memm———  Princeton Plasma Physics Laboratory s

PPPL- 4391 PPPL- 4391

Comparisons of Predicted Plasma Performance
in ITER H-mode Plasmas
with Various Mixes of External Heating

R.V. Budny

Revised April 2009

=PPPL

Prepared for the U.S. Department of Energy under Contract DE-AC02-76CH03073.


Pamela Hampton
Text Box
PPPL-


Princeton Plasma Physics Laboratory
Report Disclaimers

Full Legal Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any of
their employees, nor any of their contractors, subcontractors or their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or any third party’s use or the results of such use of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

Trademark Disclaimer

Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof or its
contractors or subcontractors.

PPPL Report Availability

Princeton Plasma Physics Laboratory:

http://www.pppl.gov/techreports.cfm

Office of Scientific and Technical Information (OSTI):

http://www.osti.gov/bridge

Related Links:

U.S. Department of Energy

Office of Scientific and Technical Information

Fusion Links




Comparisons of predicted plasma performance in ITER
H-mode plasmas with various mixes of external heating

R.V. Budny*
Princeton Plasma Physics Laboratory, Princeton, NJ 08543
(Dated: May 28, 2009)

Performance in H-mode DT plasmas in ITER with various choices of heating systems are predicted
and compared. Combinations of external heating by Negative Ion Neutral Beam Injection (NNBI),
Ton Cyclotron Range of Frequencies (ICRF), and Electron Cyclotron Heating (ECRH) are assumed.
Scans with a range of physics assumptions about boundary temperatures in the edge pedestal,
alpha ash transport, and toroidal momentum transport are used to indicate effects of uncertainties.
Time-dependent integrated modeling with the PTRANSP code is used to predict profiles of heating,
beam torque, and plasma profiles. The GLF23 model is used to predict temperature profiles. Either
GLF23 or the assumption of a constant ratio for x,/x; is used to predict toroidal rotation profiles
driven by the beam torques. Large differences for the core temperatures are predicted with different
mixes of the external heating during the density and current ramp-up phase, but the profiles are
similar during the flattop phase. With x4/x: = 0.5, the predicted toroidal rotation is relatively
slow and the flow shear implied by the pressure, toroidal rotation, and neoclassical poloidal rotation
are not sufficient to cause significant changes in the energy transport or steady state temperature
profiles. The GLF23-predicted toroidal rotation is faster by a factor of six, and significant flow
shear effects are predicted. Heating mixes with more NNBI power are predicted to have up to 20%
higher fusion power during steady state phases. This advantage is decisive in some cases where the
physics assumptions are close to marginal or critical values. L-mode plasmas are predicted having
QDT ~ 2-4.

PACS numbers: 07.05.Tp, 28.52.-s, 28.52.Av, 28.52.Cx

1. Introduction

The heating systems for ITER plasmas are being de-
signed. The purpose of this paper is to compare the
plasma performance predicted with alternative choices
of the heating. The external heating systems considered
are: Negative ion Neutral Beam Injection (NNBI), Ton
Cyclotron Resonance Heating (ICRH), and Electron Cy-
clotron Resonance Heating (ECRH). The standard heat-
ing modes considered for initial DT operation are D-
NNBI at 1MeV from two beam lines delivering 16.5 MW
each; ICRH with *He minority at 53 MHz delivering up
to 20 MW, and ECRH in O-mode at 170 GHz deliver-
ing up to 20 MW. Alternative plans for later upgrades
and possibly even for initial DT operation (besides the
two NNBI and ICRH systems) are for zero, one, or three
beam-lines, up to 60 MW ECRH, and up to 20 MW lower
hybrid current drive.

This paper uses the PTRANSP code [1, 2] to gener-
ate self-consistent, time-dependent integrated predictions
of H-mode DT plasmas. It extends Ref. [1] to include
ECRH, systematic scans of the external heating, and an
additional variety of physics assumptions. A range of
assumptions about boundary temperatures in the edge
pedestal, and about alpha ash transport are used to in-
dicate effects of some of the uncertainties in the physics
that affects plasma performance.

2. External Heating

ITER is being constructed to study physics and tech-
nological issues for the development of fusion reactors.
Among the goals [3] are the production of 400 MW of
fusion energy Ppr for long durations (300-500 s), and
of fusion gain Qpr = Ppr/Pext = 10. Here Py is
the main external heating power, planned to be at most
73 MW. These conditions should facilitate studies of al-
pha heating in near-burning plasma. The Ohmic heating,
expected to be ~ 1-2 MW is conventionally not counted
in Peyxt. Also power that might be required for control of
MHD stability is not included.

Five mixes of heating (with associated current and
torque drives, and fueling) are assumed to examine var-
ious possibilities and contingencies for ITER. These are
indicated in Table I, and include zero, one, two, or three
beam lines, up to 20 MW ICRH, and various amounts
of ECRH power. The assumed time evolutions of the
heating powers are shown in Fig. 1. The P,y is assumed
to start with 73 MW during the density and I, ramp-up,
and this is assumed to be sufficient to cause the LH tran-
sition. The total is later stepped down to explore steady
state conditions with decreased P.y¢. The alpha heating
could compensate to a degree for the reduced Peyt and
might be able to maintain relatively high Ppt and in-
creased @Qpr. In some scans, even ignition (Qpr =~ 00)
is predicted.

