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Self-consistent simulations of the International Thermonuclear Experimental Reactor �ITER� �R.
Aymar, P. Barabaschi, and Y. Shimomura, Plasma Phys. Controlled Fusion 44, 519 �2002�� have
been carried out using the JETTO-integrated modeling code in which theory-motivated models are
used for the H-mode pedestal and for the stability conditions that lead to the edge-localized mode
�ELM� crashes. Transport is described by combining the anomalous mixed Bohm/gyro-Bohm model
�M. Erba, A. Cherubini, V. V. Parail, and A. Taroni, Plasma Phys. Controlled Fusion 39, 261 �1997��
with the NCLASS neoclassical transport model �W. A. Houlberg, K. C. Shaing, S. P. Hirshman, and
M. C. Zarnstorff, Phys. Plasmas 4, 3231 �1997�� in the core region, while only neoclassical
transport is used 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. The equilibrium and magnetohydrodynamics �MHD�
stability analyses codes, HELENA and MISHKA �A. B. Mikhailovskii, G. T. A. Huysmans, S. E.
Sharapov, and W. Kerner, Plasma Phys. Rep. 23, 713 �1997��, are used to evaluate the edge stability
of the plasma just prior to an ELM crash in order to calibrate and confirm the validity of the stability
criteria used to trigger ELMs in the JETTO simulations. It is found that the simulation of the ITER
baseline case yields a fusion Q of 16.6, with the electron and ion temperatures at the top of the
pedestal of 4.4 and 4.9 keV, respectively. The high values of the pedestal temperature result from
access to the second stability region of the ballooning mode. Simulation sensitivity studies are
carried out by varying parameters such as the auxiliary heating power and the width of the pedestal.
When the auxiliary heating power is turned off, it is found that significant fusion power is sustained
and that access to ballooning mode second stability is maintained. © 2005 American Institute of
Physics. �DOI: 10.1063/1.2007547�
I. INTRODUCTION

High-confinement mode �H-mode� discharges in toka-
maks provide good energy confinement and have acceptable
particle transport rates for impurity control. Because of these
properties, H-mode is one of the scenarios that will be used
in burning plasma experiments such as the International
Thermonuclear Experimental Reactor �ITER�.1 However,
H-mode discharges are often perturbed by quasiperiodic
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%.2 Further-
more, these transient bursts of energy and particles into the
scrape-off layer produce high-peak heat loads on the divertor
plates. On the other hand, the ELMs remove heat and par-
ticles, including impurities, from the region near the separa-
trix. ELMs also play an essential role in the control of the
pedestal height in H-modes, and it has been shown both in

experiments and in simulations that the parameters at the top
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of the pedestal have a strong influence on the performance of
H-mode discharges.3–6 Consequently, the production of fu-
sion power in ITER is expected to depend sensitively on the
behavior of ELMs.

In recent ITER studies, simulations have been carried
out to predict the performance of ITER using several inte-
grated modeling codes, such as BALDUR,7 XPTOR,8 and
ASTRA.9 The BALDUR simulations for ITER were carried out
from the center of the plasma to the top of the pedestal with-
out including the effect of ELM crashes.10 The temperature
at the top of the pedestal, Tped, is one of the boundary con-
ditions required in BALDUR H-mode simulations. In Ref. 10,
Tped was calculated using a simple pedestal temperature
model in which the pressure gradient is limited by the first
ballooning stability and the pedestal width is based on mag-
netic shear and flow shear stabilization.11 A similar treatment
for the boundary conditions is used in the ITER simulations
with the XPTOR code.5 The simulations of ITER carried out
using the BALDUR code and the XPTOR code do not include
the effect of ELMs. Somewhat more advanced simulations of

12
ITER have been carried using the ASTRA code. In these
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simulations, the pedestal is produced by E�B shear and
magnetic shear stabilization, and a simple model of ELMs,
based on the pressure-driven ballooning mode, is employed
to simulate the effect of ELMs in a time-averaged fashion.
However, the ELM model that was used did not include trig-
gering of ELMs resulting from current-driven peeling
modes. Simulations carried out using the ASTRA code
yielded, for JET and ASDEX-Upgrade ELMy H-mode dis-
charges, temperature profiles similar to the experimental pro-
files, and, for ITER, values of fusion Q in the range of 12–
16.

