plasma heating power increases, plasmas can undergo a
spontaneous self-organizing transjtion 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 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 [1]. Therefore, it is important in H-mode tokamak plasma
"studies, especially for the burning plasma experiment such as the Intemational Thermonuciear
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 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 this study, six pedestal width models in Refs. [3-8] 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 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

Each pedestal temperature model described in Ref. [1] has two parts: a model for the pedestal
width (A) and a model for the pressure gradient (Op/dr). The pedestal density, Tiped, 1S Obtained
directly from the experiment or from the pedestal density model described in Section 4. The
temperature at the top of the pedestal (7.} can be estimated as
A L)
2n 4k |Or
where & is the Boltzmann constant. Six pedestal models were developed based on Eq. (1) in
Ref. {3]. These pedestal models are based on (1) the flow shear stabilization width model
[Ax(pRg)'] [3], (2) the magnetic and flow shear stabilization width model [Ax o] [4], (3) the
normalized poloidal pressure width model [AccR(Bpea)’) [5), (4) the diamagnetic stabilization
width model [Accg?°R"] [6], (5) the ion orbit loss width model [Axe? ] [7], and (6) the two
. fluid Hall equilibrium width model [Acc(1/Z)(An/mpes)'?] [8]. Note that the constant of
proportionality in the pedestal width scaling based the two fluid Hall equilibrium width model in
Ref. [8] 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.

A (N

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 limit 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-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 Ref. [9], 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 in Ref. [9]. Based on results obtained in Ref. [9], the s-a MHD stability



diagram with both the first and second stability effects included can be simplified as Fig. 1. This
s-o. MHD stability diagram leads to an analytic expression for the critical normalized pressure
gradient ¢ that includes the effect of both the first and second stability of ballooning modes and

geometrical effects given by:
24,Rq* { dp 1+ 42 (1+1052 )
cET | =a0(s . (2)
B dr /. 7
where 1 is the permeability of free space, R is the major radius, ¢ is the safety factor, Br is 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

o

ll

3+0.8(s-4) $>6
6—3 4 .
a,(s)=46-3 1—[7] 62523. (3)
6 3>s

Note that in this work, the effect of geometry on the plasma edge stability has a similar form with
that used in Ref. [3], 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 s < 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 Ref. [1]. Note that the magnetic shear in

Ref. [3} is calculated as
b(v*,
s:so[n-“*“ G 8)“‘], (4)

e

where the multiplier Cys is adjusted to account for the uncertainty of the bootstrap current effect.

First stable regime

* Unstable regime

Magnetic Shear s

Second stable

regime
Normalized Pressure Gradient a
Fig. 1. The normalized pressure gradient vs. magnetic shear diagram (s-a diagram) is plotted. First and
second stability region and unstable region is also described.

3. Results and Discussions

Statistical comparisons between predicted pedestal parameters and corresponding experimental
values obtained from the ITPA Pedestal Database [10] 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 coeffi clent (R) are
computed. The RMSE, offset, and correlation R are defined as

RMSE (%)=100x\/—2[h1(1"“") n(z )

=l

Offset(%)—l%o- [1 (Texp —l (Tmod ]
J=1

jz::(ln (%w)”m)[ln (T7)-1 Tmod

N —_—2 _—
[l in()-inr))
F=1
where N is total number of data points, and 7,7 and T™ are the 7" experimental and model
results for the temperature.

Six scalings for the pedestal temperature are derived using the six models described above for the
width of the pedestal together with the model given by Eqs. (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 1. The value of the coefficient,
C., used in each of the expressions for the pedestal width and the value of multiplier Cys used in
the caleulation 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 Accos” 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 .ﬁoc,asz yields
the best agreement (highest value of R). From these results, it can be concluded that the pedestal
temperature based on Aaxcps? yields the best average agreement with experimental data.

Table 1: Statistical results of the models for type 1 ELMy H-mode discharges.

Pedestal width scaling Cw Chs RMSE (%) | Offset (%) R

Ax ps? 5.10 3.0 282 0.5 0.80
Acc{pRq)"? 0.22 4.5 35.4 2.9 0.75
AR (S pod) " ' 1.50 37 35.5 -1.0 0.73
A fPRIP 1.37 4.9 49.3 -1.1 0.67
Acce oy 2.75 49 109.4 9.0 0.28
Acc( 1 ZY(An/nped)' ™ 0.014 5.9 50.5 -6.5 0.68




The comparisons between the predictions of the models and experimental data are shown in Figs.
2-7. It can be seen that the predictions of pedestal temperature are in reasonable agreement with

experimental data for the model with Aecps” shown in Fig. 2 and the agreement is not as good for
the other models shown in Figs. 3-7.
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4. H-Mode Pedestal Density Model

In the,development of the pedestal density model, an empirical approach is employed. For the
simplest scaling, the pedestal density is assumed to be a function of line average density (n). This
assumption is based on an observation that the density profile between the pedestal and the
magnetic axis in H-mode discharges is usually rather flat. Therefore, the pedestal density is a
large fraction of the line average density. It is found that the pedestal density scaling for type 1
ELMy H-mode discharges is about 72% of the line average density, which can be described as
R =0.72n,. (%)

This scaling yields an RMSE of 12.2%, R of 0.96, and offset of -2.2% with a data set of 626 data
points (132 from ASDEX-U experiment, 127 from JET experiment, and 367 from JT-60U
experiment). In Ref. [11], a pedestal density scaling is developed. for Alcator CMOD H-mode
discharges. This scaling is expressed as a function of the line average density, plasma current (/;),
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 | ELMy H-mode discharges is found to be

moa[10°m* ] = 0.74(m [10°m>])"” (1, (4]} (B, [1])*". (6)

This scaling yields an RMSE of 10.9%, R? of 0.97, and offset of 3.3%. The comparisons of the
density models’ predictions for the pedestal density using Eq. (5) and (6) and the experimental
data are shown in Figs. 8 and 9, respectively. In both figures, the agreement is good for a low
ratio of pedestal density to the Greenwald density. However, the agreement tends 1o break-away
at high density. This might indicate that the physics that controls fow and high edge density
might be different.
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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 1.05x10% panicleslm3, the pedestal density is
predicted to be 0.76x10?° particles/m® and 0.95 x10 particles/m® using Egs. (5) and (6),
respectively. It is worth noting that the pedestal density using Eq.(6) 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 [12]. The pedestal temperature model based on the width of the pedestal as Accps” and the
critical pressure gradient model that includes both first and second stability of ballooning modes
is used to predict the pedestal temperature in ITER. Figure 10 shows the predicted pedestal
temperature as a function of pedestal density. It can be seen that the pedestal temperature
decreases as the pedestal density increases. At the predicted pedestal density using Eqs. (5)
and (6), the predicted pedestal temperature is 1.9 and 1.7, respectively. Under these conditions, it
is found that the pedestal width in ITER predicted by the model ranges from 4 to 5 cm.
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Fig. 10: Predictions of pedestal temperature as a function of pedestal density using the pedesial
temperature model based on Acc mz

