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Predictive simulations of ITER �R. Aymar et al., Plasma Phys. Control. Fusion 44, 519 �2002��,
discharges are carried out for the 15 MA high confinement mode �H-mode� scenario using PTRANSP,
the predictive version of the TRANSP code. The thermal and toroidal momentum transport equations
are evolved using turbulent and neoclassical transport models. A predictive model is used to
compute the temperature and width of the H-mode pedestal. The ITER simulations are carried out
for neutral beam injection �NBI� heated plasmas, for ion cyclotron resonant frequency �ICRF�
heated plasmas, and for plasmas heated with a mix of NBI and ICRF. It is shown that neutral beam
injection drives toroidal rotation that improves the confinement and fusion power production in
ITER. The scaling of fusion power with respect to the input power and to the pedestal temperature
is studied. It is observed that, in simulations carried out using the momentum transport diffusivity
computed using the GLF23 model �R. Waltz et al., Phys. Plasmas 4, 2482 �1997��, the fusion power
increases with increasing injected beam power and central rotation frequency. It is found that the
ITER target fusion power of 500 MW is produced with 20 MW of NBI power when the pedestal
temperature is 3.5 keV. © 2008 American Institute of Physics. �DOI: 10.1063/1.2931037�

I. INTRODUCTION

Simulations of ITER discharges, which have been car-
ried out using a variety of integrated modeling codes �see,
for example, Refs. 1–10�, have predicted a wide range in the
fusion performance for ITER. One of the factors contributing
to the prediction of the wide range in ITER performance is
the stiffness of the anomalous transport model used in the
simulations. �Stiffness refers to the rapid growth of the drift-
wave turbulence transport with increasing temperature gradi-
ents above a threshold temperature gradient.� Transport
driven by drift-wave turbulence, which accounts for most of
the anomalous thermal transport observed in present day ex-
periments, has been included in the simulations using differ-
ent anomalous transport models such as the GLF23,5,11

MMM95,12 Weiland,13 and mixed Bohm/gyro-Bohm14 trans-
port models.

Previously, simulations of similar discharge scenarios
were carried out and compared using different transport
models in different integrated modeling codes �see, for ex-
ample, Refs. 2 and 3�. It is demonstrated in Ref. 2 that dif-
ferences in transport model stiffness could explain the dis-
agreement between results obtained with the XPTOR code,15

using the GLF23 model, and results obtained with the
BALDUR code,16 using the MMM95 model. However, in gen-
eral, it is difficult to assess the cause of the wide range of
predictions for ITER performance when the simulations are
carried out in different transport codes using different trans-
port models, different heating sources, and different models
for various physical phenomena. For instance, in Ref. 1,
ITER simulations were carried out using the MMM95 trans-
port model in the BALDUR code with prescribed auxiliary
heating profiles, but with self-consistently evolving tempera-

ture, density, and current profiles. In Ref. 5, ITER simula-
tions were carried out using the GLF23 transport model in
the XPTOR code with the same prescribed auxiliary heating
profiles used in Ref. 1 but without self-consistently evolving
the current density and particle density profiles. In Ref. 4,
ITER simulations were carried out using the mixed Bohm/
gyro-Bohm transport model in the JETTO code with heating
profiles computed with the PENCIL code.17 Furthermore, as a
consequence of the transport model stiffness, different pre-
dictions for the fusion performance of ITER are obtained
with different models for the temperature at the top of the
H-mode pedestal.

A recent predictive simulation study8 has focused on un-
derstanding hybrid and steady-state operating regimes in
ITER. In another recent paper,9 the performance of an ITER
inductive H-mode scenario is modeled, with a particular em-
phasis on variations in auxiliary heating as well as reduced
performance regimes. Some of the reduced performance re-
gimes considered in Ref. 9 are plasmas with only hydrogen
or only deuterium ions, as well as discharges with reduced
toroidal field, heating power, or beam voltage.

In the present work, simulations of 15 MA H-mode dis-
charges are carried out using the GLF23 and MMM95
anomalous transport models in the PTRANSP code, the predic-
tive version of the TRANSP

18 code, which has been validated
extensively in the analysis of experimental data. The
PTRANSP code is used to compute the evolution of the tem-
perature, toroidal rotation, current density profiles, and fu-
sion performance using a choice of models for the magnetic
equilibrium, density, sawtooth oscillations, neoclassical and
anomalous transport, and the width and height of the
H-mode edge pedestal. Objectives of the present work in-
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clude direct comparison of ITER simulations obtained using
the GLF23 or MMM95 anomalous transport models in the
same code and examining the dependence of ITER perfor-
mance on the source of plasma heating as well as on the
choice of model for the width and height of the H-mode edge
pedestal.

The models and simulation method used to carry out the
predictive ITER simulations using the PTRANSP code are pre-
sented in Sec. II. The computation of density profiles is de-
scribed in Sec. II A, the computation of temperature profiles
in Sec. II B; and the computation of the toroidal rotation
profile in Sec. II C. In Sec. III, the models and simulation
method described in Sec. II are used to predict the fusion
performance in ITER under a variety of conditions. In Sec.
III A, ITER plasma profiles and fusion performance are pre-
dicted in simulations using 30 MW of NBI or 30 MW of
ICRF power, and in Sec. III B, the fusion performance of
ITER is examined using different mixes of the amount of
NBI or RF heating. Transient changes in the plasma profiles
caused by sawtooth oscillations are described in Sec. III C,
and results associated with different edge pedestal tempera-
tures are presented in Sec. III D.