The NNBI voltage is assumed to be 1 MeV. The 3-D
geometry of the sources, aiming angles, and beam ducts



with a small footprint in the plasma and with below-
axis aiming is assumed [1]. The average height of the DY
trajectories at the location of minimum major radius is
30 cm below the vacuum vessel midplane. The plasma
center is 52-53 cm above the midplane. Examples of D°
beam trajectories are shown in Fig. 2.

The ICRH is assumed to use *He as the minority ion
species. The frequency is fixed at 52.5 MHz and the mi-
nority density ratio nsg./ne is assumed to be 0.02. Fun-
damental and harmonic heating of electrons and various
ion species are computed.

High values of the normalized pressure [3,, have a risk
of triggering Neoclassical Tearing Modes (NTM’s) dele-
terious to confinement [4]. Control of NTM’s in ITER
is thought possible using ECRH, and so a system of
ECRH launched from rapidly-steerable upper antenna is
planned. NTM control is simulated by 4 MW of ECRH
injected up to 700 s for this reason.

The ECRH system will have multiple roles: heating,
current drive, and NTM suppression. Both the heating
(ECH) and the current drive (ECCD) profiles are calcu-
lated. The ECRH is assumed to be launched from three
equatorial launchers and two upper launchers. The fre-
quency is assumed to be 170 GHz, launched in O-mode.
The divergence of the rays is assumed to be narrow (1.2
deg). Locations and assumed angles are shown in Ta-
ble II. Elevation and plan views of sample rays are shown
in Figs. 3.

3. Plasmas Studied

The plasma regime studied is the H-mode which is con-
sidered to be the baseline for ITER [3]. The toroidal
field is 5.3 T and the flattop plasma current I, is 15 MA,
with edge safety factor gog = 3.7.

In current experiments the H-mode is generally seen
when the heating power is above a threshold Pry. Some
experiments find that Py needs to be up to 50 per cent
higher than Pp g for full H-mode energy confinement [5].
This complication is not modeled here. If the heating
power drops below P, a back transition occurs. There
is considerable uncertainty of both Pry and Py for
ITER since the physics of the L-H transition and the
pedestal are not well understood. Database values for
Pr, i have been used to extrapolate to ITER [6, 7]. Some
experiments indicate that there is hysteresis in the tran-
sition, with Pgy being considerably lower than Ppg
[8, 9].

One of the characteristics of the H-mode is a pedestal
region near the edge, beyond which the density and tem-
perature profiles decrease precipitously. The values of
the temperatures at the top of the pedestal, T},cq are im-
portant boundary conditions for core temperature pre-
dictions. Differences in ion and electron temperatures
at the pedestal are ignored here for simplicity. Databases

for Theq predict a wide range for ITER, e.g., 2.9 keV from
the PEDESTAL module [10] in PTRANSP and 4.5 keV
[11]. High values are beneficial for achieving high fu-
sion yield, but have unwanted side-effects. Wide pedestal
widths cause Edge Localized Modes (ELM’s) with dan-
gerous amounts of power deposition on the first wall [12].
Various ELM mitigation schemes are being studied. For
this paper, three values of Tpeq are assumed: 2.9 (from
PEDESTAL), 4.1, and 5.2 keV. The scans are summa-
rized in Table III.

The traditional assumption for the baseline electron
density profile n. is flat out to the top of the edge
pedestal. The baseline assumption is that the flattop
ne(0) is 1.0 x 102°/m3, so that the steady state Green-
wald fraction (7i./figw with 7. the line-average, and
new = Ip/(ma?) x 10%°/m?) is 0.86, considered suffi-
ciently low for good confinement.

There is uncertainty about whether n, will actually be
flat in ITER. Studies of the dependence, on plasma colli-
sionality vy, of the density peaking (defined by n.(0)/ <
ne > where n.(0) is the central density and < n. > is the
volume-average) indicate a peaking as v, reduces. The
collisionality in ITER should be small compared to values
measured in present high-performance H-mode plasmas
since the electron temperature T, is expected to be con-
siderably higher than achieved.

Extensive database studies of peaking versus v, are
available from JET [13, 14], ASDEX [15], TCV [16], and
JT-60U [17]. There is evidence that v, is the dominant
predictor of n. peaking. Peaking of n, and minimal peak-
ing of the impurity densities would suggest increased per-
formance since Ppr o np(0)nr(0).

There are also theoretical arguments for an inward par-
ticle pinch [18-20]. These papers link the pinch to drift
wave instabilities. The GLF23 and Weiland [21] models
have been used to predict the n. peaking versus v, in
present experiments, with good agreement, and predict
modest peaking in ITER.

The extrapolations to ITER are not conclusive since
many of the anticipated plasma parameters will be very
different in ITER. Examples are the mix of D and T, the
central sink of D and T, the central source of ash, and
the low rate of central fueling. Further physics-based
extrapolations are needed for added credibility.

The density prediction capabilities of GLF23 and Wei-
land models have been incorporated into PTRANSP, and
are being tested. Density treatment in PTRANSP is es-
pecially complicated due to the multiple modes of treat-
ing density (following the legacy of density analysis in
TRANSP), and to the need for multiple ion species for
realistic simulations of ITER (and present experiments).