6. Conclusions

e

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 predictions of pedestal temperatures for ITER using the pedestal temperature
and density models developed ranges from 1.7 to 1.9 keV.
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Abstract

Models for the prediction of ion pedestal temperature at the edge of type I 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. 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 |
ELMy H-mode discharges obtained from the latest public version (version 3.2) in the
International Tokamak Physics Activity Edge (ITPA) Pedestal Database. It is found that
the pedestal temperature mode] based on the magnetic and flow shear stabilization yields
the best agreement with experimental data (RMSE of 28.2%). For standard H-mode ITER
discharges with 15 MA plasma current, predictive analysis yields ion and electron
temperatures at the top of the H-mode pedestal is 1.7 keV.

Keywords: Tokamak, H-mode, Pedestal, Stability



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 (Deutsch et al., 2005), and the interaction of charge particle and laser beams
with dense plasma (Deutsch 2004; Mulser er al., 2004), the underlying nuclear physics is
similar for both approaches (Hora 2004; Li ez al., 2004). With the decision to construct
“the International Thermonuclear Experimental Reactor (ITER)” (Aymar et af., 2002) 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 buming 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 (Greenwald
el al., 1997), 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 (H-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. 1t 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 (Kinsey et al.,
2003). Therefore, 1t is important in H-mode tokamak plasma studies, especially for the
burning plasma experiment such as 1TER, 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 (Onjun et al.,
2002), 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 Intemnational 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 (Onjun 2006), the pedestal model is extended to include the second stability effect
of ballocning modes using a simple scaling. It was found that it can improve 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 (Onjun et al., 2002) are modified to inciude 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 et al.
{Onjun 2002), two ingredients are required: the pedestal width (A) and the pressure
gradient (Op/or). The pedestal density, #d, is obtained directly from the experiment or
from the pedestal density model described in Section 4. The temperature at the top of the
pedestal (T,eq) can be estimated as
-1 o
2n ., k |Or
where k is the Boltzmann constant. Six pedestal models were developed based on Eq. (1)
in the work by T. Onjun ef al. (Onjun 2002). These pedestal temperature models are

based on (1) the magnetic and flow shear stabilization width model [A=ps*] (Sugihara et
al., 2000), (2) the flow shear stabilization width model [A«(pRg)*] (Onjun ef al., 2002),'
(3) the normalized poloidal pressure width model [A«R(Poped)'?] (Osbomne et al., 1999),

A (1

ped

(4) the diamagnetic stabilization width model [A=p23Ria] (Rogers et al., 1999), (5) the
ion orbit loss width model [A=g'pe] (Shaing 1992), and (6) the two fluid Hall equilibrium

width model [A«{1/Z)}(An/npedy?] (Guzdar et al., 2005). 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 (Guzdar et al., 2005) 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 I ELMy H-mode
discharges, the pedestal pressure gradient is approximated as the pressure gradient limit
of high-r 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 (Onjun et al, 2004), stability
analyses for JET ftriangularity scan H-mode discharges were carried out using the
HELENA and MISHKA ideal MHD stabijlity codes. For the JET high triangularity
discharge 53298, the stability analysis results are shown in fig. 10 (Onjun et al., 2004).
Based on that result, the s-o MHD stability diagram with both the first and second



stabijity effects included can be simplified as Fig. | in this paper. This s-« MHD stability
diagram leads to an analytic expression for the critical normalized pressure gradient oc
that includes the effect of both the first and second stability of ballooning modes and
geometrical effects given by:

241,Rq* (dp 1+ k2 (1 +1052)

c=—r = | =als : 2)
B; dr j, 7

where J is the permeability of free space, R is the major radius, ¢ is the safety factor, Br

is the toroidal magnetic field, s is the magnetic shear, xps and &s are the elongation and

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

3+0.8(s-3) s>6
6-sY |
o, {s)=16-3 1-[—3—5} 62523. (3)
6 I>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. (Onjun et al., 2002), but somewhat stronger. The function in Eq. (3) can be
understood as the following: for 5 > 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 in the work T. Onjun and his co-workers. (Onjun ef al.,
2002). Note that the magnetic shear is calculated as

¢, b(v*,8)ex
S E Bl Sl Al
5 SO [ 4 Ir_g J! (4)

where the multiplier Cy is adjusted to account for the uncertainty of the bootstrap current
effect.

3. Results and Discussions

Statistical comparisons between predicted pedestal parameters and corresponding
experimental values obtained from the ITPA Pedestal Database (Hatae et al., 2001)
version 3.2 are carried out. To quantify the comparison between the predictions of each
mode] and experimental data, the root mean-square error (RMSE), the offset, and the
Pearson product moment correlation coefficient (R) are computed.

Six scalings for the pedestal temperature are derived using the six models
described above for the width of the pedestal together with the model given by Eqs. (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 1. The value of the coefficient, C,,, used in each of
the expressions for the pedestal width and the value of multiplier Cys used in the
calculation of magnetic shear are given in the second and third column of Table I,
respectively. It is found that the RMSEs for the pedestal temperature range from 28.2%
to 109.4%, where the model based on Accps” 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 Axps’ yields the best agreement (highest value of R).
From these results, it can be concluded that the pedestal temperature based on Acrpts?‘
yields the best average agreement with experimental data. The comparisons between the
predictions of the models based on A«cps® 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.

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 al. (Hughes et al., 2002), a pedestal density scaling
is developed for Alcator CMOD H-mode discharges. This scaling is expressed as a
function of the line average density, plasma current (/;), and toroidal magnetic field (B7).
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 | ELMy H-
mode discharges is found to be

0.
rya[10°m? | =074 (n [10°m>])"” (7, [a]) (B, [T])*. )
This scaling yields an RMSE of 10.9%, R” 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.