In Sec. III E, the projected toroidal rotation of ITER in
NBI heated discharges is modeled self-consistently with the
evolution of the temperature, the helium ash build-up, and
the current density. These evolving profiles can affect the
neutral beam heating and torque profiles. Although toroidal
rotation might significantly affect the performance of ITER,
toroidal rotation has received less attention than the effects
associated with profile stiffness and pedestal temperature. In
tokamak plasmas, the toroidal rotation drives a radial electric
field that can stabilize the drift-wave turbulence.19 Simula-
tions of tokamak discharges, with momentum transport in-
cluded, have been carried out with the GLF23 model in Ref.
5. In addition, the GLF23 model for toroidal rotation has
been tested against experimental data from Joint European
Torus20 �JET� discharges in JETTO simulations, in which the
torque was computed using the PENCIL code �see Ref. 21�.
The toroidal rotation velocity of ITER was modeled in Ref. 7
with the XPTOR code, but the magnetic equilibrium and the
torque sources were fixed input quantities. In Sec. IV, the
results associated with the ITER simulations described in
this paper are summarized.

II. SIMULATION PROTOCOL AND PREDICTIVE
MODELS IN THE PTRANSP CODE

In this section, the protocol for carrying out ITER simu-
lations and some of the predictive models used in the
PTRANSP code are briefly described. Simulations are carried
out for a 15 MA H-mode discharge scenario that involves a
current, density, and magnetic field strength ramp-up during
the first 150 s followed by quasisteady-state conditions dur-
ing the following 350 s. The following plasma parameters
remain constant during the quasisteady-state stage of the dis-
charge: Major radius R=6.20 m; minor radius a=2.0 m;
vacuum toroidal magnetic field BT=5.3 T �specified at
R=6.2 m�; total current I=15 MA; elongation �=1.85, and
triangularity �=0.5, specified at the separatrix.

Relative to the TRANSP analysis code, the PTRANSP code
includes enhanced predictive capabilities such as:

• A model to predict the height and width of the H-mode
pedestal.

• Upgraded steering capabilities for predictive modeling, so
that switches related to predictive modeling can be modi-
fied upon simulation abort and restart.

• Implementation of the Porcelli model for sawtooth trigger-
ing and profile mixing.22

• Implementation of a numerical scheme that improves the
numerical stability of the solution of stiff transport equa-
tions.

• Upgraded NBI and RF heating and current drive sources.
In particular, PTRANSP now includes a source equilibration
module that “freezes” the heating and current drives if they
have stopped evolving or if they evolve very slowly.

• Upgraded equilibrium solvers.
• Addition of a new Weiland model to compute thermal,

particle, and momentum diffusivities due to the ion tem-
perature gradient and trapped electron mode �ITG/TEM�
turbulence.

• Computation of toroidal rotation using the toroidal mo-
mentum diffusivity predicted by either the GLF23 model
or the Weiland model.

Of particular interest for the ITER simulations presented here
is the implementation of the pedestal model, which is de-
scribed in Sec. II B, and the computation of toroidal momen-
tum transport, which is described in Sec. III C.

The magnetic equilibrium is computed using the ESC

code.23 Sawtooth crashes are assumed to occur with a pre-
scribed period of 5 s. The plasma profiles are mixed after
every sawtooth crash, using a density matching method that
is similar to the typical Kadomtsev mixing criterion,24 result-
ing in flat plasma profiles within the sawtooth mixing region.
Profile mixing is carried out for the following profiles: elec-
tron temperature Te, ion temperature Ti, toroidal rotation fre-
quency ��, electron density ne, ion density nk �including
impurities, minority ions, fast ions, and helium ash�, and
current density. The evolution of density, temperature, and
toroidal rotation profiles are, respectively, described below in
Secs. II A–II C.

A. Computation of density profiles

The electron density profiles are prescribed as a function
of time. The prescribed profiles are shown in Fig. 1 at
t=1 s �dotted line�, t=50 s �dashed line�, t=100 s �dash-
dotted line�, and at t=150 s �solid line�. The profiles are
almost completely flat in the plasma core, with a narrow and
steep gradient near the edge. The effective charge is specified
as Zeff=1.55. The density of helium-4 nuclei resulting from
fusion reactions is evolved using a prescribed anomalous dif-
fusivity and a prescribed convective velocity. The additional
impurity is taken to be boron �Z=5� with an atomic weight
of 10 amu. The density for two hydrogenic species, deute-
rium and tritium, are obtained from an algorithm that in-
cludes enforcing the quasineutrality condition
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ne = �
k

Zknk, �1�

where ne is the electron density, Zk are the ion charges, and
nk are the ion densities. The sum over the ionic densities nk

includes the densities of the main ion species �deuterium and
tritium�, the density of the helium nuclei, resulting from fu-
sion reactions, as well as the densities of the other nonther-
mal ions such as the minority ion heating species and fast
ions associated with the neutral beam heating.

B. Computation of temperature profiles

The temperature profiles are evolved self-consistently in
PTRANSP using either the MMM95 model or the GLF23
model for anomalous thermal transport, using the NCLASS
model for neoclassical transport,25 and using auxiliary heat-
ing and fusion thermal sources. In the simulations, the aux-
iliary heating power is driven by either ion cyclotron reso-
nant frequency heating �ICRF� or neutral beam injection
�NBI� heating. Heating power is injected from 50 to 500 s.
The ICRF power deposition profiles are computed using the
SPRUCE code,26 and the NBI power deposition and current
drive profiles are computed with the NUBEAM code.27,28

Deuterium-tritium fusion reactions contribute additional
heating power, most of which is absorbed by the electrons.
The thermalization of fast alpha particles is computed using
a Monte Carlo method with 8000 particles.