In this paper, self-consistent simulations of the standard
H-mode ITER scenario are carried out using the JETTO mod-
eling code13 in which theory-motivated models are used for
the H-mode pedestal and for the stability conditions that lead
to the ELM crashes. Transport is described by combining the
anomalous mixed Bohm/gyro-Bohm model13 with the
NCLASS neoclassical transport model.14 In the pedestal re-
gion, which is assumed to extend 6 cm inside the
separatrix—thus the top of the pedestal is located approxi-
mately at the radius �=0.95—in the baseline case, the
anomalous transport is completely suppressed and, conse-
quently, the neoclassical transport dominates. The reduction
of transport within the pedestal region results in a steep pres-
sure gradient at the edge of the plasma, which, in turn, pro-
duces a large bootstrap current density in the pedestal. The
steep edge pressure gradient and the large edge bootstrap
current can trigger either an unstable pressure-driven bal-
looning mode or an unstable current-driven peeling mode,
resulting in an ELM crash. In the simulations, an ELM crash
is triggered by a pressure-driven ballooning mode if, any-
where within the pedestal region, the pressure gradient ex-
ceeds the ballooning mode stability limit, or an ELM crash is
triggered by a current-driven peeling mode if the edge cur-
rent density exceeds the critical edge current density of the
peeling condition. These stability conditions are included in
the JETTO code. The equilibrium and MHD stability analyses
codes, HELENA and MISHKA,15 are then used to evaluate the
edge stability of the plasma just before an ELM crash in
order to calibrate and confirm the validity of the stability
criteria that are used to trigger ELMs in the JETTO simula-
tions. The stability analyses include infinite-n ideal balloon-
ing modes, finite-n ballooning modes, and low-n kink/
peeling modes.

H-mode simulations of JET discharges, using the same
transport modeling and the combination of pressure-driven
ballooning modes and current-driven peeling modes to trig-
ger ELM crashes described above, have been carried out for
a number of standard H-mode scenarios. The scans include a
triangularity scan,16 a power scan,17 and a gas-puffing scan.18

The simulations yielded temperature profiles that were in
reasonable agreement with experimental data and resulted in
a better understanding of the pedestal and ELMs in H-mode
plasmas.19,20

This paper is organized as follows. The transport code,
JETTO, and equilibrium and stability codes, HELENA and
MISHKA, are briefly described in Sec. II. ITER simulation
results and the associated stability analyses are presented in

Sec. III. The dependence of the value of fusion Q on the
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assumed width of the pedestal and on the heating power is
examined in Sec. IV and the test of self-sustained heating is
carried out in Sec. V. The conclusions are contained in Sec.
VI.

II. MODELING CODES

In this paper, simulations of an ITER scenario are carried
out using the predictive JETTO code and MHD stability
analyses are carried out using the HELENA and MISHKA

codes. These codes are described in this section.

A. The JETTO code

The 1 1
2D JETTO transport code is used to 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 model13 together with the NCLASS neoclassical
model.14 For the pedestal region, two assumptions are ap-
plied in this paper. One assumption is that of the pedestal
width which is fixed equal to 6 cm. �This assumption is re-
laxed in Sec. IV in order to examine the dependence of the
simulation results on pedestal width.� The second assumption
is that the anomalous turbulent transport is completely sup-
pressed in the region between the top of the pedestal and the
separatrix, resulting in the establishment of a steep gradient
region. In the pedestal region prior to an ELM crash, trans-
port is computed by taking all the diagonal elements of the
transport matrix within the pedestal equal to the ion neoclas-
sical thermal conductivity, calculated at the top of the ped-
estal using NCLASS.14 The use of constant ion neoclassical
diffusion in the pedestal region is based on the consideration
that since the pedestal width is usually of the order of the ion
orbit width �or banana width�, there is limited variation in the
neoclassical transport across the barrier. The boundary con-
ditions for the electron and ion temperatures and for the ion
density are imposed at the separatrix in the simulations. The
electron and ion temperatures at the separatrix are taken to be
20 eV, and the deuterium and tritium densities at the separa-
trix are assumed to be 3.5�1019 m−3. It is found that the
values used for the electron and ion temperatures at the sepa-
ratrix influence the time evolution of the ELMs, but do not
affect the overall confinement,16 particularly since strong gas
puffing was not used.18

In the JETTO simulations, the reduced transport within
the pedestal region results in the development of a steep
pressure gradient, which causes an increase in the bootstrap
current within the pedestal. The increase of edge pressure
gradient, and the associated increase in the edge current den-
sity, leads to a destabilization of either a pressure-driven bal-
looning mode21,22 or a current-driven peeling mode.23–25 The
resulting MHD instability triggers an ELM crash, which
causes a loss of plasma energy and particles to the wall.

