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Predictions of quasi steady state DT plasmas in ITER [R. Aymar et al., Nucl. Fusion 41, 1301
2001] are generated using the PTRANSP code [R. V. Budny, Nucl. Fusion 49, 085008 2009]. The
plasma temperatures, densities, boundary shape, and total current (9 - 10 MA) anticipated for ITER
steady state plasmas are specified. Current drive by negative ion neutral beam injection, lower-
hybrid, and electron cyclotron resonance are calculated. Four modes of operation with different
combinations of current drive are studied. For each mode, scans with the NNBI aimed at differing
heights in the plasma are performed to study their effects on current control on the q profile. The
time-evolution of the currents and q are calculated, and long-duration transients (up to ≃ 1500 s)
are predicted. Effects of the beam and alpha ion pressures on the MHD equilibrium are predicted
to significantly alter the bootstrap current. The TEQ equilibrium solver [L. Degtyarev, and V.
Drozdov, Computer Physics Reports 46, 481 (1985)] in PTRANSP is found to be much more
accurate than the VMEC solver [S. P. Hirshman, U. Schwena, and J. Nuhrenberg, J. Comput.
Phys. 87 396 (1990)]. Quasi steady state, strongly reversed q profiles are predicted for some beam
injection angles when the current drive and bootstrap currents are sufficiently large.

PACS numbers: 07.05.Tp, 28.52.-s, 28.52.Av, 52.25.Dg, 52.25.Xz, 52.27.Gr, 52.50.Qt

1. Introduction

Steady state plasmas are desirable for fusion reactors
since the cycling of transient plasmas appears imprac-
tical for power generation. DEMO [1] plans to rely on
steady state plasmas. ITER [2] plans to explore steady
state scenarios having minimal inductive (Ohmic) cur-
rent, since inductive currents cannot be sustained for long
durations. One of the goals of ITER experiments will be
to produce quasi steady state plasmas with a fusion gain
QDT (defined as the ratio of the DT fusion and the ex-
ternal heating powers PDT/Pext) ≥ 5 for durations of up
to 3000 s.

The heating and current drive systems for ITER plas-
mas are being designed. The primary systems being
considered are: Negative ion Neutral Beam Injection
(NNBI), Ion Cyclotron Resonance Frequency (ICRF),
Electron Cyclotron Resonance Frequency (ECRF), and
Lower-hybrid current drive (LHCD).

Plasmas with conditions approximating steady state
are being studied in various tokamaks such as JET [3, 4],
and DIII-D [5–7]. High performance quasi steady state
plasmas have high confinement, normalized pressure βn,
and edge pressures, and low fractions of the Ohmic to to-
tal current. Often they also have reversed q profiles, with
high values for qmin, and sometimes internal transport
barriers ITB’s, i.e., regions with localized large gradients
of the plasma temperatures.

There are indications from theory that the q and mag-
netic shear ŝ profiles play important roles in determin-
ing turbulence, assumed to cause much of the energy,
momentum, and species transport. Linear gyrokinetic
simulations of Ion Temperature Gradient and Trapped
Electron Mode turbulence indicate that the growth rate
is proportional to (ŝ−α)/q [8] where α is the normalized

pressure so that regions with large negative ŝ and large q
should have low transport. Non-linear gyrokinetic simu-
lations also indicate that the turbulence is strongly sup-
pressed in regions with large negative ŝ. One paradigm is
that turbulence originates in the edge region and spreads
to the core unless there is a barrier between the core and
edge to stop the spreading [9]. The barrier can be related
to (ŝ − α)/q.

Since the plasma current and q profiles have important
roles in present experiments, ITER plans to control these
using externally driven currents along with the bootstrap
current, which is determined by the pressure profile [10].
The present plan for the initial phase of external heating
in ITER DT plasmas is to include NNBI, ECRF, and
ICRF. Also LHCD is being considered as a possible add-
on.

Predictions of ITER Steady state plasmas [11–14] have
been made assuming that the energy transport is the sum
of neoclassical and an additional ad hoc term depending
on radius and shear. Above a power threshold, a sus-
tained ITB is predicted with a reversed q profile. In Ref.
[13, 14] pure RF heating is assumed.

It is important to predict current and q profile con-
trol to assess the possibilities of achieving steady state
plasmas. This knowledge can help design current drive
and heating systems, and help plan for operating scenar-
ios and diagnostics. Current drive predictions for ITER
steady state and hybrid plasmas have been benchmarked
[15]. Various codes for predicting current drive from
NNBI, ICRF, ECRF and LHCD were compared. Pre-
dictions from variety of transport codes were presented.