The fusion power obtained in the simulations depends
primarily on the model used for anomalous thermal transport
and on the model used for the pedestal temperature. Since
the thermal confinement of H-mode plasma discharges im-
proves with increasing pedestal temperature, the pedestal
temperature used as a boundary condition for the tempera-
ture profiles is an important factor in predicting the fusion
performance of ITER. In Sec. II B 1 below, the procedure
used to compute anomalous thermal transport in the simula-
tions is discussed, and in Sec. II B 2, the PEDESTAL module,

which is used to compute the width and the temperature at
the top of the H-mode pedestal in the ITER simulations, is
described.

1. Anomalous thermal transport

The thermal diffusivity due to anomalous transport is
computed using either the MMM95 model or the GLF23
model. The MMM95 model is a combination of theory based
models. The largest contribution to core thermal transport in
the MMM95 model is the transport resulting from the drift-
wave turbulence associated with the ion temperature gradient
and trapped electron modes �ITG/TEM� as described in the
1995 Weiland model.12 This model includes physical effects
due to finite beta, magnetic shear, electron-ion collisions, im-
purities, and fast ions.

The GLF23 model11 computes transport due to ITG,
TEM, and electron temperature gradient �ETG� driven turbu-
lence, including physical effects for finite beta, Shafranov
shift stabilization, magnetic shear, electron-ion collisions,
impurities, and fast ions.

The GLF23 model is derived from nearly the same fun-
damental fluid equations as the Weiland model, but GLF23
includes a gyro-fluid resonance in the closure of the heat flux
equation. The Weiland model and the GLF23 models can be
described as critical gradient models, i.e. the drift-wave tur-
bulence drives transport only when the normalized tempera-
ture and density gradients increase above a threshold. The
effective diffusivity increases rapidly above the threshold,
and, therefore, the models are usually described as stiff. The
GLF23 and MMM95 models are described in greater detail
in Refs. 11 and 12.

In MMM95 and GLF23, the turbulence stabilization ef-
fect due to sheared flows is approximated by subtracting the
E�B shearing rate �E�B from the growth rates of the drift
mode instabilities. Sheared flows are driven by the diamag-
netic flow, the toroidal flow, and the poloidal flow. In the
simulations involving only ICRF heating, the E�B shearing
rate due to rotation is associated with only the diamagnetic
and poloidal flow since ICRF does not drive toroidal flow in
these simulations. The GLF23 model computes the axisym-
metric �E�B internally, and then multiplies these rates by a
calibration constant �E=1.35 �see Refs. 5 and 29�. Note that
the flux-surface average of �E�B, which is used in the
GLF23 model, can be larger than �E�B at the outboard mid-
plane, which are the values used in the MMM95 model.

The thermal diffusivities computed with the MMM95
and GLF23 models are used to evolve the temperature pro-
files from the magnetic axis to the edge of the plasma. Dur-
ing the H-mode stage of the discharge, the thermal diffusivi-
ties are used from the magnetic axis to the top of the edge
pedestal. The H-mode pedestal model, which is used to pro-
vide the edge boundary condition, is described in the subsec-
tion below.

0 0.2 0.4 0.6 0.8 1
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0.3
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n e

[1
.0

E
20

m
-3

]
t = 1 sec
t = 50 sec
t = 100 sec
t = 150 sec

FIG. 1. Electron density profiles are shown as a function of � at t=1 s
�dotted line�, t=50 s �dashed line�, t=100 s �dot-dashed line�, and t=150 s
�solid line�.
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2. Edge pedestal temperature and width

The temperature and width of the H-mode edge pedestal
in the ITER simulations are computed using the PEDESTAL

module.30 The width of the pedestal wped is determined using
a mix of magnetic shear and flow shear and can be expressed
as

wped = CW�ss
2, �2�

where CW=2.42 is a calibration constant, �s is the gyrora-
dius, and s is the magnetic shear s= �r /q��dq /dr�, where q is
the magnetic safety factor. Since q is singular at the separa-
trix, the magnetic shear at the pedestal is estimated using an
approximation for q given by

q = �0.85a2BT

IR
�

�� �1 + �95
2 �1 + 2�95

2 − 1.2�95
3 ���1.17 − 0.65a/R�

�1 − �a/R�2�2 	
�
�1 + � r

1.4a
�2	2

+ 0.27��ln�1 − r/a���� , �3�

where a is the minor radius, R is the major radius, r is the
minor radius to the top of the pedestal, BT is the toroidal
magnetic field in tesla, �95 is the plasma elongation at 0.95a,
�95 is the plasma triangularity at 0.95a, and I is the plasma
current in mega-amperes.

The pressure gradient is assumed to be constant in the
pedestal region of steep density and temperature gradients.
Furthermore, it is assumed that the critical pressure gradient
is limited by the first stability limit of the magnetohydrody-
namic �MHD� ballooning mode, and consequently related to
the critical MHD ballooning parameter �c by the expression

�c 
2�0Rq2

BT
2 �dp

dr
�

c
= 0.4s�1 + �95

2 �1 + 5�95
2 �� , �4�

where q and s are evaluated using Eq. �3� and its first radial
derivative. The pedestal temperature, Tped is obtained using
the relationship p=nT together with Eq. �4�:

Tped = 0.323CW
2 �BT

q2 �2��h

R2�� �c

nped
�2

s4 �keV� , �5�

where �h is the average hydrogenic mass in atomic mass
units and nped is the density at the top of the pedestal in units

of 1019 m−3.
In the PTRANSP code, an automated transition between

L-mode and H-mode is triggered when the total power ex-

ceeds the power threshold31

PTH = 2.84�h
−1BT

0.82n̄e20
0.58r0.81R �MW� , �6�

where n̄e20 is the line-averaged electron density in units of
1020 m−3. In the ITER simulations, it is found that the power
threshold at 100 s is about 40 MW. It is found that L-H
transitions can be achieved with as little as 20 MW of
auxiliary power, with the rest of the power required to
reach the threshold provided by self-heating. A more
recent publication32 predicts PL−H�70 MW at t=100 and
n̄e20=0.75. If this threshold were to be used in the ITER

simulations, additional power would be required to reach
H-mode and the L-H mode transition would have to be car-
ried out at an earlier stage in the density ramp.