The criterion used in the JETTO simulation for an ELM
crash triggered by a pressure-driven ballooning mode is that
the normalized pressure gradient, �, anywhere within the
pedestal exceeds the critical value of the normalized pressure

gradient, �c:
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where �c is a prescribed number that is calibrated employing
the stability analyses carried out using the HELENA and
MISHKA codes. Note that the notation and units used in this
paper are described in Table I. The criterion for an ELM
crash triggered by a current-driven peeling mode is that the
edge current density exceeds a critical current density. This
critical current density model is based on an analytical ex-
pression developed in Ref. 23. For axisymmetric toroidal
geometry, the current-driven peeling instability condition is

�1 − 4DM + Cvac � 1 +
1

�q�
� �0j�BT

R2Bp
3 dl , �2�

where DM is the Mercier coefficient, which is proportional to
the pressure gradient; Cvac is a parameter related to the
vacuum energy, which is taken to be 0.2 for the baseline
simulations in this study; q� is the derivative of the safety
factor with respect to the poloidal flux; j� is the current den-
sity parallel to the magnetic field B; R is the major radius; Bp

is the poloidal magnetic field; and dl is the poloidal arc-
length element for the integral around a flux surface. Accord-
ing to Ref. 23, all parameters in Eq. �2� are evaluated at the
plasma edge. However, in this work, an average peeling cri-
terion over a width of 1 cm inside the separatrix is used to
prevent unnecessary ELM crashes due to minor plasma pro-
file fluctuations. Note that the edge plasma profiles before an
ELM crash are then evaluated using stability analysis codes,
HELENA and MISHKA, in order to validate the ELM criteria in

TABLE I. Notation used in this paper.

Symbol Units

a m

r m

R m

	




BT Tesla

Ip MA

AH amu

Zeff

nl 1019 particles/m3

Wped MJ

Te,ped keV

ne,ped 1019 particles/m3

n̄20 1020 particles/m3

PNBI MW

p Pa

q

�

�0 H m−1

�

�c
these simulations. The stability analyses using HELENA and
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MISHKA are carried out from the normalized radius �=0.9 to
the edge of the plasma ��=1.0�.

When the condition for an ELM crash is satisfied in the
JETTO simulation, either by the pressure-driven ballooning
mode criterion �Eq. �1�� or by the current-driven peeling
mode criterion �Eq. �2��, an ELM crash is produced as fol-
lows: The diagonal transport coefficients for electron and ion
thermal transport within the pedestal are temporarily in-
creased to 300 times the ion neoclassical diffusivity at the
top of the pedestal, while the particle transport coefficients in
the pedestal are increased to 100 times the ion neoclassical
diffusivity at the top of the pedestal. Since the theoretical
modeling of the transport multiplication factors is not fully
developed, the choice for the transport multiplication factors
was taken from the simulations of the JET experiments,
which reproduce in the simulations the values of the JET
experimental ELM frequency and the plasma energy
content.16–18 The increased levels of transport are maintained
for a time interval �ELM=0.5 ms, which is of the order of a
typical type-I ELM crash duration in JET. The large increase
of the transport within the pedestal leads to a rapid loss of
particles and energy. A wide range of H-mode simulations
have been carried out using this ELM crash treatment, and it
has been demonstrated that these simulations reproduce the
plasma profiles in the corresponding JET discharges.16–18

B. MHD stability codes

In this paper, MHD stability analyses are carried out
using the HELENA and MISHKA codes.15 The HELENA code is
employed to compute the stability of infinite-n ideal balloon-

ription

a minor radius �half-width�
surface minor radius �half-width�
r radius to geometric center of each flux surface

a elongation

a triangularity

um toroidal magnetic field at R

a current

ogenic isotope mass

tive charge

average density

d energy in pedestal region

ron temperature at the top of the pedestal

ron density at the top of the pedestal

average electron density

Heating power

a pressure

factor

alized radius

eability of free space

alized pressure gradient

alized critical pressure gradient of ballooning mode
Desc

Plasm

Flux

Majo

Plasm

Plasm

Vacu

Plasm

Hydr

Effec

Line

Store

Elect

Elect

Line

NBI

Plasm

safety

Norm

Perm

Norm

Norm
ing modes and, based on the plasma profiles and equilibrium
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information generated by the JETTO code, produces an equi-
librium with the higher resolution that is needed for the
MISHKA code analyses. MISHKA is then applied to evaluate
the stability criteria for finite-n ballooning and low-n kink
�peeling� modes. In this study, the stability analysis carried
out with the MISKHA code is for modes with toroidal mode
number n=1 to n=14. Note that the version of the MISHKA

code used in this paper is based on the ideal MHD model.