" 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 1.05x10%° particles/m’, the
pedestal density is predicted to be 0.95 x10%° particles/m®. It 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
(Onjun et al., 2005). The pedestal temperature model based on the width of the pedestal
as Aecps” and the critical 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 pedestal 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,

6. Conclusions

Pedestal temperature models that include the effects of both the first and second
stability of ballooning modes are developed for type 1 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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Table 1: Statistical results of the models for type 1 ELMy H-mode discharges.

Pedestal width scaling | C» | Cus | RMSE (%) | Offset (%) | R
Acc s’ 510 |3.0]28.2 0.5 0.80
Acc{pRg)'? 022 |4.5(354 2.9 0.75
ACR(Lopes)' 1.50 [3.7]35.5 -1.0 0.73
AR 1.37 [4.9]49.3 -1.1 0.67
Acxce™” py 2.75 [49]109.4 9.0 0.28
A(1/Z)(An/rpea)? 0.014 | 5.9 | 50.5 6.5 0.68
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Fig. 1. The normalized pressure gradient vs. magnetic shear diagram (s-c diagram) is
plotted. First and second stability region and unstable region is also described.
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Fig. 2: Experimental ion pedestal temperature for type | H-mode plasmas compared with

the model predictions based on Accps?.
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Abstract

Self-consistent modeling of the International Thermonuclear Experimental Reactor
(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 using a neoclassical transport in the JETTO integrated predictive
modeling code. It is found that simulations of ITER with a standard H-mode scenario
yield fusion @ 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 MMM95 core transport tends to
be more optimistic than those using Mixed B/gB. To reach fusion ( of 10, the BALDUR
simulation with Mixed B/gB requires the pedestal temperature higher than that used in
the BALDUR simulation with MMM$95 core transport model. :
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1. Intreduction

The International Thermonuclear Experimental Reactor (ITER) is an international
collaborative effort with the aim to demonstrate the scientific and technological
feasibility of fusion energy (Aymar ef al, 2002) 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 (Deutsch ez al., 2005), and the interaction of charge particle
and laser beams with dense plasma (Deutsch 2004; Mulser ef ai., 2004), the underlying
nuclear physics is similar for both approaches (Hora 2004; Li ef al., 2004), 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 burning 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 tn 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, buming 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 (Bateman ef g/,
2003), a BALDUR integrated predictive modeling code with a Multi-mode (MMM95)
core transport mode!l 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 (Onjun et al., 2002). The performance of ITER was expressed in term of fusion Q.
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 O of 10.6. In the later ITER study by T.
Onjun and his co-workers {Onjun et al., 2005), ITER simulations were carried out using a
JETTO integrated predictive modeling code with a Mixed Bogm/gyro-Bohm (Mixed
B/gB) core transport model, which predicted a more optimistic performance with fuston
Q 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 profiles 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
JETTOQ simulations in the work by T. Onjun and his co-workers (Onjun et al., 2005). 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 (Singer ef al., 1988) is used to
compute the time evolution of plasma profiles including electron and ion temperature,
deuterium and trittum density, helium and impurity density, 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 (Onjun e al. (2001); Hannum et al. (2001)). In this
work, two core fransport 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 (Erba es al. (1997)) is an empirical
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 heat and particle fluxes)
depend entirely on local plasma properties (such as temperatures, densities, and their
gradients). A transport model is 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 and magnetic ¢, 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 mode! 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 MMM93 model (Bateman et al. (1998)) 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 MMM935 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 = 7., impurities, fast ions, and finite b.
The resistive ballooning model in MMM?95 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 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 balooning mode stability limit. All the
anomalous transport contributions to the MMMO5 transport model are multiplied by k™,
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 MMM95 core
transport model. The boundary conditions are the values at the top of the pedestal, which
are obtained from the work by T. Onjun and coworkers (Onjun ef al., 2005), 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,.

Simulations of ITER are carried out using either the Mixed B/gB core transport
model or the MMMZ95 core transport model in the BALDUR code in which the value of
the pedestal 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 MMM93 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
(Bateman et al., 2003; Onjun et al., 2005). 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 (Onjun ez al., 2005) 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.



In Fig. 5, fusion { at the time of 300 sec is plotted as a function of the pedestal
width. It can be seen that fusion Q 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 O 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 ¢m, which means the pedestal
temperature higher than 6 keV. However, the BALDUR simulations with MMMS5 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.

4. Conclusions

Self-consistent simulations of ITER have been carried out using the BALDUR
integrated predictive modeling. Simulations are carried out either using MMM95 core
transport mode! or using Mixed B/gB core transport model with the pedestal values
obtained from the model based on the neoclassical transport in JETTO code. It is found
that the standard H-mode scenario simulation of the ITER design yields fusion Q 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 MMM95 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 MMMO95 core
transport mode! requires the pedestal width about 6 cm (means the pedestal temperature
between 4 to 5 keV).
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Table 1: The basic parameters for ITER design

Parameters Values
Major radius 62m
Minor radius 20m
Plasma current 5 MA

Toroidal magnetic field | 53T

Elongation 1.70

Triangularity 0.33

Line average density 1.0x10% m?

Effective charge 1.4
Auxiliary power 40 MW
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Fig. I. The ion and electron 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.
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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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simulations are carried out using MMMO95 core transport model for different values of
pedestal temperature.
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Abstract. Models for the prediction of ion and electron pedestal temperatures at the edge of type
I 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. 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 ] ELMy H-mode discharges obtained from the
latest public version (version 3.2) in the International Tokamak Physics Activity Edge (ITPA)
Pedestal Database. 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
standard H-mode ITER discharges with 15 MA plasma current, predictive analysis yields ion and
electron temperatures at the top of the H-mode pedestal in the range from 1.7 to 1.9 keV.

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 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 [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 e 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 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 this study, six pedestal width models in Refs. [3-8] 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 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

Each pedestal temperature model described in Ref. [1] has two parts: a model for the pedestal
width (A) and a model for the pressure gradient (8p/0r). The pedestal density, npcq, is obtained
directly from the experiment or from the pedestal density model described in Section 4. The
temperature at the top of the pedestal (Tpeq) can be estimated as
T = 1 9P
2n,4k O
where k is the Boltzmann constant. Six pedestal models were developed based on Eq. (1) in
Ref. [3]. These pedestal models are based on (1) the flow shear stabilization width model
[Acc(pRq)'™] [3), (2) the magnetic and flow shear stabilization width model [Accps?] [4], (3) the
normalized poloidal pressure width model [AccR(ﬁe,ped)m] [5], (4) the diamagnetic stabilization
width model [Acc™R'?] [6], (5) the ion orbit loss width model [Ax<e205] [7], and (6) the two
fluid Hall equilibrium width model [Acc(1/Z)(An/npes)'?} [8). Note that the constant of
proportionality in the pedestal width scaling based the two fluid Hall equilibrium width model in
Ref. [8] 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.”