This paper uses the PTRANSP code [16–18] to gener-
ate time-dependent integrated predictions of steady state
ITER plasmas. Profiles of current drive from NNBI,
ECRF, LHCD, and the bootstrap current are calculated.
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The possibility of driving current with ICRF is not in-
cluded. The total beam-driven current dominates those
from ECRF and LHCD. In Refs. [13, 14] beam current
drive is not included.

The time dependence is important to model since the
plasmas need to be formed transiently, and since they are
also expected to have long duration transients during the
flat top phase, such as those due to slow diffusion of the
current profile and buildup of impurities such as alpha
ash.

Also it is important to assess the MHD equilibria of
steady state plasmas since their equilibria are complex,
and can be elusive. Disruptions are often encountered
in present experiments. The constraint of MHD equilib-
rium will limit the operating space. This paper shows
that the VMEC equilibrium solver [19], commonly used
for modeling, does not give accurate solutions for high
performance steady state ITER plasmas.

Four modes of steady state DT plasma operation are
considered, summarized in Table I. All have the stan-
dard toroidal magnetic field Btor = 5.2 T. Two have the
nominal temperature profiles of the “reference scenario
4” steady state ITER regime, and two have higher tem-
peratures to enhance the driven and bootstrap currents.
For the first three modes, the total current is assumed
to be 9 MA, and for the fourth, 10 MA. Various combi-
nations of ECCD and LHCD are assumed. The NNBI is
assumed to deliver PNB=33 MW of 1 MeV D, and the
vertical steering is scanned for each mode.

For many of the cases the predicted q profiles take long
times to reach steady state. Some of the cases maintain
current holes (regions with effectively infinite q near the
magnetic axis) for long durations.

2. Plasmas Studied

Currently PTRANSP is a fixed boundary code, so the
boundary needs to be specified. Usually the evolution of
the boundary shape just inside the separatrix is calcu-
lated using the TSC code [20]. Instead, for this work a
fixed boundary is assumed. These are taken to be typical
of the reference scenario 4 steady state regime [11, 21].
The boundary is shown in Fig. 1.

Previous PTRANSP papers [16–18] use physics-based
models to predict profiles of the temperatures Te and Ti,
and in some cases, the toroidal rotation vtor. The models
used are the GLF23 model [8, 22] and the MMM08 model
[23, 24] (a modified version of Weiland model [25]).

These models predict H-mode plasmas with high PDT

when the pedestal temperatures (assumed as boundary
values) are sufficiently high, but they have not yet suc-
ceeded in predicting, self-consistently, high performance
steady state plasmas for ITER. Very high pedestal tem-
peratures (≃ 10 keV) may be required. The predictions
are especially challenging due to the strong non-linear

coupling between current, rotation, temperatures, den-
sities, heating, current drive, etc. Physics-based com-
prehensive predictive models have not been developed or
tested well for this regime.

Since self-consistent predictions of steady state ITER
plasmas are not yet reliable, canonical Te and Ti pro-
files are assumed. The flat top temperature profiles for
two sets of predictions, referred to as the Low-T and
Low-T-ECCD modes are shown in Fig. 2. These profiles
are typical of the ITER reference scenario 4 plasma [21].
They have the phenomenology of a weak ITB around x
(the square root of the normalized toroidal flux, which is
approximately the relative minor radius) = 0.7. Another
set of profiles is used for the High-T and High-T-10 mode
aimings. Their temperature profiles are scaled up from
the Low-T aimings by a factor of 1.5.

Since the temperature profiles are fixed the heating
sources are not directly relevant. Changing the heating
would change only the energy transport coefficients. The
current drive profiles are crucial for predicting the cur-
rent and q profiles. ICRF heating and current drive are
ignored even though the heating might be needed to es-
tablish and maintain these steady state plasmas. Ranges
of some plasma parameters for these four modes are sum-
marized in Table I.

This use of PTRANSP with the plasma profiles be-
ing inputs is the same as the usual use of the TRANSP
code in analysis mode. The heating, torquing, fueling,
and current drive sources are computed. The radial
flow of heat, angular momentum, particles, and flux are
computed from the local conservation equations. The
transport flows and coefficients are computed compar-
ing these flows with plasma profiles and their gradients.
This mode has also been used for predicting ITER per-
formance [26, 27].

The total plasma current Ip consists of Ohmic IOH,
externally-driven, and bootstrap IBS currents. To study
steady state plasmas in ITER, the plan is to reduce Ip

from the standard 15 MA to ≃ 9 or 10 MA in order to
reduce the required Ohmic current (to near zero) and
the external current drive. Here the driven currents are
generated by NNBI, LHCD, and, in one scan, by ECRF.
Total currents for one High-T case are shown in Fig. 3.