III. SIMULATION RESULTS AND DISCUSSION

A. Baseline simulation

The ITER simulation is carried out for the baseline pa-
rameters shown in Table II using the JETTO code. The core
transport is calculated using the mixed Bohm/gyro-Bohm
transport model13 for the anomalous transport and the
NCLASS model14 for the neoclassical transport. The effect of
sawtooth oscillations, which periodically reduce the central
plasma profiles, is also included. For simplicity, it is assumed
that the mixing radius of each sawtooth oscillation extends
from the plasma center up to q=�2 radius and that each
sawtooth crash occurs every 10.0 s. The pedestal width � is
assumed to be equal to 6 cm in the baseline simulations.
Thus, the top of the pedestal is located at a normalized
radius of approximately �=0.95. There are a number of
pedestal width scalings proposed in the literature,
such as ���is

2,11,16,26 ��R��,11,27 and ����iRq,11 where
�i is the ion gyro-radius, s is the magnetic shear, � is the
normalized poloidal pressure, R is the major radius, and q is
the safety factor. For ���is

2, the ITER pedestal width is
approximately 5.0 cm; for ��R��, the pedestal width is
approximately 6.0 cm; and for ����iRq, the width is ap-
proximately 4.7 cm. In Sec. IV, the value of the pedestal
width is varied to study the sensitivity of the predicted fusion
power as a function of this parameter. It is assumed that the
effective charge Zeff is 1.4, which results from only carbon
impurity, and that the input power is equal to 40 MW. The
sensitivity of the performance of ITER to the level of input
power is examined in Sec. IV. The radiation profile is taken

TABLE II. The basic parameters of ITER design.

Physical quantity ITER

Major radius R �m� 6.2

Minor radius a �m� 2.0

Plasma current Ip �MA� 15.0

Toroidal magnetic field BT �Tesla� 5.3

Elongation at the separatrix 	x 1.85

Triangularity at the separatrix 
x 0.48

Average ion mass �amu� 2.5

	ne,20
 1.0

nG,20 1.2

	ne
 /nG 0.8

PNBI �MW� 33.0

PRF �MW� 7.0

Zeff 1.4
to be the same as in the JET discharge 52009. The ITER

oaded 25 Aug 2011 to 194.81.223.66. Redistribution subject to AIP lice
simulations are carried out for discharges with a 50:50 mix-
ing of deuterium and tritium.

Figure 1 shows the ion and electron temperatures and
electron density profiles at a time just prior to an ELM crash.
It can be seen that the central electron temperature is about
33.3 keV, while the central ion temperature is about
21.0 keV. The central electron temperature is higher than the
central ion temperature due to the alpha heating power pro-
duced by the fusion reactions. The central ion and electron
temperatures obtained in the ITER simulation carried out
using the JETTO code are higher than those obtained in the
corresponding simulation carried out using the BALDUR

code.10 The differences in the values of the central tempera-
tures in the JETTO and BALDUR simulations are due, in part,
to differences in the values of the temperatures at the top of
the pedestal. In the JETTO simulations, the ion and electron
pedestal temperatures prior to an ELM crash are approxi-
mately 4.9 and 4.4 keV, respectively, while in the BALDUR

simulations the corresponding pedestal temperatures are
2.7 keV.10 The temperature profiles in the type-I ELMy
H-mode plasma depend on the temperatures at the top of the
pedestal.3,4 The pedestal temperature model used in the BAL-

DUR code was derived based on the assumption that the ped-
estal pressure gradient is limited by the first-ballooning-
mode instability limit. In this study, however, it is found that
the ITER plasma obtains access to the ballooning-mode sec-
ond stability region, which results in a higher edge pressure
gradient and, consequently, a higher pedestal temperature.
Another difference between the JETTO simulations described
in this paper and those carried out previously with the BAL-

DUR code is that the mixed Bohm/gyro-Bohm core transport
model is used in the JETTO simulations, while the Multimode
�MMM95� core transport model was used in the BALDUR

simulations in Ref. 10. In addition to the ITER temperature
profiles, the simulated density profile is shown in Fig. 1 at a
time just prior to an ELM crash. It can be seen than the
density profile is relatively flat, which is similar to the den-
sity profile obtained in the ITER BALDUR simulations in Ref.