The pedestal width and temperature, computed using
Eqs. �2� and �5�, are imposed as edge boundary conditions on
the temperature profiles after the transition to H-mode oc-
curs. The transition from a low prescribed boundary tem-
perature to the computed pedestal temperature is carried out
over several timesteps in order to avoid transient artifacts in
the temperature profiles, which could result in numerical in-
stability. Nevertheless, the L-H transition is carried out in
only a small fraction of a second, so it is perceived as the
sudden transition that is observed in experiments. The radial
location of the top of the pedestal is resolved to the nearest
grid point in the simulation. The temperature profiles be-
tween the top of the pedestal and the plasma edge are ap-
proximated as a descending straight line.

When the total power drops to below 75% of the thresh-
old power computed using Eq. �6�, PTRANSP reverts to a
prescribed edge boundary condition for the temperature pro-
files. The algorithm used has been designed to allow for an
arbitrary number of L-H or H-L transitions, if needed.

C. Computation of toroidal rotation profiles

Another factor that influences the output fusion power,
obtained in the simulations, is the toroidal plasma rotation
that drives part of the E�B flow shear. The toroidal rotation
frequency is computed using a predictive transport equation
that balances toroidal momentum diffusion and convection
against torque sources. A derivation of the toroidal momen-
tum transport equation and torque sources used in these
simulations can be found in Ref. 33. The neutral beam torque
source is computed using the NUBEAM module in the
PTRANSP code. The torque sources included in the ITER
simulations are: neutral beam driven torques due to the beam
collisional force, neutral beam current �J�B torque�, beam
thermalization, plasma ionization, and charge exchange. Mo-
mentum losses due to charge exchange are included. In the
plasma core, the beam collisional and J�B torques are
dominant. Near the plasma edge, charge exchange losses are
dominant. No torque model for the ICRF source is available
in the PTRANSP code. Consequently, the toroidal rotation fre-
quency obtained in simulations of ICRF heated discharges is
negligible.

In this work, only convective losses due to particle con-
vection across flux surfaces are considered. Note that the
GLF23 and MMM95 turbulence models, used to compute
the anomalous transport, do not include the effects of turbu-
lence driven momentum convection, which is believed to
drive spontaneous rotation in tokamak experiments. The
edge toroidal rotation frequency is set to a negligible value
�100 rad /s�, which might possibly lead to an underestima-
tion of the toroidal momentum confinement.

In the simulations described in Secs. III A–III D, the to-
roidal momentum diffusivity is taken to be equal to the ion
thermal diffusivity; i.e., 	�=	i. In Sec. III E, momentum
transport studies are carried out by solving the toroidal mo-
mentum transport equation with the toroidal momentum dif-
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fusivities computed using the GLF23 model. �Note that the
MMM95 model does not include a computation of the toroi-
dal momentum diffusivity.� The neoclassical contribution to
toroidal momentum diffusivity is taken to be equal to the
neoclassical ion thermal diffusivity. Hence, in Sec. III E the
toroidal momentum diffusivity used in the simulations is
given by 	�=	�,GLF23+	i,NCLASS.

III. PROJECTED FUSION PERFORMANCE OF ITER

In this section, results obtained in the ITER PTRANSP

simulations are described. Of particular interest is the pre-
dicted ratio of fusion power to heating power, known as fu-
sion Q, which is computed as

Q =
PDT

PNBI + PICRF + POhm
, �7�

where PDT is the deuterium-tritium fusion reaction power
�five times the � power production�, PNBI is the neutral beam
heating power, PICRF is the ICRF heating power, and POhm is
the Ohmic power. To avoid the effects of transients in the
heating source profiles, the reported values for Q are time
averaged between 480 and 500 s.

The temperature, toroidal rotation frequency, and fusion
power are shown in Sec. III A for ITER simulations carried
out using 30 MW of heating, and the dependence of the fu-
sion Q on heating power is illustrated in Sec. III B. The
effects of sawtooth oscillations are described in Sec. III C.
The dependence of the fusion Q on pedestal temperature is
shown in Sec. III D, and results are presented in Sec. III E
for simulations where the toroidal momentum equation is
solved using the toroidal momentum diffusivity 	�,GLF23,
computed using the GLF23 model in contrast to simply set-
ting 	� equal to the ion thermal diffusivity 	i.

A. Plasma profiles and fusion power

The procedure described in Sec. II is applied to carry out
ITER simulations using either the MMM95 or GLF23 model
for anomalous transport and with either 30 MW of ICRF or
30 MW of NBI heating power. In the simulations with ICRF
heating, the frequency is set equal to 53 MHz. In the simu-
lations with NBI heating, the 1 MeV deuterium neutral
beams are aimed 0.4 m above the plasma midplane. The to-
roidal rotation frequency is computed using 	�=	i. The self-
consistent computation of heat sources and heat fluxes leads
to predictions for Te, Ti, and fusion Q which depend on the
heating source and the anomalous transport model used. For
the same auxiliary heating source, simulations using the
MMM95 model yield higher central electron and ion tem-
peratures and a higher fusion yield Q than the corresponding
simulations carried out using the GLF23 model.