Since energy confinement increases with Ip in some
plasma regimes, enhanced confinement appears needed
to achieve high performance with reduced Ip. Plasmas
with ITB’s generally have enhanced confinement. One
consequence of reducing Ip is that the density may need
to be reduced. In present experiments the Greenwald
fraction (n̄e/n̄GW with n̄e the line-average, and n̄GW ≡
Ip/(πa2) × 1020/m3) needs to be around unity or lower
for good confinement. The plan for the ITER baseline
H-mode plasma is to limit the fraction at 0.86. For this
study ne is specified having Greenwald fraction 0.82 for
the Ip = 9 MA and 0.73 for the Ip = 10 MA modes.
The flat top profiles for DT plasmas are shown in Fig. 4.
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The temperature, density, and total current flat top start
times are given in Table I. The effective charge Zeff is
held fixed in time and space at 2.17. Effects of impurity
profiles and possible accumulation are ignored.

ITER plans to study steady state plasmas with du-
rations of at least 500 s. As discussed in section 4, for
some of the scans, PTRANSP predicts that MHD equi-
libria cannot be maintained this long. Also transients in
the current and q profiles are found lasting much longer
than 500 s. To explore transient durations some of the
runs are extended to 3000 s.

3. External current drive and heating

The NNBI system has not been fully designed, but the
plans are to inject D0 at 1 MeV into DT plasma from
two beam lines, each delivering 16.5 MW. The 3-D ge-
ometry used here is that with the small footprint cases
of Ref. [16]. Each source plane is modeled as a rectan-
gle 0.56 m wide by 1.50 m high, located 30 m from the
tangency radius, which is assumed to be 5.295 m. Each
source plane is assumed to be elevated 1.34 m above the
vessel midplane. The average height of the D0 trajec-
tories are planned to be adjustable by a rotation in the
vertical plane of the NNBI sources. Presumably this ro-
tation will be a complex operation, performed only rarely.

A wide range of aimings is considered. Examples of
D0 beam trajectories are shown in Fig. 5. The spread-
ing shown in these plots results from the geometry of the
sources and the assumed divergences and focal lengths.
Aimings with upward steering are considered since there
are potential advantages of upward injection [28]. The
helicity of the magnetic field would shift the orbits and
profiles of driven current, heating, and torque outward,
and thus increasing their volume integrals. Upward aim-
ing would be difficult to implement in ITER, since the
beams must avoid structures such as the PF coils, and
fit within the beam ducts. The height of the sources
would have to lowered. Also the extreme downward aim-
ing would need the sources to be raised. These extremes
are considered since they might be attractive possibilities
for DEMO.

PTRANSP uses Monte Carlo methods [29, 30] to cal-
culate beam deposition, beam torque, as well as the slow-
ing down, pitch-angle scattering, and thermalization of
beam ions and fusion ions. For most of the simulations
presented here, the number of Monte Carlo particles used
for the beam ions is 5000 and for the alpha particles
is 1000. These numbers of samples gives fairly smooth
beam current drive (and heating profiles). A run with
many more samples is discussed below. An example of
the heating for one of the aimings is shown in Fig. 6. Ef-
fects which are not modeled here are the redistribution
of fast ions by MHD, ripple, or anomalous diffusion.

The planned LHCD frequency is 5.0 GHz. This is mod-

eled using the LSC code [31], using an adjoint method
[32] for solving the Boltzmann equation. The spectrum
of n|| is assumed to peak between 1.45 and 2.45. The
subsidiary peak expected at negative n|| is ignored here.
Benchmarking suggests that the LSC-predicted driven
current is low due to the neglect of trapping effects.
Thus the applied powers assumed here are overestimates
of what is expected to yield the predicted LHCD pro-
files. The applied power for the Low-T and Low-T-ECCD
modes is 10 MW and for the High-T and High-T-10
modes is 30 MW.

The planned ECRF heating and current drive fre-
quency is 170 GHz, launched in O-mode. The TORAY
code [33–35] is used to model the ECH/ECCD. One
launching antenna near the vessel midplane is used, with
toroidal angle assumed to be in the horizontal plane and
aimed 30 degrees from the toroidal direction. TORAY
launches 20 rays at each time step, and uses 251 radial
zones. The ECCD is scaled up by a factor of 1.4 to ac-
count for momentum conserving effects not included in
TORAY (R. Prater, private communication, 2009). Syn-
ergistic effects of LHCD and ECCD, seen in present ex-
periments [36, 37], and predicted to be small (< 10%) in
ITER plasmas, [12] are ignored here.