FIG. 1. Profiles for ion and electron temperatures �top� and electron density
�bottom� are shown as a function of normalized minor radius at a time just
prior to an ELM crash. In the upper panel, the solid line shows the ion
temperature and the dashed line shows the electron temperature.
10. Although the neoclassical transport model includes a par-
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ticle pinch �the Ware pinch�, the anomalous mixed Bohm/
gyro-Bohm transport model does not.

In the simulation shown in Fig. 1, the anomalous trans-
port is calculated using the mixed Bohm/gyro-Bohm trans-
port model. The mixed Bohm/gyro-Bohm transport model
has two components: the Bohm term �which is proportional
to the gyroradius� and the gyro-Bohm term �which is propor-
tional to the gyroradius squared�. The details of this transport
model can be found in Ref. 13. It is found in this simulation
that the gyro-Bohm term dominates over much of the
plasma. This result is opposite to the previous H-mode study
using the mixed Bohm/gyro-Bohm carried out by Hannum et
al.28 In that work, simulations were carried for 22 JET and
DIII-D H-mode discharges obtained from the International
Profiles Database.29 In those simulations, the transport was
dominated by the nonlocal Bohm term, in which the trans-
port throughout the plasma is proportional to a finite differ-
ence approximation to the edge temperature gradient. Hence,
in those simulations, the core transport depended somewhat
sensitively on the value of the pedestal temperature, Tped. In
the ITER simulations reported here, the transport across most
of the plasma is dominated by the gyro-Bohm term, which,
in the mixed Bohm/gyro-Bohm model, depends only on local
plasma parameters and is not very sensitive to the tempera-
ture gradient. As a result, the core transport model used in
this paper is only moderately sensitive to the value of Tped.
This will lead to an explanation given in Sec. IV for the
insensitivity of the fusion Q as a function of the value of
Tped.

Figure 2 shows the plasma current density and bootstrap
current density for outer half of the plasma �from �=0.5 to
�=1.0� at a time just prior to an ELM crash. It can been seen
that the current density is peaked at the edge of the plasma,
which is a consequence of the bootstrap current density. Be-
cause of the large edge current density, the magnetic shear
decreases to a relatively low value within the pedestal, which
can lead to a possible access to the second stability region of
ballooning modes. It is interesting to note that the bootstrap

FIG. 2. Profiles for plasma current density and bootstrap current density are
shown for the outer half of the plasma. These profiles are taken at the time
just prior to an ELM crash. The solid line indicates the total plasma current
density and the dashed line is the bootstrap current density.
current density within the pedestal is larger than the total
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plasma current density within the pedestal. This effect is
caused by the back EMF, which prevents the fast growth of
the plasma current density within the pedestal, while the
bootstrap current can grow rapidly as a consequence of the
pressure gradient. This effect has been observed and ex-
plained in a previous study using the JETTO code.17

The effects of ELM crashes are included in the JETTO

simulations presented in this paper. An ELM crash can be
triggered either by a pressure-driven ballooning mode or by a
current-driven peeling mode. The effects of ELM crashes on
the plasma stored energy and temperature are shown in Fig.
3. It is found that approximately 10% of stored energy at the
time just before an ELM crash �45 MJ� is lost during each
ELM crash. An ELM crash results in a decrease of plasma
pressure in the region between �=0.8 and �=1.0. Note that
the approximately 30% drop in central temperature at 20 s in
the middle panel of Fig. 3 is the result of a sawtooth crash,
not an ELM crash.

There are two types of auxiliary heating used in the
ITER simulation. The total amount of neutral beam injection
�NBI� heating power, PNBI, is 33 MW. The NBI heating pro-
files are calculated using the Pencil module �http://
adas.phys.strath.ac.uk� with a 1-Mev negative ion beam. The
NBI heating profiles for electrons and ions are shown in Fig.
4. Another source of auxiliary heating is the RF heating, PRF.
The total amount of RF heating power is 7 MW. The RF
heating profiles are taken from the JET high-performance
discharge 52009, although it is recognized that the physics of
RF heating might be different in the ITER plasma. Note that
Ohmic heating is small compared to other types of heating.
The alpha heating power, P�, is also shown in Fig. 4. It can
be seen that the alpha heating power, which is about
133 MW power, dominates over other types of heating and
the alpha heating power is peaked at the center of the plasma.
With this amount of alpha heating power, the fusion Q, de-