M

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 limit 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-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 Ref. [9], 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 in Ref. [9]. Based on results obtained in Ref. [9], the s-oc MHD stability



diagram with both the first and second stability effects included can be simplified as Fig. 1. This
5-a MHD stability diagram leads to an analytic expression for the critical normalized pressure
gradient ¢ that includes the effect of both the first and second stability of ballooning modes and

geometrical effects given by:
2 2 2
2R [_c_i_g] s b+ i (1+1062) | @
B; ar ). 7
where |, is the permeability of free space, R is the major radius, ¢ is the safety factor, Br is the

toroidal magnetic field, s is the magnetic shear, xys and Jdys are the elongation and triangularity at
the 95% flux surface, and ag(s) is a function of magnetic shear as

(04

3+0.8(s - 4) 5>6
6—s)
a,(5)=16-3 1-( 3 ] 62523, 3)
6 I>s

Note that in this work, the effect of geometry on the plasma edge stability has a similar form with
that used in Ref. [3], 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 s < 3, the equation 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 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 Ref. [1]. Note that the magnetic shear in

Ref. {3} is calculated as
b(v*,
sto[l"c,” (v s)af], @)

ae

where the multiplier Cys is adjusted to account for the uncertainty of the bootstrap current effect.
First stable regime

Unstable regime

Magnetic Shear 5

Second siable
regime

Normalized Pressure Gradient o

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. Results and Discussions

Statistical comparisons between predicted pedestal parameters and corresponding experimental
values obtained from the ITPA Pedestal Database [10] 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, The RMSE, offset, and correlation R are defined as

RMSE (%) =100x\/—-z[1n(7‘°"") (T ),

2=1

i(ln(?:f’“’}-g(ﬂT")}(ln (T’“"d -In T"”°d

R=—£
[l (=)=

where N is total number of data points, and 7, and 7™ are the /" experimental and model

Offset(%)—%_o. [in (77)= tn (7)),

results for the temperature.

Six scalings for the pedestal temperature are derived using the six models described above for the
width of the pedestal together with the model given by Eqs. (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 IT-60U experiment) for the ion pedestal temperature from the ITPA Pedestal
Database (Version 3.2). The statistical results are shown in Table 1. The value of the coefficient,
Cw, used in each of the expressions for the pedestal width and the value of multiplier Cys 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 mode] based on Accps” 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 Axps” 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 resuits, it can be concluded that the pedestal
temperature based on Accos” yields the best average agreement with experimental data,

Table 1: Statistical results of the models for type 1 ELMy H-mode discharges.

Pedestal width scaling Cw Chs RMSE (%) | Offset (%) R
Aecps” 5.10 3.0 28.2 0.5 0.80
Ax(pRg)'"? 0.22 4.5 354 2.9 0.75
AcR(Bopea)? 1.50 3.7 35.5 -1.0 0.73
Acc PR 1.37 4.9 49.3 -1.1 0.67
Aoce g 2.75 4.9 109.4 9.0 0.28
- Ace{ 1/ ZY A/ npea) 0.014 5.9 50.5 -6.5 0.68




The comparisons between the predictions of the models and experimental data are shown in Figs.
2-7. It can be seen that the predictions of pedestal temperature are in reasonable agreement with

experimental data for the model with A« ps? shown in Fig. 2 and the agreement is not as good for
the other models shown in Figs. 3-7.
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4. H-Mode Pedestal Density Model

In the development of the pedestal density model, an empirical approach is employed. For the
simplest scaling, the pedestal density s assumed to be a function of line average density {m). This
assumption is based on an observation that the density profile between the pedestal and the
magnetic axis in H-mode discharges is usually rather flat. Therefore, the pedestal density is a
large fraction of the line average density. It is found that the pedestal density scaling for type |
ELMy H-mode discharges is about 72% of the line average density, which can be described as
Poeq = 0.72n;. (5)
This scaling yields an RMSE of 12.2%, R? of 0.96, and offset of -2.2% with a data set of 626 data
points (132 from ASDEX-U experiment, 127 from JET experiment, and 367 from JT-60U
experiment). In Ref. [11], a pedestal density scaling is developed for Alcator CMOD H-mode
discharges. This scaling is expressed as a function of the line average density, plasma current (f;),
and toroidal magnetic field (By). 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 ] ELMy H-mode discharges is found to be
0.9¢
Pyeg [ 10°m? ] =0.74(m [10%m? ) (1, [Ma])"™ (B, [T])*". (6)
This scaling yields an RMSE of 10.9%, R? of 0.97, and offset of 3.3%. The comparisons of the
density models® predictions for the pedestal density using Eq. (5) and (6) and the experimental
data are shown in Figs. 8 and 9, respectively. In both figures, 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. 8: The ratios of experimental pedestal

eleciron density for type I H-mode plasmas to
the Greemwald density are compared with the
ratio of the model predictions using Eg. {(5) to

the Greenwald density.

Fig. 9: The ratios of experimental pedesial
electron density for type 1 H-mode plasmas to the
Greenwald density are compared with the ratio of
the model 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 1.05x10% particles/m, the pedestal density is
predicted to be 0.76x10%° particles/m’ and 0.95 x10%° particles/m® using Egs. (5) and (6),
respectively. It is worth noting that the pedestal density using Eq.(6) 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 [12]. The pedestal temperature model based on the width of the pedestal as Accps” and the
critical pressure gradient model that includes both first and second stability of ballooning modes
is vsed to predict the pedestal temperature in ITER. Figure 10 shows the predicted pedestal
temperature as a function of pedestal density. It can be seen that the pedestal temperature
decreases as the pedestal density increases. At the predicted pedestal density using Egs. (3)
and (6), the predicted pedestal temperature is 1.9 and 1.7, respectively. Under these conditions, it
is found that the pedestal width in ITER predicted by the model ranges from 4 to 5 cm.
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Fig. 10: Predictions of pedestal temperature os 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 predictions of pedestal temperatures for ITER using the pedestal temperature
and density models developed ranges from 1.7 to 1.9 keV.
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Abstract

Models for the prediction of pedesta! temperatures at the edge of type 1 ELMy H-mede
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 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 | 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 pedesiai temperatures for ITER using these models are
carried out. 1t is found that, at the design point, the pedestal terperature of ITER ranges from 2
to 4 keV, depending on the value of the pedestal density.