4. Plasma equilibria

Solutions to the Grad-Shafranov equation are com-
puted using the TEQ code [38] in PTRANSP. The inverse
solver of TEQ is used for the fixed boundary solutions us-
ing the pressure and q profiles as input. The scaler MHD
pressure used in PTRANSP-TEQ is computed as [39]:

pmhd = wth + (4/3)wrot + wpar + (1/2)wprp (1)

where wth (= neTe +nthTi), wrot, wpar , and wprp are the

energy densities of the thermal plasma, rotation, parallel
fast ions, and perpendicular fast ions.

For the rotation contribution, the toroidal rotation of
the bulk plasma is computed using the NNBI torque pro-
files and assuming that the ratio of the radial transport
of the ion angular momentum and energy χtor/χi is 0.5.
This predicts core rates of about 25 krad/s, implying very
small contributions (less than 0.5%) to pmhd.

Comparisons of the contributions to pmhd for one of
the modes are shown in Fig. 7. The contribution of the
thermal plasma is nearly constant as the NNBI steering
is scanned. Since the ne, Te, and Ti profiles are fixed,
the only changes to wth result from the changes in the
fast ion dilution of the tritium and deuterium densities
nt and nd.

The contributions of wpar, and wprp to pmhd are sig-
nificant. Examples of their profiles for one of the steer-
ing cases are shown in Fig. 7. Most of the changes to
wpar + 0.5 wprp with NNBI steering are due to changes in
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the beam ion profiles. The contributions to the volume-
integrated wpar + 0.5 wprp from fast alpha ions are
larger than those from the beam ions, but they change
very weakly as the steering changes.

Some of the predictions discussed in the next sec-
tions develop a “current hole”, defined here operationally
as the central q increasing above a pre-set limit value.
PTRANSP cannot compute MHD equilibria when the
profile of the total current becomes negative, so the
maximum value of q is clamped numerically. Here q is
clamped at 10, or as low as 7 in some runs that fail to
maintain equilibrium solutions. It is not clear to what
extent a current hole could be detrimental to plasma per-
formance in ITER. Presumably the current drive could
be feedback adjusted in time to avoid them.

Various namelist options are available for controlling
TEQ. One set of options fixes the number of radial and
poloidal points used internally in TEQ. Either 151 or 251
radial points, and 127 or 201 poloidal points are used
here. These are adjusted to extend the discharge time
in cases where failure to maintain equilibrium is encoun-
tered. (The number of radial zones used for the plasma
profiles is 50.)

Another option selects the free parameters matched in
the Grad-Shafranov solution. One of three choices is used
here (to maximize the discharge duration): 1) q and the
value at the edge of F = Major radius times Btor; 2) as in
1) but with a loop to match plasma current by perturbing
the q profile near the edge; and 3) surface-average of the
parallel current ≪ j.Btor ≫ and the value at the edge of
F.

Another set of options controls the smoothing of pro-
files. For several of the predictions the plasma profiles
needed to be smoothed over an interval (δx = 0.05) in
order to maintain equilibrium. For some predictions the
pressure near the axis had to be smoothed or de-hollowed
to maintain a Grad-Shafranov equilibrium solution.

Generally the resulting current and q profiles do not
depend very sensitively on the choices of these options.
For cases where no choice is found that avoided failure to
achieve a solution, it is not clear whether more flexibility
in using TEQ could result in a solution, or if TEQ is
not sufficiently realistic to solve for the equilibrium, or
if no solution exists in reality. An example of a physics
effect not included in TEQ is the full anisotropic pressure
caused by the fast particles.

There are several alternative equilibrium solvers avail-
able in PTRANSP. One, often used for predictions is
VMEC. This is far less accurate in the core. Some of the
runs that failed using TEQ are rerun using VMEC for
comparisons. The runs completed (past the times where
the TEQ runs failed), but significant differences in the
computed profiles of the Shafranov shifts, q, and boot-
strap currents are seen. Comparisons of the accuracy of
the Grad-Shafranov solution and of the calculated IBS

are shown in Fig. 9. This indicates the importance of

seeking accurate equilibrium solutions, and specifically
that the version of VMEC (VMEC6) used in TRANSP
and PTRANSP is inadequate for predicting ITER steady
state plasmas. Contour plots of the relative error are
shown in Fig. 10.

Flux contours calculated for one of the aimings are
shown in Fig. 1. Profiles of the elongation and upper
and lower triangularity and upper and lower squarenesses
are shown in Fig. 8. The definitions of squareness in
PTRANSP are the same as in Ref. [7], which shows that
increasing negative values of the squareness at the bound-
ary are correlated with increased energy confinement and
reduced energy transport in DIII-D steady state plasmas.