FIG. 3. The plasma stored energy �top panel�, the central temperatures
�middle panel�, and the pedestal temperatures �bottom panel� are plotted as
a function of time for the baseline ITER simulation. The electron tempera-
tures are plotted as dashed lines while the ion temperatures are plotted as
solid lines.
fined as Q�5P� / �PNBI+ PRF�, is about 16.6.
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B. Stability analysis

In order to check the validity of the analytical ballooning
stability criterion used in the JETTO code, the results of the
JETTO simulations are linked with the HELENA and MISHKA

MHD stability analysis codes. The HELENA code takes as
input the self-consistent equilibrium produced by the JETTO

code, that is, the pressure gradient and the current density
profiles, together with the corresponding magnetic configu-
ration, at a time just before an ELM crash occurs. The
HELENA code then refines the equilibrium in order to provide
the resolution required for the stability analysis. The refined
equilibrium is used in the HELENA code to generate a bal-
looning stability s-� diagram and is used in the MISHKA code
to evaluate the stability criteria for finite-n ballooning and
low-n kink/peeling modes. In this study, the stability analysis
is carried out in MISHKA for toroidal mode numbers in the
range of n=1–14. Note that the version of the MISHKA code
employed in this paper is based on the ideal MHD model
without dissipation or flow shear.

A stability analysis is carried out using the HELENA and
MISHKA codes to evaluate the edge stability at the time just
before an ELM crash. Figure 5 shows the stability s-� dia-
gram for the baseline ITER simulation. In the figure, the
stability s-� diagram is plotted for four flux surfaces within
the pedestal at �=0.95, 0.96, 0.97, and 0.98. The circle sym-
bol in each panel represents the location of the operational
point for the pressure gradient and magnetic shear at that flux
surface. The region of instability associated with the infinite-
n ideal ballooning modes is indicated with crosses, while the
numbers indicate the most unstable mode of finite-n balloon-
ing and low-n kink/peeling modes at each location on the
s-� plane.

It can be seen in Fig. 5 that there is a wide access to the
second stability region of ballooning modes. Note that the
operational point at each flux surface, indicated by the circle
symbol, is located at a value of alpha, the normalized pres-
sure gradient, which is significantly higher than the peak

FIG. 4. The alpha heating power density profile is plotted with a solid line
using the axis on the left, while the NBI heating power density to the ions
�dotted line� and electrons �dashed line� and the RF heating power density
�chained lines� are plotted using the axis on the right. In this simulation,
40 MW of auxiliary heating is used �33 MW of NBI heating power and
7 MW of RF heating power�. The alpha heating power from the fusion
reaction is about 133 MW.
value of alpha allowed by the first stability limit. The edge
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pressure gradient appears to be limited by an n=14 toroidal
mode. The access to the second stability is probably a result
of the strong shaping of the ITER plasma, particularly the
fact that the ITER plasma is designed to have a triangularity
of 0.48 at the separatrix. In the present-day experiments, evi-
dence of access to second stability in high-triangularity dis-
charges has been observed in a number of tokamaks, for
example, DIII-D,30–32 JET,16 JT-60U,32–34 and Alcator
C-Mod.35

IV. SENSITIVITY STUDIES

A. Variation of heating power

In Ref. 1, the scaling of the heating power required for
the transition from L-mode to H-mode, PL-H, is expressed as

PL-H�MW� = 2.84AH
−1BT

0.82n̄20
0.58R1.00a0.81, �3�

where n̄20 is the line average density in units of
1020 particles/m3. Based on Eq. �3�, the L-H transition
power required for ITER is about 48 MW. In the simulations
shown in Fig. 1, it is found that with the levels of 33-MW
NBI heating power, PNBI, and 7-MW RF heating power, PRF,
the total heating power, including the alpha heating power
�P�+ PNBI+ PRF�, is about 173 MW, which is well above the
heating power needed to make the transition from L-mode to
H-mode �PL→H�.