As is standard for ITER modeling, the impurities are
assumed to be beryllium with ng./n. = 0.02, argon with
nar/ne = 0.0012, 3He minority (with n,in/ne = 0.02),
and the thermalized and recycled helium ash. The ar-
gon is assumed to be puffed in to increase radiation loss,



and thus to decrease the convected and conducted power
flows, which need to be below a ceiling of about 110 MW.
More argon may be needed for more radiation loss in plas-
mas having too high power flows. The anticipated trace
amounts of other impurities such as carbon and tungsten
are neglected, as is usual for ITER predictions.

The ash transport and recycling also can play impor-
tant roles in the steady state fusion performance. Pro-
files of “He transport coefficients have been measured in
TFTR DD and DT plasmas [22], and in JT-60U H-mode
plasmas [23] with the results that the He velocity pinch
profile is inward at most radii. It would be detrimental
for ITER performance if a large inward pinch V,g, were
found, wunless a sufficiently large diffusivity D,sn were
also found.

The physics of He (and other impurity) transport in
tokamak plasmas is not well understood. Reference [20]
has predicted ash profiles with benign peaking in the case
of ITER H-mode plasmas with GLF23-predicted peaked
ne. Some nonlinear gyrokinetic simulations of turbulent-
driven He transport in ITER-like plasmas indicate that
the transport is complicated, with different wavenumbers
transported at differing rates and even in different direc-
tions. The values of the assumed constant D,.g, and Vg
for the physics scans are in Table III. In the cases where
the pinch is inward (Vs negative) the ash density be-
comes peaked on axis.

4. PTRANSP models

Most predictions of Ppt and Qpr in ITER have as-
sumed steady state profiles. The assumption of steady
state prevents systematic investigation of consequences
of reducing Peyt. Also neglecting time-dependence misses
important phenomena such as slow accumulation of the
helium ash and the redistribution of species, energy, and
magnetic field by sawteeth.

Here the PTRANSP code [1] is used for detailed time-
dependent integrated modeling. PTRANSP is a new
name for the TRANSP code, with P reflecting major up-
grades in predictive capabilities. There is extensive and
ongoing verification and testing of PTRANSP [1, 2].

The procedure is to first use the TSC code [24] to
startup and to feedback control the plasmas consistent
with the planned ITER coils and circuit equations. The
ramp up, steady state, and ramp down are modeled. The
electron density profile n. is prescribed. The assumed
profile is the standard baseline n. (flat out to the top
of the edge pedestal). The density is ramped linearly to
steady state values after 160 s. The n, profile is shown
in Fig. 4. The total plasma current is ramped to the
standard 15 MA at 100 s, as shown in Fig. 5.

The TSC time-evolving plasma boundary is input to
PTRANSP for detailed computation of the heating, cur-
rent drive, torque, fueling, and plasma equilibria. The

runs were set up to yield good radial and time resolu-
tion.

It is necessary to predict T; profiles to predict Ppr.
Also T; and T, profiles are needed to calculate heating.
The GLF23 model [25, 26] and Tpeq assumptions are used
here since GLF23 predicts T; and T, profiles in approxi-
mate agreement with current H-mode plasmas [27]. The
numerical algorithm for achieving solutions to the stiff
GLF23 equations in PTRANSP has recently been im-
proved [28]. Up to 30 Newton iterations are used here.

Predicting toroidal rotation is also important since
toroidal rotation is needed to avoid locked modes, and
since rotation contributes to flow shear which might re-
duce transport, increasing Ppr. The flow shear is com-
puted in GLF23 from the radial electric field E, pro-
file, which is calculated from radial force balance. The
poloidal rotation contribution is computed in PTRANSP
using NCLASS [29]. The pressure gradient contribution
is calculated from the plasma profiles. For the heat-
ing mixes with NNBI, toroidal rotation is predicted to
dominate the force balance in the core, so predicting the
toroidal rotation contributions is important for assessing
the need for NNBI.

GLF23 has been used to predict large rotation rates
and enhanced Ppr in ITER [30]. The ability to predict
toroidal rotation using GLF23 in PTRANSP has been
improved recently [2], but these predictions are not as
thoroughly tested in present experiments as are the tem-
perature predictions. An alternative assumption is also
studied: setting x4/x; = 0.5. This value is chosen since
it is roughly midway in the range measured in present ex-
periments. Results from both predictions are compared.

At the start of the Puy the central electron density has
ramped to 0.5x10%°/m?3, half of the flat-top density. One
advantage of early Pey is that database results for Pr gy
indicate an increase with density. However, a trade-off
is needed in when to start the NNBI since high power
NNBI cannot be started at too low density due to the
danger of excessive shine-through power over-heating the
far side of the vacuum vessel.

PTRANSP uses Monte Carlo methods [31, 32] 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 the simulations presented
here, the number of Monte Carlo particles used is 1000
for the beam ions and alpha particles. This number of
samples gives fairly smooth beam heating profiles. Ex-
amples of heating profiles are shown in Fig. 6.