SPC2006
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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 (M-
mode) [1]. 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 suppressing
fluctuations and conseguently transport near the edge
of the plasma [2). The reducticn of the transport near
the edge of the plasma results in a narrow sharply-
defined region at the edge of plasma with steep
temperature and density gradients, called the pedestal.
This pedestal typically extends over with a width of
about 5% of the plasma minor radius [3]. 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 [4]. Therefore. it is
important in the H-mode tokamak plasma swudies.
especiaily for the burning ptasma expertment such
as the “Intemational Tokamak Experiment
Reactor(ITER) [5]”, to have a reliable prediction of

1. INTRODUCTION

* Cormresponding author . E-mail: thawatchai@siil.iu zcth
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the values at the top of the pedestal.

In the previous pedestal study by T. Onjun and
colieagues in Ref. [6], six ranges of thecretical-based
pedestal temperature models were developed utilizing
six theoretical pedestal width models and the first
stability ballooning mode pressure gradient limit.
These pedestal temperature modeis also include
geometrical effect, bootstrap current effect and
separatnix effect, leading to complicated nonlinear
behaviour. One weakness of these pedestal models is
the assumption of the pressure gradient that plasma is
in first stability regime of batlooning moedes.

In this study, three pedestal temperature models in
Refs. [6] are selected and extended to include effect of
second stability hmits of baliconing modes. The
predictions from these modified pedestal temperature
models will be testegd against the latest public version
of the pedestal data {Version 3.2) obtained from the
International Tokamak Physics  Actvity (ITPA)
Pedestal Database [7].

The paper is organized as follow. An expression
for the H-mode pedestal temperature is described in
Section 2. In Section 3, the predictions of the pedestal
temperature resulting from the vsed of the model are
compared with pedestal temperature data. A simpie
statistical " analysis is used 1o characterize the
agreement of the predictions of each model with
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experimental data. In addition, ihe prediction of [TER
is discussed. In Section 4, conclusions are presented.

2. H-MODE PEDESTAL MODELING

In the development of the pedestal temperature
models, two ingredients are required — pedestal widlh
{A) and pressure gradient (8p/0r) — while the pedestal
density (n,c¢) 15 obtained directly from the experiment.
The temperature at the 1op of the pedestal (7,4) can be
estimated as

1]

!

_ op
- = —
2nm,k

ar

T A (1)

whese k 15 the Boltzmann constant, Note, the notation
and units used in this paper are described in Table 1.
One can obtain the vaiue of Ty giving the value of
the pressure gradient in the pedestal region and the
width of the pedestai region.

2.1 Scaling of pedestal width

Three theory-motivated models for the width of
the pedesta) are employed in this study. The brief
details of these models are described in this section.
These pedestal width models will be used together
with the pedestal pressure gradient model to develop
the pedestal temperature models.

2.1.1 Width scaling based on flow shear stabilization

In this model, the ExB suppression of long
wavelength modes is assumed to be the relevant factor
in establishing the edge transport barrier [6]. The
scating of the pedestal width is found to be:

Ao fpo.Rg, (2)

where p; is the ion gyro radius, R is the major radius
and q is the safety facior.

2.1.2 Width scaling based on magnetic and flow shear
stabilization

The basic assumption of this model 15 that the
transport barrier is formed in the region where the
turbulence growth rate is balanced by a stabilizing
ExB shearing rate [8]. The scaling of the pedestal
width is found to be:

Acw ps?, 3)

where s is the magnetic shear.
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Tuble |. Notation used in this paper.

Symbot Unil Physical descripiton
R n Major radivs to geometrical cenler
of each flux surface
a " Plasma minor radius
N MA Plasma current
B T Vacuum toroidal magnetic field at R
An amu Hydrogenic mass
Tt keV Pedestal emperature
Rped m? Pedestal density
ng, 3 Greenwald density
G
(1[MA]10® /72 )
g Safewy factor
M m lon gyro rarius
3 (AT
=4.57x107 ;-ﬁ—
By
Buped Nosmatized poloidal pressure in the
4#0npedkTped
pedesial | ——————
(B,)
(B ) T Average poloidal fieid around flux
8
Juofp
surface | @ —————
ma(l+ x)
o Hm"' | Permesbility of free space
Ze Effective charge
Fau MW Auxiliary heating power

2.1.3 Width scaling based on normalized poloidal
pressure

In this model, the scaling of pedestal width is
based on a medel proposed by Osborne [9). The
scaling of the pedestal width is found to be:

Bee B, R, (4)

where Bg.pes is the normalized poloidal pressure.
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2.2 Scaling of pressure gradient

In determining the pressure gradient inside the
pedestaj region for the type 1 ELMy H-mode
discharges, it is assumed that the pressure gradient is
timited by high-n baliconing mode instability in the
short toroidal wavelength limit [10]. Recognizing that
the pressure gradient in the pedestal region may
depend on parameters such as magnetic shear (s),
elongation (x), and triangularity (8), the pedestal
pressure gradient can be estimated as:

6_px[a_pJ __Bra (s,x,0)

3
or \or 244,Rq* )

where ¢ is the normalized critical pressure gradient
of baliooning modes.

The ballooning mode is usually described using the
magnetic shear vs. normalized pressure gradient
diagram (s-& diagram) [11}. Normally, the calculation
of baliconing mode stability is complicated, requiring
information about the plasma equilibnium and
geometry. A number of different codes have been
deveioped for stability analysis, such as HELENA,
MISHKA, and ELITE. In literature, several models
for @, were proposed. For example in Ref. [6], a
scaling of «, was proposed by assuming the restriction
to first stabibity limit of ballooning modes and
neglecting the second stability of ballooning modes, as

a, = 0.45[1+x§5 (1 +S§§5)] (6)

where x95 and &; are the elongation and triangularity
at the 95% flux surface, respectively.