5. Predictions for total currents

The effects on the total NNBI driven current INB of
altering the aiming of the NNBI are mild compared with
the changes of their profiles. The current drive efficiency
INB / PNB does not depend strongly on the profile shape,
and PNB is held fixed at 33 MW. Ranges of INB are given
in Table I. Results for the Low-T and Low-T-ECCD
modes are shown in Fig. 11-a and for the High-T and
High-T-10 modes in Fig. 11-b. The totals are plotted
versus both Y the height of the trajectory footprint (the
average at the minimum tangency radius) relative to the
machine midplane, and ∆ the distance relative to the
magnetic axis (which is 0.51 m above the vessel mid-
plane). The peak INB is 70 % higher than the lowest
value for the Low-T and Low-T-ECCD modes. The in-
crease is less for the High-T and High-T-10 modes. Peak
values are obtained near ∆ = 0.5 m, i.e., about 0.5 m
above the magnetic axis. Note that INB is asymmetrical
with respect to the magnetic axis due to the helicity of
the magnetic field. The asymmetries in INB with aiming
provide potential advantages of aiming above the mag-
netic axis.

The bootstrap current is calculated using the NCLASS
module [40] in PTRANSP. The total bootstrap current
IBS, also shown in Fig. 11 is also asymmetric due to the
asymmetric contribution of the beam ion pressure. This
pressure alters the Shafranov shift profile, which in turn
alters the metric, and the metric alters the gradient of
the thermal pressure. This gradient is proportional to
the bootstrap current profile. The area-integral of this
profile is IBS. The asymmetries in IBS with aiming has a
weaker dependence on aiming than that of INB. Ranges
of IBS are given in Table I.

Also shown in Fig. 11 are the total lower hybrid cur-
rent ILH, electron cyclotron current IEC (for the Low-T-
ECCD mode), and Ohmic current IOH. Both ILH and
IEC are nearly independent of aiming. However IOH de-
pends on the aiming. It is calculated as the residual
current needed to achieve the assumed totals (Ip = 9 or
10 MA). The evolution of the Ohmic current profile is cal-
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culated assuming neoclassical resistivity (from NCLASS)
and Zeff=2.17.

Note that IOH is relatively large for the Low-T and
Low-T-ECCD modes (Fig. 11-a). One possibility for
achieving lower IOH is to lower Ip, although this might
lower confinement. Alternatively the driven current
could be increased. The High-T and High-T-10 modes
assume larger temperatures in order to increase IBS, and
also assume higher PLH in order to increase ILH. The
lowest magnitude for IOH is near zero for high aiming in
the High-T-10 mode, and near unity for low aiming in
the High-T mode Fig. 11-b.

Unlike the beam-driven current, the bootstrap current
depends on the equilibrium and evolves. Examples of the
bootstrap current for the High-T-10 mode are shown in
Fig. 12. The total bootstrap is rising steadily even at
500 s, indicating that long flat top durations could be
needed to establish steady state. The predictions with
large ∆ have largest IBS and terminate eventually after
1000 s when PTRANSP-TEQ fail to find a solution to the
Grad-Shafranov equation. For these IOH is decreasing
towards zero. Values of IBS at 500 s are shown in Table II.
The rates of rise at 500 s are between 1.1 and 3.4 kA/s.

Figure 12 indicates that many of the aimings with large
|∆| terminate early (before the end set at 3000 s). Ter-
mination times are indicated in Table III. These aimings
also have low values for |IOH|.

6. Predictions for current profiles

Altering the aiming of the NNBI has strong effects
on the beam-driven current profile. Examples for the
Low-T mode are shown in Fig. 13-a. As the footprint is
raised and the beam-driven current moves inward, peak-
ing on axis with aimings having ∆ ≃ -0.12 m. The
area-integrated total (= INB) increases to the peak near
∆=0.5 m (above the magnetic axis) shown in Fig. 11-a.
With even higher aiming, INB decreases slightly.

The beam-driven current profiles for the High-T and
High-T-10 modes are shown in Fig. 13-b. These profiles
are slightly higher than those of the Low-T and Low-T-
ECCD modes as a consequence of the increased Te. Also
the bootstrap currents are higher. Profiles of the boot-
strap current for the High-T mode (at 500 s) in Fig. 14
show the effects of the beam ion pressure changing the
Shafranov shift and thus the gradient of the thermal pres-
sure.

Components of the total current profile for one of the
aimings from the Low-T mode scan are shown in Fig. 15.
The toroidal currents driven by the pressure gradient and
by the fusion ions are also calculated. Their profiles are
small and the total of each is about 0.2 kA. Note that a
relatively large Ohmic current remains at 500 s.