The TORIC code [33] is used to model the ICRH. The
number of poloidal modes is 32. The number of toroidal
mesh points is 64. The number of radial mesh points is
203. PTRANSP can run TORIC with a spectrum sym-
metric in the toroidal wave number ng. For the runs used
here the spectrum is assumed to have two peaks at + one
value of |ng|. The choice used here is |ny| = 27, which is
calculated to be the peak in the vacuum spectrum. For



the standard DT H-mode plasmas the corresponding par-
allel indices are calculated to be n(0) = 3.84, and the
equivalent wave numbers k| are 4.23 m~".

The antenna position is indicated in Fig. 7, along with
the plasma boundary and vacuum vessel. The position
of the antenna cannot be too close to the vacuum vessel,
which is assumed to be perfectly conducting in TORIC,
because image currents would affect the computed wave
patterns in the plasma.

An example of the resonance locations and heating
fractions on ions and electrons for one case is shown in
Table IV. The 3He resonance is 20 cm past the magnetic
axis. Table IV shows that most of the power is deposited
on 3He and electrons. The resolution of the ICRH sim-
ulations has been checked using standalone TORIC runs
increasing the numbers of poloidal modes from 32 to 64,
128, 256, and 512. Contour plots of ICRH waves and
power depositions show increasing resolution as the num-
ber of modes increases. At the highest number tried, 512,
there is evidence of a failure of numerical convergence or
Finite Larmour Radius effects starting to appear. Ex-
amples of contours from the standalone run with 256
poloidal modes are shown in Figs. 8 and 9. The con-
tours indicate strong, single-pass absorption, and a small
amount of ion-cyclotron mode conversion near the axis.

ICRH results for similar PTRANSP-TORIC ITER
simulations used in Ref. [1] at one time-step has been
benchmarked with AORSA-CQL3D [34] (L. Berry, pri-
vate communication 2008).

The TORAY code [35-37] is used to model the
ECH/ECCD. TORAY launched 20 rays from each an-
tenna at each time step, and used 251 radial zones. Ex-
amples of profiles of the ECH power deposition to elec-
trons are shown in Fig. 10.  The localized depositions
from the upper antenna 4-5 are peaked near the loca-
tions of the q = 1.5 and 2 fjux surfaces, which might
be needed for NTM suppression. ECRH results for one
of the PTRANSP-TORAY ITER simulations has been
benchmarked with the GENRAY code [38] (R. Harvey,
private communication 2008).

Sawteeth are expected to have significant effects on
plasma profiles in the core. A variety of sawtooth mod-
els are available in PTRANSP. For this paper a modifica-
tion of Kadomtsev mixing [39] is used. A fixed sawtooth
period of 10 s is assumed.

PTRANSP is run in a mode using models for the
pedestal and for the L-H transition [2, 10]. From
PEDESTAL Ppy is around 50 MW at full density, and
Py is lower by 25%. PEDESTAL predicts a width for
the pedestal which is near 5 cm for the cases studied here.
The value of the normalized pressure Bp,; is 96 per cent
of its maximum value. The model predicts the pressure,
ne.T, at the top of the pedestal when Py is exceeded.
With the assumed profile for n., the prediction for Theq
is 2.9 keV (which is lower, and thus more pessimistic for
Ppr than some other predictions and extrapolations).

The radial boundary where Tpeq is applied is near r/a =
0.97. Predictions are not sensitive to this choice. T}eq
from this model is used for Scan-1, and is scaled up by
1.4 for Scan-3 and by 1.8 for the other scans.

For simplicity, the ash transport is computed assum-
ing an explicit constant diffusivity D,g, and radial pinch
Viash- Scans 1-3 assumed an outward pinch. For the oth-
ers, an inward pinch is assumed. If the transport is in-
ward (minus sign for V,g,), the ash profile peaks in the
core. If the magnitude of Vg is too negative PTRANSP
does not give a steady state solution if Ppr is high since
Nnash becomes too large in the core for the assumed n..
This is seen in the simulations for some of the scans.
Presumably in reality either n. or the transport would
change as n,s, becomes very peaked. PTRANSP does
not yet have a tested integrated density prediction capa-
bility needed to model n, along with D, T, and multiple
impurities consistently.

5. Predictions for cases near critical values

This Section discusses predictions for scans with as-
sumed parameters close to critical values, near which
qualitatively different behavior for Ppr are predicted for
the different mixes of Pay. The next Section compares
predictions for scans with assumed parameters which are
not close to critical values.

With the assumptions of Scans 1, 4, and 5 none of the
heating mixes provide sufficient heating to maintain Ppr
after 400 s (when Pey is reduced from =~40 MW) as
shown in Table ITI. As P,y decreases, the total heating
power drops below the assumed Pgp, threshold, forcing a
decrease in Tpeq. With all the heating mixes except three
in Scans 4 and 5, the total ash profiles come to steady
state modulated by the assumed sawtooth mixing. In
Scans 4 and 5 the ash profiles are very centrally-peaked.
For Scan-5 the five heating mixes reach a steady state
before 400 s. For Scan-4, the heating mixes with zero or
one NNBI (IC/EC and INB/IC/EC) come to a steady
state until 400 s, with Ppr is 220-320 MW. The other
three mixes with two or three NNBI terminate before
400 s. Figure 11 shows the predicted Ppr.