It has been widely observed in a number of
experiments that the pedestal can obtain access to
second stability limit of balleoning mode, especially
in high trianguiarity discharges [12-14}. In Ref. [15], a
simple scaling of o was proposed with the
combination of first and second stability of ballooning
modes. It was found that those scalings yield an
improvement in the agreement with experimental data.
In this paper, the scaling of « is proposed with the
effect of first and second stability of ballooning modes
included based on the stability analyses for several
JET H-mode discharges carried out using the
HELENA and MISHKA {16-18] . The stability
analysis results suggest a simple form for the s-a
MHD stability diagram as shown in Fig. 1, which
leads to an analyiic expression for « that includes the
effect of both first and second stability of ballooning
modes and the geometrical effect given by:

1+x;5(1+5 55)

a, = Coary (s (7
2
where C, is a constant and
3+0.8(s~4) s >4

The numerical coefficients used in Eq. (8) are
chosen according to the stability results of JET
trangularity scan computed using the HELENA and
MISHKA codes [16]. It is worth noting that, for s> 4,
Eq. {8) indicates that the pedestal is in the first
stability regime of ballooning modes. The scaling is
similar 10 that proposed in Ref. {6]. For 4 =5 = 2, the
scaling in Eq. (8) represents the regime of a transition
from first to second stability of bailooning modes. For
5 < 2, the scaling in Eq. (8) represents a plasma that is
in the second stability of ballooning modes, where the
pedestal pressure gradient is limited by finite »
ballooning mode stability. in Lq. (8), the bootstrap
current and separatrix effects are also inciuded
through the calculation of magnetic shear. The detaiis
of the magnetic shear calculation is discussed in Ref.
j6). It is also noted that the effect of the current-driven
peeling mode is not considered in this work.

First stable
regime

Unstable regime

Second
fstable regime

Magnetic shear (s)

Normalized pressure gradient (a)

Fig. | The normalized pressure gradient vs. magnelic
shear diagram (s-a diagram) is plotted. First and
second stability region and unsiable region is olso
described -
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3. RESULTS AND DISCUSSION

Sratistical comparisons behween predicied pedestal
parameters and corresponding experimental values
obtained fom the ITPA Pedesial Daiabase [11]
version 3.2 are summarized in terms of ihe RMSE
presented in Table 2. The comparison is carried out
for the high resolution pedestal data, which consist of
124 data points for the eleciren pedestal lemperature,
pedestal width, and pedestal pressure gradient. Note
that the definjtions of RMSE can be found in Ref. [6].
Results are presented for three pedestal lemperature
models. These three pedestal temperature models are
based on three difterent models for the pedestal width
along with the pressure gradient model for both first
and second stabilily of balloening modes, where the
maximum normalized pressure  gradient, o s
estimated using Lqs. (7) and (8). The value of the
coefficient, Cy, 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 1s given in the 1hird column of Table 2. The
values of C, and Cy were computed by minimizing the
sum RMSE_T..q + RMSE_A& + RMSE _dp/dr. It is
worth noting that the values of T,.q appears on beth
the left and right sides and is nonlincar in 7.4 since ¢,
¢, and 5 are functions of position in the pedestal and,
as - result, nonlinear functions of 7. The delails of
this nonlinear behavior are discussed in Ref. [6]. Thus,
en iteralive procedure is used in this paper to
determine the lemperature at the 1op of the pedestal.

It is found that the RMSEs for electron pedestal
temperature (RMSE_T7,..4) range from 57% to 63%.
ror ihe pedestal width, the RMSEs (RMSE A} range
fram 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 betwesn the predictions of the
model based on Accps” and experimental data are
shown in Fig. 2 for the pedestal temperature (top
panel), the pedesial width (middle panel). and the

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

Width Cw Co RMSE (o/o)
scaling Toea | & | dp/dr
Acc(qu)m 0.10 |08 |60 32 | 56
Accps® 029 |08 |63 38 | 51
Ax(foped) - | 0.012 08 |57 [30 [ 54

15

¥ 4

pressure gradient {botlom panel). It can be seen Lhal
the predictions of pedestal temperatre, width and
pressure gradient, are in reascnable agreement with
experimental dma.

[t is worth showing the improvement of the new
pedesial models compared with the previgus version
of the pedestal models derived in Ref. {6]. Similar
comparisons were carried in Ref, {6 using a different
database of experimental measurements. Statistical
comparigons of the predicted pedestal temperature,
pedestal width, and pedestal pressure gradient with
experimental data from the new database are shown in
Table 3. [t can be seen that RMSE_T .4 in Tables 2
and 3 are aimost the same for all three models, but the
values of RMSE_A and RMSE_dp/dr are significantly
different.
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Fig. 2. Plot for the pedestal temperature (top), width
(middle}. and pressure gradient (bottom} predicted by
model based on A«gs’ and the pedestal pressure
gradient inciuding both first and second stability of
ballooning mode compared with experimental data
Jrom 124 data points. Each rokamak is indicated by a
different symbol.



-

The eflect ol using 3 new pressure gradient modei
that ncludes second stability [Eqgs. (7) and (8} can be
illustrated by deriving comresponding pedestal models
uxing only the first stabilny condition [Eq. (6)). The
comparisans between the predictions of the maodel
based on Awgs”  logether with Eg. (6) and
experimemial dats are shown in Fig. 3 for the pedesial
temperatare (top panel), the pedestal width (niddle
panel), and the pedesial pressure gradient (bottom
panel). It can be seen that the predictions of pedestal
lemperalure are in a reasonable range of experiment,
while the pedestal widths are over-predicted and the
pressure gradients are vnder-predicied relative to the
data on the average. 1t can be concluded that the
exclusion of access 10 second statility of ballooning
mode results in the under-prediction of the pedesial
pressure gradient i wost of the discharges. In
compensation for the under-prediction of the pedestal
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Fig. 3. Plot for the pedesial temperature (top), width
(middle), and pressure gradient (bottom) predicted by
model based on Axps’ and the pedestal pressure
gradient including only first stability compared with
experimental date from 124 data points.  Each
tokamak is indicated by a different symbol.
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Table 3. Coefficieims and RMSEs of the models using
the normalized pressure gradient model including
only first stability limits of ballooning modes.

] ; RMSE (%)
T
\J\ld&h.scalmg Ci Co T A | dpidr |
| ac(pRg)” 0.22 | o | 57 | 76| 95
[ Awpy” 241 10| 64 87 96
[ decfu)’™ [ 0021 | 1.0 62 | 43 | 8l

pressure gradient, the prediction of the width is over-
predicted on the average it in order o maximize
agreement with the pedestal temperature.