Two simulations, one using the GLF23 model and the
other using the MMM95 model, are carried out with 30 MW
NBI heating. The electron temperature, ion temperature, and
toroidal rotation frequency at t=500 s are shown in Fig. 2 as
a function of �, the normalized square root of toroidal flux.
The profiles computed by the simulation using GLF23 are
plotted as solid lines, and the profiles computed in the simu-
lations using MMM95 are plotted as dashed lines. The ped-

estal region can be seen in the outer 5% of the temperature
profiles. The predicted pedestal temperature is 2.7 keV, and
the predicted pedestal width is 0.05 m. It is observed that the
GLF23 model yields temperature profiles that are slightly
flatter in the outer 30% of the plasmas due to greater stiffness
of the GLF23 model compared with the MMM95 model. The
corresponding simulation with the MMM95 model yields
higher central temperatures and, consequently, a higher fu-
sion Q. The injected neutral beam drives a modest toroidal
rotation, with a central rotation frequency close to 10 krad /s.
The evolution of the central rotation frequency ��0 is shown
in Fig. 3 for the same two NBI simulations carried out with
the GLF23 and MMM95 models. The curves are smoothed
to remove noise due to sawtooth oscillations. The sudden
increases in ��0 at t=50 s and at t=100 s correspond to
increases in NBI power. The rotation frequency reaches
steady state soon after the end of the density ramp at 150 s.
The toroidal Mach number at the magnetic axis, given by

M�0 =
��0R

�ZeffkBTe0/mi

, �8�

is close to 5%. The time evolution of the produced fusion
power PDT is shown in Fig. 4 for simulations carried out
using GLF23 with 30 MW of ICRF heating �dashed line�,
GLF23 with 30 MW of NBI heating �dash-dotted line�,
MMM95 with 30 MW of ICRF heating �solid line�, and
MMM95 with 30 MW of NBI heating �dotted line�. The
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FIG. 2. �Color online� Te, Ti, and �� profiles are shown as a function of �
for simulations using GLF23 �solid line� or MMM95 �dashed line� at
t=500 s. The simulations were carried out using 30 MW of NBI heating.
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curves have been smoothed to remove noise caused by saw-
tooth oscillations. Starting at t=50 s, 5 MW of auxiliary
heating power is injected, and then at t=100 s the auxiliary
heating power is increased to 30 MW. The transition from
L-mode to H-mode occurs at about t=55 s in these simula-
tions. The alpha heating power increases rapidly between
50 s and 150 s, while the density is still increasing. After
150 s, PDT increases more slowly in simulations in which the
GLF23 anomalous transport model is used than in those in
which MMM95 is used. This effect is probably due to stiff-
ness of the GLF23 model; i.e., the GLF23 model responds
more slowly to changes in the heating profiles than does the
MMM95 model. The GLF23 simulations reach steady state
around 400 s. The fusion Q’s, averaged between 480 and
500 s, in the simulations carried out using the GLF23 model
are 8.7 for the NBI heated plasma and 7.5 for the ICRF

heated plasma. The simulations carried out using MMM95
model reach steady state around t=300 s and result in a fu-
sion Q=10.4 for both the NBI heated plasma and for the
ICRF heated plasmas. The MMM95 simulation results using
PTRANSP are similar to corresponding BALDUR simulation re-
sults reported in Ref. 1.

B. Dependence of fusion Q on level
and type of auxiliary heating power

In this subsection, the dependence of fusion Q on the
level and on the mix of ICRF and NBI power is examined.
Although the ITER fusion power PDT increases with increas-
ing input heating power, it is found that the fusion Q de-
creases with increasing heating power. This effect is illus-
trated in simulations carried out with 20, 30, 40, and 50 MW
of ICRF power using the predicted pedestal temperature
�2.7 keV� and using the GLF23 and the MMM95 transport
models. The results of these simulations are presented in Fig.
5, where the fusion Q and the fusion power obtained in the
simulations are shown. The solid line with diamonds repre-
sents Q in simulations using GLF23, the solid line with
circles represents PDT in simulations using GLF23, the
dashed line with squares represents Q in simulations using
MMM95, and the dashed line with triangles represents PDT

in simulations using MMM95. It is observed that ITER
simulations using the MMM95 model with Tped=2.7 keV
and ICRF auxiliary heating predict more fusion power and a
larger fusion Q than in similar simulations using the GLF23
model. In both cases, however, the fusion Q decreases with
increasing auxiliary heating power because of the stiffness of
the turbulence driven transport models.

In Fig. 4, it is shown that the fusion Q obtained in the
simulations depends on whether ICRF heating or NBI heat-
ing is used. For instance, a GLF23 simulation with 30 MW
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FIG. 3. �Color online� Central rotation frequency ��0 is shown as a function
of time for simulations using GLF23 �solid line� and MMM95 �dashed line�.
The simulations were carried out using 30 MW of NBI heating.
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�scale on right side� are shown as a function of ICRF power. For the ITER
simulations carried out using the GLF23 model, Q is plotted as a solid line
with diamonds and PDT is plotted as a solid line with circles. For the ITER
simulations carried out using the MMM95 model, Q is plotted as a dashed
line with squares and PDT is plotted as a dashed line with triangles. The
simulations are carried out using the computed pedestal temperature:
Tped=2.7 keV.
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of ICRF power yields Q=7.5, while a GLF23 simulation
with 30 MW of NBI power yields Q=8.7. A possible cause
for this increase in fusion Q is that the toroidal rotation
driven by the neutral beams increases the E�B flow shear
rate, which then decreases the turbulence driven transport. To
test this hypothesis, ITER simulations are carried out with a
fixed auxiliary heating power, i.e., PTot= PICRF+ PNBI