The cause of early termination of the three mixes with
two or three NNBI is that they have broader heating
profiles, and slightly lower GLF23-predicted ion energy
transport coefficients x; near the mid-radius. Thus they
have higher T; and Pp, but fail sooner as the central ash
density becomes too high for the assumed n.(0), The
ash profiles are not sufficiently broad to self-regulate by
reducing the DT reaction and thus the ash source from
thermalizing alpha ions. The two mixes with zero or one
NNBI do self-regulate. For Scan-5 all the heating mixes
self-regulate.

Scans 4-9 explore consequences of increasing D,gn
while holding the other assumptions fixed. Predictions of



the ash profiles and evolutions of the central and volume-
averaged ash densities for the heating mix 3NB/IC are
shown in Fig. 12. For relatively small D, (scans 4 and
5) the predicted Ppr depends sensitively on P.y; and the
heating mix. For values higher than these critical D,sn
the predictions are less sensitive.

The effective charge profile Z.;y = ¥;n;Z7 /n. indi-
cates effects of impurity ion dilution on the DT fuel pro-
file. The contributions of each ion with density n; and
charge Z; is n;Z3 /n.. For a pure DT plasma Zcj; =
1.0. Profiles of the contributions to Z.¢s for two of the
cases are shown in Fig. 13. Figure Fig. 13-a) shows the
3NB/IC Scan-4 case that tops Fig. 11. Figure Fig. 13-b)
shows 2NB/IC/EC Scan-2, which is not close to a critical
combination of D,gn and Vpe,. In both cases the con-
tributions from the *He minority, fast alpha, and beam
ions are relatively small.

The recycling of helium from outside the main plasma
plays an important role if the ash transport has an in-
ward pinch [1]. The recycling coefficient R (defined as
Tin/Tout, the ratio of the radial flows into and out from
the plasma through the separatrix) is held constant at
0.7 here. If R were higher, Ppr would be lower (and zero
at R = 1.0).

All the scans and heating mixes that achieved high
steady state Ppr also obtained ignition when Py is re-
duced to zero. The ranges of Ppr are shown in the last
column of Table III. This shows that none of the heat-
ing mixes with the assumptions of Scan-1, 4, and 5 can
ignite. For Scan-3, three are predicted to ignite. Exam-
ples of the time dependencies of Qpr for several scans
are shown in Fig. 14.

6. Predictions for cases away from critical values

The various heating mixes are predicted to have differ-
ent power depositions on the thermal ions and electrons,
but the ion-electron equilibration rate is predicted to be-
come rapid as the density increases to the steady state
value. Examples of the early evolution of the central
T; and T, for the various heating mixes (in the case of
Scan-2) are shown in Fig. 15. Large core temparatures
are seen transiently, with magnitudes correlated with the
amount of NNBI power. Especially high T;(0) are pre-
dicted with the heating mix 3NB/IC. The predictions of
lower core temperatures if the flow shear suppression is
turned off are also shown for comparison. There are addi-
tional uncertainties in the predictions of the PEDESTAL
model early as the density is ramping up since that model
is based on measurements during approximately steady
state plasmas.

Soon after the start of the NNBI the energy distribu-
tion of the beam ions is calculated to be strongly non-
monotonic, peaked near the injection energy (1 MeV).
Shortly thereafter the calculated distribution approaches

a slowing-down distribution, but the distribution in pitch
angle v||/|v| remains peaked near vj/|v| ~ unity. High
core temperatures, Bpeam, and [, lasting about 50 s are
predicted. Examples are shown in Fig. 15-c. These high
values, and the asymmetries in the beam distribution are
predicted to drive strong Toroidal Alfvén Instabilities.
The temperature, 3, and pitch angle asymmetry drives
of these instabilities have been studied [40, 41].

At steady state the predicted T; and T, profiles con-
verge to similar values for all assumed heating mixes in
the physics assumption scans with xs/x; = 0.5. Re-
sults are shown in Figs. 16. For Scan-11 using GLF23
to predict v, the predicted vy, is six times larger, and
a wider range of T; is predicted, due to the flow shear
suppression of transport caused by the NNBI-driven vy,..
An example is shown in Figs. 17. The predicted range of
values for Ppt and Qpr are similar for the alternative
assumptions for predicting vy,

The highest value predicted for Ppr is 703 MW for
Scan-11 (GLF23-predicted rotation) with the heating
mix 3NB/IC. This is maintained from 140 to 400 s, after
which Ppr decreased to 522 MW. Since Peyt is stepped
down from 43 to 34 MW at 300 s, then to 4 MW (simulat-
ing NTM control) at 400 s, then to zero, Qpr increased
from 17 to 22 after 300 s, and increased to effectively
infinity after 400 s. The ranges of Ppr are listed in the
last two columns of Table III.

Since the GLF23 rotation predictions are not as well
tested as the temperature predictions, the predictions
from Scan-11 should be considered more tentative. For
the other scans with the more conservative assumption
of x¢/xi = 0.5, the next highest values of Ppr are from
Scans 8 and 9 which both achieved 597 MW between 200
and 300 s. The next is Scan-2 with 589 MW. For these
three scans, the 2NB/EC heating mix gave the maxi-
mum. The spread of Ppr over heating mixes is 15%.