Finally. the pedestal temperature maodels
developed in this paper are used 10 predict the pedestal
temperatures for the [TER design. Fig. 4 shows the
predicted pedestal ternperalure as a function of the
ratio of the pedestal density to the Greenwald density
{1peafrig). 1L can be seen that the pedestal temperature
decreases as the pedestal density increases. This trend
has been observed in number of H-mode experiments
[13]. At the design point, the line average density of
ITER is 1.05x10°® m™. If assuming that the density
profile is flat between the magnetic axis and the top of
the pedesta, tive pedestal density is approximatety the
same as 1he line average density. Thus, the ratio of the
pedestal density 1o the Greenwald density in ITER is
equal io 0.84 and, consequently, the pedestal electron
lemperature is predicted to ranges from 2.3 t0 2.7 keV.
Note that the ITER simulation using the JETTO code
in Ref. [19] indicates that the ITER density profite is
flat. The “design point” would shift to the lefAl in Fig. 4
and, consequently, to a higher pedestal temperature, if
the pedestal dencity were taken to be less than the line
average densily. For example, in Ref. [20], the
pedestal density for type 1 ELMy H-mode plasmas is
found te be 71% of the line average density. Thus,
according 1o this model, the pedestal density for ITER
is 7.5x10" m™ (nyea/n,, =0.62). Therefore, the pedestal
lemperature ranges from 2.9 to 3.7 keV.

It is also fuund that the pedestal width in ITER is
predicted by ail three models to be about 3 cm.
Because of the narrow pedestal widih, it is not
surprising toc obtain relatively low wvalues for the
pedestal temperatore in ITER. It was reporied in Ref.
{19] that with the width of 3 cm, the JETTO
simulation yields 1he pedestal electron temperature of
2.3 keV, which is in the range of the result obtained in
this paper.

4. CONCLUSION

Pedesial temperature models that include the
effects of both first and second stability of ballooning

-



B e e
6
\\ ——
l‘\ - O pRy
; 47 \\ Falr's lp\'"
g “ -
e R \‘\} ar RYA
3 T
’_Q , \7\::::%“1
TY—
Design point
0 T ¥ T [
04 06 08 10 12 14
NpealNge
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Table 4: The basic paramercrs for ITER design

Parameters Values
Major radius 6.2m
Minor radius 20m

Plasina current 15 MA
Torcigal magnetic field 33T
Elongation 1.85
Triangularity 0.48

Line avesage density 1.05x10° ™
Effective charge 1.4
Auxitlary power 40 MW

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 resolution data points in the ITPA
Pedestal Database version 3.2, It is found that the
inciusion of the secend stability of baliconing modes
improves the agreement with experimental data for the
pedestal pressure gradient and, consequently, for the
width. The predictions of pedestal temperatures for
ITER using these models are found that, at the design
point, the pedestal temperature of ITER ranges from 2
to 4 keV; depending on the value of the pedestal
density.
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Abstract

Self-consistent modeling of the International Thermonuclear Experimental Reactor (ITER) has been
carried out using integrated predictive modeling codes in which theory-based models are used for both core and
edge transport. The model for the H-mode pedestal in tokamak plasmas is based on flow shear reduction of
anomalous transport, while the periodic ELM crashes are triggered by MHD instabilities. Suppression of the
anomalous transport enhances the role of neoclassical transport in the pedestal region. In the simulations, an
ELM crash can be triggered either by a pressure-driven ballooning mode or by a current-driven peeling mode,
depending on which .instability reaches its stability criterion first. Performance of ITER in a standard Type 1
ELMy H-mode scenario with the designed parameters is found to be optimistic, in which BALDUR and JETTO
simulations yield the fusion @ of 10.6 and 16.6, respectively. The difference is caused by the difference in

pedestal predictions.

Keywords: Plasma; H-mode; ELMs; Pedestal; Modelling; ITER

1 INTRODUCTION

The Intermational Thermonuclear Experimental
Reactor (ITER) is an international collaborative effort
with the aim to demonstrate the scientific and
technological feasibility of fusion energy [1]. This is
an important step for magnetic confinement fusion
research. With a decision to consiruct the device in
Prance, a big step forward has been taken to explore
the properties of long burning plasma. It has been
found in both theoretical and experimental work about
the dependence of high confinement mode (H-mode)
performance on the pedestal. In this paper, the
performance of ITER is investigated using predictive
integrated modeling codes. It is important to simulate
ITER plasma and to predict the ITER performance in
advance, which will lead to a way to improve the
performance if needed and to have a better chance of
SRCCess. .

An objective of integrated modelling simulations is
to predict the time evolution of the plasma
temperature, density, and other profiles in tokamak
plasmas. Large integrated medelling codes compute
the sources, sinks, and transport of thermal energy and
particle densities, as well as the equilibrium shape of
the plasma and the effects of large-scale instabilities.
A number of transport models have been developed
for use in integrated modelling codes. The results of
simulations using these integrated predictive modeling
codes have been intensively compared with

experimental data from a wide range of tokamak
discharges,

Achieving the fusion ignition (at least fusion Q of
10) is one of goals in fusion study of ITER, As a
result, burning plasma experiments such as ITER is
designed to operate in the high mode (H-mode)
regime. H-mode discharges in tokamaks generally
provide excellent energy confinement and have
acceptable particle transport rates for impurity control.
However, H-mode discharges are often perturbed by
quasi-periedic  bursts of magnetohydrodynamics
(MHD) activity at the edge of the plasma, which are
known as edge-localized modes (ELMs). Each ELM
crash results in a rapid loss of particles and energy
from the edge of the plasma, which can reduce the
average global energy content by 10%-20%.
Furthermore, these transient bursts of energy and
particles into the scrape-off layer produce high-peak
heat lodds on the divertor plates. On the other hand,
the ELMs remove heat and particles, including
impurities, from the region near the separatrix. ELMs
also play an essential role in the control of the height
of the H-mode pedestal, which is found to be
important for obtaining ITER performance. In this
paper, we summarize the ITER prediction using two
different integrated predictive modeling codes,
BALDUR (2] and JETTO [3].

A brief concept for integrated predictive modeling
code i addressed in Sec.2. The ITER prediction using
BALDUR integrated predictive modeling code is
described in Sec. 3, while The ITER prediction using



JETTO integrated predictive modeling code is
presented in Sec. 4. Conclusions are given in Sec. 5.