=30 MW, but with different mixes of ICRF and NBI power.
Furthermore, the simulations are carried out with and with-
out E�B flow shear stabilization. Note that the GLF23
model uses the flux-surface averaged E�B flow shear rate,
which can be larger than the E�B shear rate at the outboard
midplane that is used in the MMM95 model. Consequently,
it is expected that in the GLF23 model the effect of flow
shear stabilization is stronger than in the MMM95 model.
The fusion Q obtained in these simulations is shown in Fig.
6. The solid lines represent simulations using GLF23 with
E�B shear stabilization �solid lines with diamonds� and
without E�B shear stabilization �solid lines with circles�,
while the dashed lines represent simulations using MMM95
with E�B shear stabilization �dashed lines with triangles�
and without E�B shear stabilization �dashed lines with
squares�. The leftmost points in the figure represent simula-
tions using only NBI heating, while the rightmost points in
the figure represent simulations using only ICRF heating. It
can be seen in Fig. 6 that, for simulations using GLF23, the
E�B shear stabilization decreases as the beam power is
decreased. For simulations using MMM95, however, the
E�B shear stabilization is found to be about the same for all
the power mixes. In simulations with only NBI heating, it is
found that the flow shear rates are dominated by the toroidal
rotation. The poloidal rotation velocity, which is computed
using the NCLASS code, is included in the calculation of the
flow shear rates. Overall, due to the low toroidal rotation

velocity, the dependence of the fusion gain on the fraction of
NBI power in these simulations is weak.

Simulations are also carried out using the combination of
ICRF and NBI power that is consistent with heating sources
currently planned for ITER; that is, 20 MW of ICRF and
16.5 MW of NBI power. In addition, beam steering is uti-
lized in the simulations to aim the neutral beam 0.4 m above
the midplane, 0.1 m above the midplane, and 0.2 m below
the midplane. The simulations carried out using GLF23
yield fusion Q�6.8 and PDT�255 MW, while the simula-
tions carried out using MMM95 yield fusion Q�9.8 and
PDT�360 MW. The temperature profiles are found to be
insensitive to the beam steering, but the central toroidal ro-
tation frequency is highest when the beam is aimed 0.4 m
above the midplane. In simulations using GLF23, it is found
that central toroidal rotation frequency is ��0=3.94 krad /s
when the beam is aimed 0.4 m above the midplane, while
��0=2.55 krad /s when the beam is aimed 0.2 m below the
midplane.

C. Effect of sawtooth oscillations

In order to investigate the dependence of simulation re-
sults on the period of sawtooth oscillations, ITER simula-
tions are carried out using sawtooth periods of 2 and 10 s.
The sawtooth crash amplitude, during the quasisteady-state
stage of the discharge, is found to be approximately 7 keV,
independent of the sawtooth period, while the sawtooth mix-
ing radius is found to be close to 40% of the plasma radius.
The quasisteady-state fusion Q and temperature obtained are
not affected by the change in sawtooth period. Transients in
the profiles due to sawtooth mixing are observed after every
crash. The evolution of the fusion heating power production
and the central electron temperature Te0, through a few saw-
tooth cycles, is illustrated in Fig. 7. In this ITER simulation,
the GLF23 model is used with 20 MW of ICRF power at
45 MHz. The solid line represents PDT, while the dashed line
represents the central temperature. The periodic transient in-
creases in PDT are due to the sudden depletion of the central
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helium ash density after each sawtooth crash. Although the
sawtooth crashes periodically affect the distribution of he-
lium ash, the plasma profiles recover very rapidly �in about
1 s�, as shown in Fig. 7. Thus, the sawtooth oscillations
reach a saturated level even with a 2 s sawtooth period.

D. Variation of fusion Q with pedestal
temperature

The fusion Q predicted for ITER depends sensitively on
the temperature at the top of the H-mode pedestal. In order to
illustrate this dependence, ITER simulations with 30 MW of
ICRF heating are carried out using pedestal temperatures
ranging from 1.35 keV �half the predicted pedestal tempera-
ture of 2.7 keV� to 5.4 keV �twice the predicted tempera-
ture�. The pedestal width remains at 0.05 m, as in the rest of
the simulations presented in this paper. Values of the fusion
Q for these simulations are shown in Fig. 8. The solid line
with circles represents results from simulations carried out
with the GLF23 model, while the dashed line with squares
represents results from simulations carried out with the
MMM95 model. Overall, the fusion Q varies between
Q=2.5 with Tped=1.35 keV �using GLF23� and Q�18 with
Tped=5.4 keV using either MMM95 or GLF23. In simula-
tions using GLF23, it is found that Q is nearly proportional
to the pedestal temperature, while in simulations using
MMM95 there is a more rapid increase in Q at low pedestal
temperature, and then a slower increase for 3.4 keV
Tped


5.4 keV. The MMM95 model yields higher values of Q at
all pedestal temperatures below Tped=5.4 keV. Note that the
difference between the GLF23 and MMM95 results is great-
est in the vicinity of the predicted pedestal temperature of
2.7 keV.

E. Toroidal momentum transport predictions
using the GLF23 model

In the previous sections, the ITER simulations presented
are carried out using a toroidal momentum diffusivity 	�

equal to the ion thermal diffusivity; i.e., 	�=	i. In present
day tokamak discharges, however, it is found that the ratio
	� /	i, known as the Prandtl number, is between 0.2 and 0.5
�see, for example, Ref. 34�. Consequently, the rotation esti-
mates shown in Sec. III A underestimate the toroidal rotation
that contributes to E�B flow shear turbulence stabilization.