7. Discussion

One uncertainty is how the H-mode and pedestal will
respond to the shift from external to alpha dominated
heating. The ion and electron heating power profiles
will change. Examples of the total, ion, and electron
heating for one of the Scan-2 mixes is shown in Fig. 18-a).
Experiments have not identified obvious direct changes in
the pedestal when the heating changes, but there can be
indirect effects via changes in beta or collisionality.

Examples of the computed values of the global nor-
malized pressure, 0§, =< [ir > aB/I are shown in
Fig. 18-b). The volume-average of B, = 2uoP/B? is
used, where P is the total pressure normalized by the
Troyon factor with plasma current [MA], minor radius
[m], and vacuum toroidal magnetic field [T]. They range
between 1.35-1.55 for Scan-1, and from 1.6 to 2.2 for the
other scans. The standard assumption for the baseline



ITER H-mode (“Scenario2”) is 1.8. In cases with igni-
tion, there is a slight decrease in 3,, as the heating power
changes as Py decreases.

Experiments in DIII-D [42] indicate that (3, peq (= the
local (3, at the top of the pedestal) decreases as the global
0By decreases. Calculations of peeling-ballooning stabil-
ity of the edge barrier [43] find that B, peq is a useful
figure of merit for describing the pedestal stability limit.
The recently developed EPED1 pedestal model [44] com-
bines peeling-ballooning stability calculations with a sec-
ond constraint based on local kinetic ballooning mode on-
set to allow prediction of the pedestal height and width.

EPEDI1 model calculations for some of the PTRANSP
ITER baseline cases predict a pedestal height of
Bn.ped =~ 0.6-0.7 [44], approximately consistent with the
results shown in Fig. 18-¢). The EPED1 model does have
a dependence on global beta because the Shafranov shift
affects peeling-ballooning stability. However, for ITER,
in the range of 3, values discussed here, the variation in
the EPEDI1 predicted pedestal height with global beta is
fairly small [P.B. Snyder, private communication 2009].

The computed radiative power losses range up to
29 MW from bremsstrahlung, 7 MW from line radia-
tion, and 7 MW from net synchrotron radiation. The
net charge-exchange loss from interaction with recycling
neutrals is calculated to be localized near the edge and
small (~ 1 MW), but could be higher if the wall recycling
rate is large.

The values of 7 defined by the ratio of the total ther-
mal energy and the conductive, convective, radiation,
and net charge exchange losses, are in the ranges 2.2-2.3 s
for Scan-1, and 3.3-5.3 s for the other scans. These values
are not decisive indicators of ignition. The values for the
triple-product, n.T;7s (with n. and T; volume-averaged
to r/s=0.2) are in the range 65-80 [10%°-keV-s/m?] for
ignition. The ratio of ash to electrons varied from 1.5 %
for Scan-1 and 10 % for Scan-4. The values of the ash
particle confinement, 7,4, range from 3-110 s. The ra-
tio 7%, /e is decisive for ignition. The simulations with
ignition have this ratio in the range 3-80.

Global zero-dimensional studies of DT ignition in the
presence of radiative energy loss and helium ash con-
finement have found [45] closed contours for the triple-
product, n.T;mg versus T;, parameterized by the ratio
7./ Te. The accessible ignition region is found to vanish
as this ratio increased above 15. The conditions found in
[45] for the triple-product and T; with large 77, /75 are
around 90 [10%°-keV-s/m?3] and 17 [keV]. The higher val-
ues found here for 775, /75 are in Scans with inward ash
pinches, and are considerably higher than the maximum
found in a 0D analysis.

Large extrapolations are needed to extrapolate many
of the plasma parameters from present experiments to
ITER. One such parameter is Pry. To explore what
could be expected if Ppy turns out to be much higher
than expected, a set of heating mix predictions is done

with Pry scaled up a factor of three (to 150 MW at
flattop) from the PEDESTAL values. Also Tpeq is scaled
down a factor of 0.8. The predicted evolutions of the
heat flow into the region where the pedestal could form
is compared with that required by the scaled up Pry in
Fig. 19-a). The plasma obtains the H-mode only between
110 and 120s. Plasma temperature profiles are shown in
Fig. 19-b).

Examples of the neutron emission and Ppr from the
five heating mixes are shown in Fig. 20. The plasmas
obtain Qpr around 2-4. The predicted values for 3, in
the steady state L-mode phase range from 0.8 to 1.3.

8. Summary

The PTRANSP code with GLF23 is used to predict
Ppr in the baseline ITER “scenario 2” H-mode with
five assumed mixes of external heating and a variety of
physics assumptions. Figure 1 and Table I show the heat-
ing mixes chosen, and Table IIT summarizes the physics
assumptions and gives ranges of Ppr in phases with re-
duced P.y.

The predictions of temperature profiles and Ppt for
the different heating mixes can differ significantly if con-
ditions are close to marginal or critical values such as
Peyy being close to threshold or Tjeq being low or D
small if Vg, is inward. For instance, Table III shows
that Ppr is sensitive to the heating mix near critical val-
ues of Dg.g,. Examples of predictions of Ppr for Scan-4
are shown in Fig. 11.

The predictions of steady state temperature profiles
and Ppr are comparable for all the heating mixes if con-
ditions are not not close to marginal or critical values
Examples of profiles with the toroidal rotation predicted
assuming x4/x; = 0.5 are shown in Fig. 16. Ten % vari-
ation in the predicted Ppr are found. The anticipated
toroidal rotation from the NNBI is estimated to increase
Ppr about 10% Figure 14 shows examples of predictions
with infinite Qpr occurring after 400s.