2 H-MODE PEDESTAL MODELING

A number of integrated predictive modeling codes,
such as the BALDUR code, the JETTO code, the
ASTRA code [4], the CORSICA code [5], the XPTOR
code [6], the TSC code [7], the ONETWO code [8],
and the CRONOS code [9], have been developed to
carry out simulations in order to predict the time
evolution of the tokamak plasma current, temperature,
and density profiles. With the predicted profiles

One objective of these simulations is to develop a
better understanding of the physical processes and the
inter-relationships between those physical processes
that occur in tockamak plasma experiments. The simple
schedule explains about how it works is shown in
figure 1. Basically, it is a collection of several
modules, such as a neutral beam heating module, an
RF heating module, core transport module, impurity
radiation module, in which each module is responsible
for different task. These modules are work together,
which results in a complex scenario and similar 1o
what occurs in real experiments. In general, the input
data for integrated predictive modeling code is similar
to controlled parameters in experiments, such as
magnetic field, total heating power, and plasma
current,

Neutral
Beams

ELMs

Integrated
Modeling
Framework

RF Heating
Surrent Drive

Pellet

njectio

Magnetic
Diffusion

Figure 1: A simple scheme describes how an
integrated predictive modeling code works.

3. ITER simulations using BALDUR code

The BALDUR integrated predictive modelling code
is used to compute the time evolution of plasma
profiles including electron and ion temperature,
devterium and tritium density, helium and impurity
density, magnetic g, neutrals, and fast ions. These
tisne-evolving profiles are computed in the BALDUR
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 integrated predictive modelling code
contains a variety of modules for computing sources,
sinks, transport, boundary conditions, and the effect of
targe-scale instabilities. For the simulations of burning
plasma experiments presented in this paper, the core
transport is calculated using MMM95 module [10]
and the boundary is taken to be at the top of the
pedestal. The temperature at boundary is calculated
using the model based on magnetic and flow shear
stability together with ballooning mode limit. This
model can be expressed as:

2

2
Tm=1.89[—%2"~] [ﬁg—] s
q R Hoed e

where Ti.q1s the pedestal height in units of keV, By is
the magnetic field, g is the safety factor, Ay is the
average hydrogenic ion mass, R is the major radius,
occ is the normalized critical pressure gradient of the
ballooning modes, n,.q4;19 is the electron density at the
top of the pedestal in units of 10" m™ and s is the
magnetic shear. The detailed development of this
model can be found in Ref. [11]. For the density at the
top of the pedestal is calculated using the fellowing
formula:

Noq =0.71n, 2)

where n,.q 15 the pedestal density and », i5 the line
average density. 1t is worth noting that the values at
the top of the pedestal are crucial for the prediction
since it was found in both experimental and theoretical
work that the performance in H-mode depends
sensitively on the pedestal height.

Table 1: The basic parameters for ITER design

Parameters Values
Major radius 6.2 m
Minor radius 2.0m
Plasma current 15 MA
Toroidal magnetic field | 53T
Auxillary power 40 MW

Simulation of ITER is carried using BALDUR
integrated predictive modeling code with parameters
described in Table 1. Figure 2 shows the temperature
and density profiles as a function of major radius at
the end of the ITER simulation at 300 s. The values of
temperature and density at the edge of the simulation
are given by the pedestal models. It is found that the
pedestal temperature in ITER is close to 3 keV and the
pedestal density is about 0.7x10%° m™. The steep



gradient region of the H-mode pedestal lies outside the
simutation. It can be seen in figure 2 that the density
profile in ITER is relatively flat, with a small region
with a relatively steep density gradient near the edge
of the simulation. Also, it can be seen in figure 2 that
the central electron and ion temperatures are about 20
keV, where the central electron temperature is
somewhat higher than the central ion temperature due
to the fact that the fast alpha particles produced by
fusion reactions heat the electrons more than the ions,

Normally, the performance of fusion reaction can be
calculated in term of fusion @, which can be expressed
as

Output energy

Fusion Q = (4)

Input energy
Based on these profiles from BALDUR predictions,
the performance of ITER can be calculated. The total
nuclear fusion power production of ITER is found to
be close to 400 MW, which results in the fusion Q of
10.6.
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Figure 2: Profiles as a function of major radius for the
ion temperature (top panel), electron temperature
{middle panel), and electron density (bottom panel)
for the ITER simulation at 300 s.

4. ITER simulations using JETTO code

The 1.5 D JETTO transport code is used 1o evolve
the plasma current, temperatures, and density profiles
throughout the plasma, including both the core and
pedestal regions. The core transport is calculated using
the mixed Bohm/gyro-Bohm model [12] together with
the NCLASS neoclassical model [13]. For the pedestal

region, two assumptions are applied in this work. One
assumption is that of the pedestal width which is fixed
equal to & cm. The second assumption is that the
anomalous turbulent transport is completely
suppressed by the flow shear in the region between the
top of the pedestal and the separatrix, resuiting in the
establishment of a steep gradient region. In the
pedestal regiont prier to an ELM crash, transport is
computed by taking all the diagonal elements of the
fransport matrix within the pedestal equal to the ion
neoclassical thermal conductivity, calculated at the top
of the pedestal using NCLASS.

Figure 3 shows the temperature and density profiles
as a function of minor radius at the time before an
ELM crash of the ITER simulation when the profiles
reach steady state. It can be seen the steep gradient
region of the H-mode pedestal lies near the edge of the
simutation, which is called the pedestal. It is also
found that the temperature at the top of the pedestal in
ITER is close to 5 keV and the density at the top of
the pedestal is 1.0x10°° m™, It can be seen in figure 3
hat the density profile in ITER is relatively flat, with a
small region with a relatively steep density gradient
near the edge of the simulation. This cbservation is
similar with the ITER prediction from BALDUR
code. Also, it can be seen in figure 3that-the central
ton and electron temperatures are about 20 and 30
keV, respectively, Based on these profiles from
JETTO predictions, the total nuclear fusion power
production of ITER is found to be close to 700 MW,
which results in the fusion Q of 16.6.
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Figure 3: Profiles as a function of minor radius for the

Ion and electron temperature (top panel} and electron
density (bottom panel) for the JTER simulation before
an ELM crash when the profiles reach steady state.

1t can be seen that the fusion Q increases from 10.6
in BALDUR simulation to 16.6 in JETTO simulation.
The nuclear power production increases more than
50%. This increase is mainly a result of higher
pedestal value, In BALDUR code, the top of the
pedestal temperature is found to be about 3 keV;
whereas it is found to be about 5 keV in JETTO



simulation. The higher pedestal value in JETTO
simulation can be explained by access to second
stability effect of bailooning mode, which did not
include in BALDUR simulation,

5. Conclusions

Self-consistent simulations of ITER have been
carried out using the BALDER and JETTO-integrated
modeling codes in which theory-motivated models are
used for both core and edge transport. The flat density
and peak temperature profiles are found from both
codes, It is found that the fusion performance,
" expressed in term of fusion Q, is found to be
optimistic. The pedestal prediction plays important
role in the predictions,
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