In this section, the ITER toroidal rotation profile is com-
puted in simulations where the toroidal momentum transport
equation is evolved using the GLF23 toroidal momentum
diffusivity: 	�,GLF23. A neoclassical contribution, which is
taken to be equal to the neoclassical ion heat diffusivity,
	i,NCLASS, is added to 	�,GLF23 to compute the toroidal mo-
mentum diffusivity

	� = 	�,GLF23 + 	i,NCLASS. �9�

Since the toroidal rotation is driven by the neutral beams, the
total torque input increases as the NBI power is increased. In
Fig. 9, the toroidal torque density profiles are shown for
ITER simulations using 30 MW �solid line�, 20 MW �dashed
line�, and 10 MW �dotted line� of neutral beam heating. Note
that, as with power deposition profiles, the volume elements
are larger at larger minor radii. It is found that, although the
torque profiles are not peaked, there is a significant torque
component within the inner 20% of the plasma, where the
volume elements are smaller. The toroidal rotation frequency
profiles in simulations with 30 MW �solid line�, 20 MW
�dashed line�, and 10 MW �dotted line� of NBI heating
power are shown in Fig. 10. These profiles indicate that there
is a large gradient in the rotation frequency profile just below
�=0.5, and the central rotation frequency is proportional to
the injected NBI power. In addition, at PNBI=30 MW the
central rotation frequency ��0 obtained in these ITER simu-
lations is in the same order of magnitude as ��0 obtained in
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JET discharges with similar density but less NBI power
�see, for example, Ref. 34�. The Prandtl number 	� /	i for
these ITER simulations is computed to be between 0.2 and
0.5, which is within the experimentally inferred range of
values for high density JET discharges reported in Ref. 34.
The GLF23 toroidal momentum diffusivity is found to be
larger at the plasma edge and smaller in the deep core. For
�
0.4, GLF23 predicts 	�=0, which means that the toroidal
rotation in the plasma core is associated with only the neo-
classical ion heat diffusivity.

The gradient in rotation velocity profile close to �=0.5
drives E�B flow shear stabilization that is much stronger in
these simulations than in the corresponding simulations
shown in previous sections. Because the toroidal momentum
diffusivity is partially quenched by the flow shear, the plasma
spins up even faster than it would without flow shear stabi-
lization. That is, flow shear stabilization and the toroidal mo-
mentum rotation form a feedback loop.35 In addition, the
higher core plasma temperatures resulting from the increased
flow shear produces an increased level of fusion power. This
effect results in a further increase in the temperature, which
drives the diamagnetic term of the radial electric field. To-
gether, the changes in 	�, the flow shear rate, and the fusion
power PDT constitute a delicate and powerful feedback loop
that is unique to burning plasmas and that is not found in
present day experiments.

In Fig. 11, the fusion power production PDT is shown as
a function of NBI power for ITER simulations carried out
with Tped=4.5 keV �solid line with crosses�, Tped=3.5 keV
�solid line with triangles�, and Tped=2.7 keV �solid line with
circles� with 	� given by Eq. �9�. For comparison, simula-
tions carried out at Tped=2.7 keV and 	�=	i are shown in
the plot as a dashed line. Due to the feedback effect, de-
scribed above, the values of fusion Q and PDT obtained in
these simulations are rather high compared to corresponding
simulations shown in the previous sections �shown with the

dashed line in Fig. 11�. In the simulations in which the
GLF23 toroidal momentum diffusivity is used, only 7.5 MW
of NBI power is necessary to achieve an L-mode to H-mode
transition, with the remainder of power necessary to reach
the power threshold �given in Eq. �6�� provided by self-
heating due to fusion reactions. A fusion power production
of PDT=500 MW is obtained in the simulation with
PNBI=20 MW and Tped=3.5 keV.

A similar enhancement of ITER fusion performance was
found in XPTOR simulations shown in Ref. 7. In that paper, it
was found that PDT�300 MW at Tped=3.5 keV and PDT

�440 MW at Tped=4.5 keV, while in the present work we
find PDT�380 MW at Tped=3.5 keV and PDT�540 MW at
Tped=4.5 keV. A sharp increase in fusion power due to the
formation of an internal transport barrier is found in Ref. 7
for more than 10 MW of NBI power. In the present study, a
similar transport barrier is not found with the levels of aux-
iliary heating power considered.

Note that the improvement of fusion power production,
which results from shearing rates inside �
0.5, is not sup-
ported by existing experimental data. The improvement of
confinement could be overestimated in the simulations. This
sensitivity to flow shear in the GLF23 model is because the
growth rates of the ITG/TEM instability are comparable to
the E�B flow shear rates. Consequently, a small increase in
the flow shear rates can have a large impact on fusion power
production. The strength of the feedback loop between ther-
mal transport and toroidal rotation would be reduced in other
models where the growth rate of the ITG/TEM instability is
larger. Results shown in previous subsections with the
MMM95 and GLF23 transport models hint at this difference
between the sensitivity of the models to flow shear.
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FIG. 10. �Color online� Toroidal rotation frequency profiles are shown as a
function of � for ITER simulations carried out using PNBI=30 MW �solid
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IV. SUMMARY AND CONCLUSIONS

In this paper, the PTRANSP code is utilized to compute
fusion power scenarios for 15 MA H-mode ITER discharges.
Two models for turbulent transport are used with several
choices for the edge pedestal temperature and with different
choices for auxiliary heating source and power levels. The
NBI, ICRF, and alpha power sources are computed self-
consistently together with the plasma temperature, the cur-
rent density profile, and the build-up of helium ash.