An example of current profiles for one of the aimings
in the Low-T-ECCD mode is shown in Fig. 16. The pre-

dicted total ECCD in the Low-T-ECCD mode is 0.55 to
0.60 MW. No optimization of the ECRF launching angles
is studied.

An example of current profiles for one of the High-T
mode aimings is shown in Fig. 17. The Ohmic current is
driven negative in regions around the mid-radius. Since
the Ohmic currents computed for the High-T mode are
negative, a fourth mode is studied. This is the High-T-10
with the total current increased from 9 to 10 MA. Also
the flat top time is extended to 3000 s to study slow evo-
lution of the current profiles. Higher Ip decreases q if
all else is held fixed. In reality, various other parame-
ters change. For instance, the Shafranov shift is less at
higher Ip and the NNBI current drive is shifted outward
and the total is reduced slightly. An example of current
profiles for one of the High-T-10 mode aimings is shown
in Fig. 18.

7. Predictions for q profiles

The scan in NNBI steering has weak effects on the q
profiles for the Low-T and Low-T-ECCD modes. Ex-
amples from the Low-T mode scan is shown in Fig. 19.
Such profiles might not have sufficiently high qmin and
reversal to cause the high performance needed for steady
state plasmas. Slightly more reversal is found in the in
the Low-T-ECCD mode, as shown in Fig. 20.

A current hole is formed briefly for one of the Low-T
mode aimings (∆=-0.61 m in Fig. 19.) Most of the aim-
ings for the Low-T-ECCD mode start out with current
holes, which disappear later. The last by 260 s, for the
case with ∆=-0.87 m.

Many of the High-T and High-T-10 mode aimings
achieve higher qmin and reversal. Figure 21 shows the
time evolution of q for two of the aimings in the High-T
mode scan. The q profile continues to evolve even after
500 s. Slow evolution to steady state is also predicted
for the High-T-10 mode scan. Examples are shown in
Fig. 22.

High qmin and shear reversal are obtained and main-
tained in some of the aimings from the scans for the High-
T and High-T-10 modes, even up to 2000 s. Examples for
the High-T mode are shown in Fig. 23. Results from the
scans of the High-T-10 mode are shown in Fig. 24. The
total bootstrap currents are steady after about 1500 s.
The aimings that terminated early all had increasing IBS.
The highest rate, 1.2kA/s is predicted for the case with
the highest footprint.

Long-lasting current holes are formed for some of the
aimings for the High-T mode. For the one with Y=-
0.32 m, the current hole lasts past 500 s. For several, the
runs crash, unable to maintain MHD equilibrium. The
MHD equilibrium calculations are challenged by high
central q and by the beam pressure. Table II gives the
termination times for aimings for runs that failed to find
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equilibria.
To summarize the results for the four modes, the Low-

T mode has the highest IOH and mildly reversed q pro-
files. Most of the aimings result in IBS and q close
to steady state conditions after 500 s. All are near
steady state by 800 s. None of the aimings challenge
the PTRANSP-TEQ equilibrium solver. Only one has
a brief current hole early. Several have central q values
decreasing below unity.

The Low-T-ECCD mode also has no difficulty running
past 500 s, and achieves mildly reversed q profiles. Most
of the aimings result in IBS and q close to steady state
conditions after 500 s. All are near steady state by 800 s.
Many of the aimings have current holes, but non lasting
past 230 s. Several have central q drooping below unity.

Many of the High-T mode aimings predictions have
difficulty maintaining MHD stability. All of the aimings
that last for long durations have current holes lasting
past 3000 s. Stronger shear reversal and higher qmin

is achieved. Some of the aimings, especially with low
footprints have slow approaches to steady state lasting
1200 s.

The High-T-10 mode has less difficulty with MHD sta-
bility than did the High-T mode. They all run past
1000 s, but aimings with high IBS do not come to steady
state, and crashed by 1500 s. They have high shear re-
versal and higher qmin.

8. Discussion

Quasi steady state, reversed q profiles are predicted
in aimings where the driven and bootstrap currents are
sufficiently large. The ability to alter the aiming the
NNBI aiming is predicted to have large effects on the
q profile. In contrast, such steering in ITER standard
H-mode plasmas is predicted [16] to not be effective in
altering q. This is due to the larger total current assumed
(Ip=15 MA), and to the anticipated effects of sawtooth
current mixing with large mixing radii.