GLF23 predicts much larger v, resulting from the
NNBI torques. Combined with NCLASS predictions of
Upol, the flow shearing rates are predicted to significantly
increase the T; profiles. Examples are shown in Fig. 17.

Predictions of L-mode Ppr and Qpr are obtained as-
suming Pry turns out to be larger than expected. Re-
sults are shown in Figs. 19 and 20.

The heating mixes with more NNBI are predicted to
have the advantage over ones with less by having in-
creased v¢or, Ppr and Qpr. In case the ITER capabili-
ties turn out to be close to critical or marginal parame-
ters, these increases could be crucial for success. On the
other hand, they have potential disadvantages if maxi-
mum power is needed when the density is low, such as
causing more shine-through power to the inner armor.
Also NNBI (and ICRH) have the potential disadvantage



of causing Alfvén wave-induced fast ion losses especially
during the low density ramp up and ramp down phases.

There are many consequential physics processes that
cannot yet be modeled in PTRANSP. These include
ELMs, MHD, disruptions, and fast ion wave and MHD
interactions.

An important caveat about this study is that the plas-
mas predicted have the standard flat electron density pro-
file. Results could be quite different with more peaked
profiles.

Another caveat is that in plasma regimes other than
the standard H-mode, the heating or current drive could
play important roles in triggering self-organized states.
For instance, in the Hybrid, Advanced Inductive, and
Steady State scenarios the total plasma current could
be lower and thus the externally driven and bootstrap

currents could be relatively larger.

There are many uncertainties about the technology
and physics challenges that ITER will face, so it is not
possible to make definitive predictions about ITER per-
formance. Having flexibility of choosing among a vari-
ety of heating schemes could prove to be important when
ITER is faced with unforeseen challenges.
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Heating type

NNBI|ICRH |ECRH

2NB/EC
2NB/IC/EC
IC/EC
3NB/IC
INB/IC/EC

34-17 |0 40-30-20
34-17 |20-10-0(20

0 20-10-0|53-47
50-33 [20-10-0|0

17-0 |20-10-0|37

TABLE I: External heating mixes considered. The total Pext is approximately 73 MW from 80 to 130 s, then decreases to
40-50 MW until 300 s, then to 36-40 MW until 400 s, then to 4 MW of ECRH until 700 s. The time dependences are shown

in Fig. 1.

Launcher

Ant 1 Ant 2 Ant 3 Ant 4 Ant 5

Major Radius [m]
Height [m]
Poloidal angle [deg]

Toroidal angle [deg]

8.50 8.50 &8.50 6.48 6.45
0.01 061 121 411 4.20
90.0 90.0 90.0 146.0 150.0
210.0 215.0 218.0 200.0 202.0

TABLE II: ECH launcher geometry. Antennae 1-3 are the equatorial launchers and antennae 4-5 are the steerable upper

launchers for NTM control. The toroidal angles advance

counter-clockwise viewed from above starting at the antenna.

Assumptions||Tped |[X¢ Dast |Vash  |Vash/Dasn | Por (350s) | Por (750s)
Units keV] [m?/s]|[m/s]|[m™1] [MW] [MW]
Scan-1 2.9 0.5x; /0.1 +0.1 |4+1.0 195-306 0
Scan-2 5.2 0.5x; /0.1 +0.1 |4+1.0 486-589 486-530
Scan-3 4.1 0.5x4 0.1 +0.1 |+1.0 233-417 0-322
Scan-4 5.2 0.5x: ||0.1 -0.1 |-1.0 0-208 0
Scan-5 5.2 0.5x; 1(/0.12 |-0.1 |-0.83 264-319 0
Scan-6 5.2 0.5x4 0.15 |[-0.1 |-0.67 347-389 311-339
Scan-7 5.2 0.5x4 0.25 |-0.1 |-0.25 458-514 425-464
Scan-8 5.2 0.5x; 1(/0.50 |-0.1 |-0.20 522-597 497-508
Scan-9 5.2 0.5x4 1.0 -0.1 |[-0.10 556-597 542-567
Scan-10 5.2 0.5x4 1.0 -1.0 |-1.0 472-533 458-500
Scan-11 5.2 GLF23([1.0 -1.0 |-1.0 528-703 532-556

TABLE III: Scans in Tpea, momentum prediction, and ash transport. The ash recycling coefficient at the plasma boundary [1]
is kept fized at 0.7). The last column gives the ranges in Ppr for the five heating mizes after Pext is turned off.
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ion species Fundamental | Harmonic