The toroidal rotation is computed by balancing the NBI
sources of torque with anomalous momentum diffusivity 	�.
When 	� is taken to be equal to the ion thermal diffusivity,
i.e., 	�=	i, the resulting toroidal rotation frequency is rather
modest, and the toroidal Mach number is about M��0.05.
However, when the GLF23 model is used to compute the
anomalous momentum diffusivity 	�,GLF23, the flow shear
effect is more significant.

It was found in the simulations carried out that the bal-
ance between heat fluxes and heat sources evolves slowly.
The alpha heating power rises from 50 s until about 300 s.
At that time, the evolution of the current profile and the
build-up of helium ash stabilize to quasisteady-state condi-
tions. The evolution of the current profile is affected by the
beam driven current, which depends on the core plasma tem-
perature profiles, as well as on the bootstrap current driven in
the edge pedestal region. With the PEDESTAL module tem-
perature equal to 2.7 keV and using the GLF23 anomalous
transport model, PTRANSP simulations yield a fusion Q equal
to 7.5 with ICRF heating and 8.9 with NBI heating, while
simulations using the MMM95 model yield a fusion Q equal
to 10.4 for both heating sources. These predictions for Q are
similar to those previously found using the BALDUR code and
the XPTOR code. However, in the BALDUR and XPTOR simu-
lations the input �auxiliary� heating profiles were prescribed
and, thus, did not respond to changes in the temperature
profiles due to the fusion power. In addition, in the XPTOR

code the current profile is not evolved. In view of these dif-
ferences, the levels of agreement between the simulation re-
sults in Sec. III A and the corresponding BALDUR and XPTOR

results are rather good.
The dependence of fusion Q and PDT with respect to the

auxiliary heating power is studied by carrying out simula-
tions with 20, 30, 40, and 50 MW of ICRF power. For these
simulations, ICRF power is chosen in order to study the scal-
ing of Q with input power independent of the effect that
E�B flow shear stabilization associated with NBI would
have on Q. It is found that the fusion power production in-
creases slowly with additional ICRF power and, conse-
quently, the fusion Q decreases with increasing ICRF power.
It is also found that a higher fusion Q is obtained using the
MMM95 model than is obtained in corresponding simula-
tions using the GLF23 model.

The influence of the E�B flow shear is studied by car-
rying out simulations with and without E�B flow shear at a
fixed auxiliary power P= PICRF+ PNBI=30 MW, but with the
fraction of NBI and ICRF power varied. In simulations car-
ried out using the GLF23 model, it is found that the fusion Q
increases as the fraction of NBI power increases, although

the diamagnetic flow drives some flow shear stabilization
even when all of the heating power is due to ICRF. In simu-
lations carried out using the MMM95 model, it is found that
the flow shear stabilization does not increase significantly as
the beam power is increased.

In a scenario in which 20 MW of ICRF power and 16.5
of NBI power were applied �as currently planned in the ITER
design�, the neutral beam was aimed, successively, 0.4 m
above the midplane, 0.1 m above the midplane, and 0.2 m
below the midplane. Although the computed fusion power
produced varies minimally with the steering of the beams
in these simulations, it is observed that the rotation velocity
decreases when the beam is aimed 20 cm below the mid-
plane. With the application of 20 MW of ICRF power and
16.5 MW of NBI power, simulations using the GLF23
model yield Q=6.8 and PDT=255 MW, while comparable
simulations using the MMM95 model yield Q=9.8 and
PDT=360 MW.

Sawtooth oscillations, which periodically mix the central
plasma profiles, are found to alter the plasma equilibrium
profiles and PDT only immediately after each sawtooth crash.
The periodic transient increases in fusion power are found to
be due to the sudden depletion of helium ash caused by each
sawtooth crashes. After each sawtooth crash, the plasma pro-
files recover in about 1 s. Thus, even with a sawtooth period
as short as 2 s, the sawtooth crashes occur at full amplitude.

The height of the edge H-mode pedestal strongly influ-
ences the fusion performance of ITER. Simulations are car-
ried out using 1.35
Tped
5.4 �with 30 MW of ICRF input
power�. In these simulations, the fusion Q varies between 3
and 18. The value of Q is nearly proportional to Tped when
the GLF23 model is used, which is plausibly due to thermal
transport stiffness and the resulting temperature profile stiff-
ness. In simulations using MMM95, Q scales more modestly
as the pedestal temperature increases.

The GLF23 toroidal momentum diffusivity is used, to-
gether with a neoclassical enhancement, to evolve the toroi-
dal momentum transport equation self-consistently together
with thermal transport, flow shear stabilization, and the neu-
tral beam source. ITER simulations using the GLF23 pre-
dicted momentum diffusivity were carried out with NBI
heating powers between 5 and 30 MW. It is found that the
Prandtl number is in the range 0.2
	�,GLF23 /	i
0.5, which
is in agreement with inferred values obtained from present
day experiments. In the inner 40% of the plasma, momentum
transport is dominated by the neoclassical addition, which is
the weakest element in the model. �It has been predicted that
the neoclassical toroidal momentum diffusivity is much
smaller than the neoclassical ion heat diffusivity.� In simula-
tions using 	�,GLF23+	i,NCLASS, the predicted central toroidal
rotation frequency is found to be proportional to the injected
NBI power. At 30 MW of NBI power, the central toroidal
rotation frequency is ��0=57 krad /s �shown in Fig. 10�,
which is approximately six times larger than the frequency
predicted using 	�=	i �shown in Fig. 2�. A large gradient in
rotation velocity is found in the simulations due to the small
toroidal momentum transport predicted by the GLF23 model.
When the toroidal momentum diffusivity is computed using
the GLF23 model, a strong toroidal velocity gradient results
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in strong stabilization of thermal transport and enhanced
production of fusion power relative to simulations in which
	�=	i.
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