Since a physics-based predictive model is not used here
to establish consistent temperature and density profiles,
it is far from certain that the profiles are physical. One
test of plausibility is to check if the heat transport ap-
pears sufficiently large to be feasible. Profiles of the heat
transport χe and χi for the High-T-10 mode are shown
in Fig. 25. Also the neoclassical ion transport χNC pre-
dicted by the NCLASS [40] code is shown for comparison
with χi. The values of χi are conservatively higher that
χNC .

An issue generic to LHCD in ITER is how to achieve
fueling with pellets since fast electrons from LHCD are
found to limit the pellet penetration [41].

Transients with long durations (≃1500 s) are predicted.
If the plasma profiles were allowed to evolve, the tran-
sients would be expected to be even longer. Accurate

feedback control appears important to direct plasmas to
self-consistent steady state conditions within the 3000 s
ITER pulse length. Presumably the feedback would re-
quire real-time profile measurements of plasma tempera-
tures, densities, heat flows, and q. The actuators could
include applied heating and current drive powers, control
coil powers, and fueling. Studies of feedback control for
ITER steady state plasmas have been published [42].

The fast ions will also limit pellet penetration, but the
density profiles of the fast ions are more central than
those expected for the fast electrons. Lastly, achieving
MHD stability in ITER steady state plasmas is expected
to be challenging. The MHD stability of these predictions
has not been investigated.

9. Summary

The PTRANSP code is used to predict current and
q profiles in steady state ITER DT plasmas. Opera-
tional modes with either 9 or 10 MA are considered.
The boundary (Fig. 1), fixed flat top temperature pro-
files (Fig. 2), and density profiles (Fig. 4) are assumed.
The goals are to find quasi steady state current profiles,
preferably with small Ohmic currents and q profiles with
elevated qmin and shear reversal since these character-
istics appear to be correlated with high performance in
present experiments. The current profile actuators ex-
plored are NNBI, LHCD, ECCD, and the bootstrap cur-
rent.

Four modes of operation are considered (summarized
in Table I): Low-T and Low-T-ECCD with nominal
ITER reference scenario 4 temperature profiles, and
High-T and High-T-10 with 50% higher temperatures.
All the modes assume 33 MW NNBI. The injection an-
gle is scanned to alter the footprint in the plasma. All
the modes assume LHCD with either 10 or 30 MW. One
of the modes (Low-T-ECCD) assumes 10 MW ECCD.

Predictions with elevated qmin and shear reversal are
shown in Figs. 19 - 24. Enhancements of the beam-driven
and bootstrap currents are predicted with NNBI aiming
above the magnetic axis are shown in Fig. 11-b. Tran-
sients with long durations (≃1500 s) are predicted so long
duration plasmas may be needed to establish quasi sta-
tionary q profiles. Only four aimings from the scan in the
High-T-10 mode achieve elevated central q after 2000 s,
shown in Fig. 24.

The ability to steer the NNBI current and the addi-
tional ECCD and LHCD appear to be helpful in con-
trolling the total current profile. Also a high bootstrap
current appears to be very helpful, but this contributes
to difficulty finding MHD stability.

In some aimings the assumed total current of 9 MA
could be too low since the total Ohmic current is negative
by up to one MA. Good alignment of the currents with
the Ohmic current profile near zero have not been demon-
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strated here. Presumably active feedback of the current
drive will be needed to adjust the profiles in ITER.

Transport is not predicted here. Improved predictive
models and integrated modeling are needed to include the
dynamical responses of the plasma profiles. The heating
profiles are calculated by PTRANSP so the transport im-
plied by the assumed plasma profiles are known. Exam-
ples of the electron and ion heat transport conductivities
are shown in Fig. 25. The ion heat conductivity is con-
siderably higher that the computed neoclassical ion heat
conductivity, suggesting that the plasmas would not re-
quire very low levels of transport.

In conclusion, ITER appears poised to study plasmas
approaching steady state if it achieves the capabilities of
driving and controlling large amounts of current for long

durations. Current drive via NNBI, ECRF and LHCD
are very desirable for controlling the current profiles.
Strong and active feedback appear needed for creating
ITER plasmas with conditions close to steady state.
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TABLE I: Summary of conditions and results (at 500 s) for the four modes studied. The applied powers for the current drive are
listed. Additional power for heating might be needed to establish the plasmas. Additional heating does not change the computed
currents or q since the plasma profiles are held fixed.