The simulations of ITER are carried with the auxiliary
heating power varied. The level of the total auxiliary heating
power is varied from 20 to 50 MW by increasing the NBI
heating power from 13 to 43 MW and keeping the RF heat-
ing fixed at 7 MW. It is found that with a total auxiliary

FIG. 5. Stability results obtained using the HELENA and MISHKA stability
codes are plotted on an s-� stability diagram at four surfaces within the
pedestal ���0.94� for the baseline ITER simulation. The region of instabil-
ity associated with the infinite-n ideal ballooning modes is indicated with
crosses. The numbers indicate the most unstable finite-n ballooning and low-
n kink/peeling modes at each location on the s-� plane. Higher mode num-
bers �n�10� correspond to finite-n ballooning modes. The region without
numbers or crosses is the region where all modes are stable.
heating power of 20 MW �13 MW of NBI and 7 MW of
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RF�, the ion temperature at the top of the pedestal is about
several hundreds of electron volts. This plasma is likely to be
in L-mode, rather than H-mode. The results of simulations
with a total auxiliary heating power of 30–50 MW are
shown in Fig. 6, where the average pedestal temperature and
average fusion Q at a time just before an ELM crash are
indicated for three values of the auxiliary heating power
�PNBI+ PRF�. The Ohmic heating power is omitted since it is
small compared to the auxiliary heating power. It can be seen
in Fig. 6 that as the auxiliary heating power increases, the
pedestal temperature remains almost constant. The constancy
of pedestal temperature with heating power is not surprising
since each sequence of ELM crashes in these simulations is
initially triggered by a ballooning mode and the ballooning
mode criterion in Eq. �1� is independent of heating power.
Consequently, the pressure gradient before an ELM crash is
the same in simulations with different levels of auxiliary
heating power. With a fixed pedestal width, this results in a
pedestal with a relatively constant pedestal temperature prior
to each ELM crash. It is found in these simulations that the
central ion temperature is nearly constant at 21 keV.

B. Variation of pedestal width

If the core transport model is stiff, the core profiles and
fusion performance Q depend on the values of temperature
and pressure at the top of the pedestal. One parameter that
controls the height of the pedestal is the width of the pedes-
tal. The scaling of the pedestal width is still unclear. Previous
experimental studies of pedestal scalings have found a range
of results for the pedestal width in various tokamaks.11 Some
studies have found a scaling consistent with a pedestal width
that is linearly proportional to the gyroradius.36–39 Earlier
JET results indicated a weaker scaling for the inferred ped-
estal width—with the pedestal width � scaling as �
�R��� /R��, where � is in the range of 1/2–2/3,40 R is the
plasma major radius, and �� is the poloidal ion gyroradius.
Some early studies from DIII-D indicated that it was hard to
distinguish between � /R� ��� /R�2/3 and � /R��

1/2 �where
� is the plasma pressure normalized by the poloidal mag-

FIG. 6. The pedestal temperature �top panel� and fusion Q �bottom panel�
are shown as functions of the auxiliary heating power.
netic pressure�, but later experiments with a pumped divertor

oaded 25 Aug 2011 to 194.81.223.66. Redistribution subject to AIP lice
were able to reduce the correlation between density and
plasma current, and they supported a pedestal width scaling
� /R��

1/2.27 It is found that the pedestal width scalings in
Ref. 11 yield a pedestal width in ITER in the range of
4.7–6.0 cm �5.0 cm with ���is

2, 6.0 cm with ��R��,
and 4.7 cm with ����iRq�.

Simulations of ITER are carried out using the mixed
Bohm/gyro-Bohm anomalous transport model in the JETTO

code in which the value of the pedestal width is varied from
1 to 8 cm. In this scan, the NBI heating power and RF heat-
ing are held fixed at 33 and 7 MW, respectively. In Fig. 7,
results from these simulations are shown with solid lines for
the average pedestal temperature and the fusion Q at the time
just before an ELM crash, plotted as functions of the pedestal
width. It can be seen that the pedestal temperature and the
fusion Q both increase significantly as the pedestal width
increases. The dashed line in the bottom panel in Fig. 7
shows the fusion Q that is predicted using the Multimode
anomalous transport model in the BALDUR code.10 In the
BALDUR simulations, the temperature at the top of the ped-
estal is used as the boundary condition at the edge of the
plasma, and ELM crashes are not simulated. It is assumed
that the temperature at the top of the pedestal, which is
shown in the top panel of Fig. 7, is almost independent of the
anomalous transport model that is used in the plasma core,
since the time evolution of Tped in the model used here de-
pends only on the width of the pedestal, the neoclassical
transport at the top of the pedestal, and the MHD instability
condition that triggers each ELM crash.