Mode of operation Low-T Low-T-ECCD High-T High-T-10

Flat top start time [s] 120 120 180 180

Flat top end time [s] 500 500 500 3000

Flat top Te(0) [keV] 22 22 33 33

PNB [MW] 33 33 33 33

PLHCD [MW] 10 10 30 30

PECRF [MW] 0 10 0 0

PDT [MW] 300 300 485 485

Flat top βn 2.3 2.3 3.6 3.6

Flat top Ip [MA] 9.0 9.0 9.0 10.0

Flat top IBS [MA] 2.8 to 3.2 2.95 to 3.3 5.4 to 6.6 4.5 to 5.5

Flat top INB [MA] 1.3 to 2.1 1.3 to 2.25 2.3 to 3.15 2.0 to 3.1

Flat top ILH [MA] 0.37 to 0.42 0.36 to 0.43 1.15 1.1 to 1.3

Flat top IEC [MA] 0.0 0.55 to 0.56 0.0 0.0

Flat top IOH [MA] 3.3 to 3.9 2.5 to 3.4 -0.8 to -1.9 0.6 to 1.3

TABLE II: Summary of results from scans of NNBI aiming for the High-T mode. The aiming angle of the injection below (+)
or above (-) the horizontal plane is listed. The height of the footprint is measured relative to the vessel midplane, which is
0.51 m below the computed plasma magnetic axis. ∆ is the relative distance between the footprint and axis. The total bootstrap,
NNBI, LH and Ohmic currents are listed at 500 s unless the simulation ended earlier. The flat top termination time is given.
Two of the aimings terminated early, due to TEQ not finding a MHD solution to the Grad-Shafranov equation. Current holes
defined operationally as q rising above 10 are predicted at early times for the aimings with footprint heights of +0.20, -0.08,
and -0.30 m.

steering angle footprint height ∆ Flat top end IBS INB ILH IOH

deg m m s MA MA MA MA

-2.10 +2.40 +1.89 500 6.50 2.75 1.15 -1.90

-1.45 +2.10 +1.59 3000 6.40 3.02 1.13 -1.80

-0.97 +1.82 +1.31 3000 6.00 3.10 1.13 -1.60

-0.50 +1.55 +1.04 3000 5.70 3.13 1.15 -1.30

+0.84 +0.92 +0.41 3000 5.45 3.11 1.15 -1.30

+1.81 +0.39 -0.13 176 - 3.00 - -

+2.30 +0.17 -0.34 500 5.38 2.91 1.15 -0.95

+2.79 -0.10 -0.61 171 - 2.90 1.15 -

+3.28 -0.36 -0.83 500 5.48 2.80 1.15 -0.85

+3.72 -0.67 -1.21 3000 5.30 2.70 1.15 -0.85

+4.25 -0.86 -1.44 500 5.70 2.62 1.15 -0.85

+4.74 -1.11 -1.61 500 5.78 2.50 1.15 -0.95

+5.23 -1.40 -1.91 500 5.98 2.34 1.15 -0.90
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TABLE III: Summary of scans in NNBI aiming for the High-T-10 mode. The flat top termination time and IBS, INB, ILH, and
IOH values are listed at 500 s. The aimings that terminated early had increasing IBS at termination.

steering angle footprint height ∆ Flat top end IBS INB ILH IOH

deg m m s MA MA MA MA

-2.10 +2.40 +1.89 1060 5.25 2.64 1.13 0.60

-1.45 +2.10 +1.59 1140 5.10 2.64 1.13 0.50

-0.97 +1.82 +1.89 3000 4.95 2.64 1.13 0.40

-0.50 +1.55 +1.04 1095 4.85 3.08 1.13 0.60

+0.84 +1.00 +0.49 3000 4.70 3.09 1.17 0.60

+1.81 +0.38 -0.13 3000 4.70 2.80 1.24 0.90

+2.30 +0.20 -0.34 3000 4.68 2.80 1.24 1.00

+2.79 -0.08 -0.61 3000 4.70 2.75 1.24 1.10

+3.28 -0.30 -0.83 3000 4.72 2.68 1.24 1.15

+3.72 -0.70 -1.21 1005 4.80 2.56 1.13 1.20

+4.25 -0.93 -1.44 1151 4.85 2.40 1.13 1.30

+4.74 -1.10 -1.61 1179 4.90 2.30 1.13 1.40

+5.23 -1.40 -1.91 1309 4.90 2.15 1.13 1.45
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FIG. 1: (Color online) Plasma boundary and first wall assumed for all simulations. Internal flux surfaces computed for one of
the High-T mode aimings (with Y = 0.17 m).
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to the plasma magnetic axis.
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FIG. 23: (Color) Profiles of q from the scans of High-T mode at 500 s.
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FIG. 25: Profiles of the electron, ion and neoclassical heat conductivity for the High-T-10 mode at 2000 s. The profiles have
been smoothed in x. Three of the predictions have central q greater than unity.