In these simulations, it is also found that the energy loss
due to an ELM crash depends on the width of the pedestal. In
simulations with a pedestal width of 2, 4, 6, and 8 cm, the
energy loss during each ELM crash is about 21, 39, 45, and
64 MJ, respectively, which corresponds to 7%, 10%, 11%,
and 13% of the total plasma energy just before the ELM
crash.

V. TEST OF SELF-SUSTAINING HEATING

It is useful to study the issue of self-sustained heating
�ignition� in ITER. Does the ITER discharge continue to pro-

FIG. 7. The pedestal temperature and fusion Q are plotted as functions of
the pedestal width for JETTO simulations using the mixed-Bohm/gyro-Bohm
transport model �solid line� and corresponding BALDUR simulations using the
Multimode transport model �dashed line in bottom panel�.
duce a large amount of fusion power after the auxiliary heat-
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ing power is turned off? The JETTO code is used to carry out
simulations with the 40-MW auxiliary heating power turned
off at 30 s. In this simulation, the pedestal width is held fixed
at 6 cm. The time history of NBI, RF and alpha power �top
panel�, thermal energy �middle panel�, and central and ped-
estal temperatures �bottom panel� are shown in Fig. 8. It can
be seen that after the auxiliary heating is turned off, the
central ion temperature decreases only slightly, which results
in a small reduction in the alpha power. On the other hand,
the pedestal ion temperature remains almost constant, while
the ELM frequency decreases by more than a factor of 2. The
fusion reactions are sustained at a level of about 100 MW of
alpha power.

Figure 9 shows the ion and electron temperature profiles
at a time just prior to an ELM crash before and after the
auxiliary power is turned off. It can be seen that the central
ion and electron temperatures at a time after the auxiliary

FIG. 8. In the top panel, the time history of the NBI heating �dashed line�,
RF heating �dotted line�, and alpha power heating �solid line� are shown.
The auxiliary heating was turned off at 30 s. In the middle panel, the time
history of the stored energy is shown. In the bottom panel, the time history
of the central ion temperature �solid line� and the pedestal ion temperature
�dashed line� are shown. The central ion temperature decreases slightly after
the auxiliary heating is turned off, while the pedestal ion temperature re-
mains almost constant.

FIG. 9. Profiles for the ion and electron temperatures are shown at the time
just prior to an ELM crash. The solid line is at a time when the auxiliary
heating is on, while the dashed line is at a time after the auxiliary heating is

turned off.

oaded 25 Aug 2011 to 194.81.223.66. Redistribution subject to AIP lice
heating is turned off are only slightly lower than that before
the auxiliary heating is turned off. The electron and ion ped-
estal temperatures remain almost the same.

A stability analysis is carried out using the HELENA and
MISHKA codes to evaluate the edge stability at a time just
before an ELM crash for the ITER simulation after the aux-
iliary heating power is turned off. In Fig. 10, the stability s
-� diagram is plotted for the �=0.95, 0.96, 0.97, and 0.98
flux surfaces within the pedestal. It can be seen that the
plasma still has access to the second stability region of bal-
looning modes, which is similar to the result before turning
off the auxiliary heating power. The edge pressure gradient
appears to be limited by an n=14 toroidal mode.

VI. CONCLUSION

Self-consistent simulations of ITER have been carried
out using the JETTO-integrated modeling code in which
theory-motivated models are used for the H-mode pedestal
and for the stability conditions that lead to the ELM crashes.
In these simulations, ELM crashes appear as a sequence of
ELM crashes, in which the first ELM crash is triggered by a
pressure-driven ballooning mode and the rest are triggered
by a current-driven peeling mode. It is found that the base-
line simulation of the ITER design yields a fusion Q of 16.6,
with the pedestal height about 5 keV. The high value of the
pedestal temperature results from access to the second stabil-
ity of ballooning mode. The fusion Q decreases as the aux-
iliary heating power increases. Also, the fusion Q decreases
as the width of the pedestal decreases. It is found in the
simulations that the ITER plasma can sustain alpha power
production and access to the second stability of ballooning

FIG. 10. Stability results obtained using the HELENA and MISHKA stability
codes are plotted on an s-� stability diagram with flux surfaces ranging from
�=0.95 �top of the pedestal� to �=0.98 for the ITER simulation after the
auxiliary heating power is turned off. The details of the stability diagram can
be found in the caption of Fig. 5.
modes after the auxiliary heating power is shut down.
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