Thermal T (-3.1) 0.0 (0.2) 12.4

Thermal D (-1.5) 0.8 (3.4)0

Ash (-1.5) 0.1 (3.4)0

Be impurity (-1.5) 0.3 (3.4)0

B impurity (-1.5) 0.1 (3.4)0

Fast *He (minority) || (4+0.2) 49.7 |(6.7) 0

Fast a (DT) (-1.5) 0.1 (3.4)0

Fast D (beam) (-1.5) 0.0 (34)0

electrons from FW from IBW
36.5 0.2

Fast *He heating ions electrons
78 23

TABLE IV: Resonance locations ([m] relative to the magnetic azis and partition fractions (%) of ICRH heating corresponding
to the case of Scan-2 with heating miz 2NB/IC/EC at 250 s, with contours shown in Figs. 8-9. The magnetic azis is at
Ro=6.39 [m]. The inner most radius is 4.19 [m] so the fundamental T resonance is not in the plasma. Likewise the outer most
radius is 8.28 [m] so all but the T harmonic resonance are not in the plasma. The electron heating fractions from Fast Wave
and ITon Bernstein Wave, and the fractions of heating of the thermal plasma by the slowing down ®He are also given. Profiles
of the total ion and electron power depositions are shown in Fig. 6-a).
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ITER H-mode 20100P07
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FIG. 8: Contours for the real part of E2 from a simulation for Scan-2 with heating mix 2NB/IC/EC at 250 s. The color scale
units are V/m per MW ICRH power absorbed. TORIC was run in standalone mode starting with inputs from PTRANSP
using 32 poloidal modes, and increasing the number of poloidal modes to 256.
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ITER H-mode 20100P07
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FIG. 9: Contours of ICRH power deposition directly to electrons. The color scale units are MW /m® per MW ICRH power

absorbed. TORIC was run in standalone mode starting with inputs from PTRANSP using 32 poloidal modes, and increasing
the number of poloidal modes to 256.
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heating power (shown in Fig. 1-¢) is 53 MW from 80 to 130 s, then drops to 36 MW until 400 s, (from the equatorial launchers),
and then drops to 4 MW (from the two upper launchers) until 700 s. The sign of the plasma currents is chosen to be positive
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simulating NTM control.
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FIG. 11: Neutron emission predictions for the five heating mixes with assumptions of Scan-4. The heating mixes with two or
three NNBI have broader heating profiles and lower GLF23-predicted x; near the mid-radius, producing higher 7; and Ppt
thus producing too high ma,sn(0) to maintain charge neutrality given the assumed n.(0). The assumptions of fixed Dagn and
Vash, constant in radius, are unrealistic and in reality they are expected to adjust with the plasma profiles.
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2NB/IC/EC with assumptions of Scan-2. The time 175 s chosen for a) is before the crash of the 3NB/EC heating mix,
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FIG. 15: Central temperatures and (3, during the early heating phase for physics Scan-2. The profiles are volume-averaged
to x=0.2 to reduce sawtooth effects. Scans with three NNBI sources (mix 3NB/IC) are predicted to have relatively high ion
temperatures (as observed in supershots and Hot-ion H-mode plasmas). Effects of flow shear suppression is illustrated in
a)and b) for the heating assumption 3NB/IC by comparing predictions with out flow shear. The peak values of 3, are more
than twice the peak values of the similarly-defined (peqr Wwhich decrease rapidly after 100 s.



24

30.0 — I I T T T T
— a I
0T
- EZNB/IC e ©CO 1 =
. cNBEB/IIC/EC Time = 24as s -
B INB/IC Scan 10 1 =,
20.0— — =B
[=
— — £I
— — | a
= 1=
_ INB/IC/EC ='
=
10.0— =
— =S
— gI
s
: N ;:
: =
(@) T T T T T T T T T T T T T T T T T
oO.0O o.2 o.4a O.6 o.8 1.0
>x = sgrt—-norm-toroidal flux
30.0 T T T T T T T T T T T T T T T T T T T
| aBNB/IC T So2d ]
- EZNB/IC/EC Time = 245 s 4 =
] Scan 10 _ E.
20.0— — §
— — o'
s
e -1 2ZNB/I1C ;.
= - ANBJ/IC/EC a2,
.
| Ic/rcC =>
10.0— g
| =
OI
_ s
= Py oE
o T T ‘ T [ T ‘ T ‘ T‘ 7
oO.0O o.2 o.4 oO.6 o.8 .0
>x = sqqrt—-Nnorm-toroidal flux
15.0 T T T T T T T T T T T T T T T T T —
-1 D - =
— <o <) | %
— SNEBEB/IC Time = 245 s — o'
— Scan 10 =
10.0— _ EI
e
= — 2NB/IC/EC - B
= i 1=
o= — — 2
=. =
] - =
s.0 = =
: = g,
] = =
] INBJ/IIC/EC 18
— cCc/7EEcC H - !
— : 4 &
o T T T T T T T T T T T T T T T T T T T
oO.0O o.2 o.4a oO.6 o.8 .0

>xX = sgrt—-Nnorm-toroidal flux

FIG. 16: Plasma profiles at a steady state time between sawteeth for the five heating mixes with the physics assumptions of
Scan-10. The boundary location is from the PEDESTAL model in PTRANSP, and the boundary temperatures are scaled
up a factor of 1.8 from those of the PEDESTAL model. The toroidal rotation is computed from x4/x; = 0.5, NNBI torque,
and boundary set by an assumed profile past x=0.8. The Mach number (ratio of average thermal velocity and thermal sound
speed) of the 3NB/IC mix is 0.085 for the bulk D and T ions. The range of Ppr is 472-533 MW during the steady state phase
250-400s
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FIG. 17: Plasma profiles at a steady state time between sawteeth for the five heating mixes with the physics assumptions of
Scan-11. The boundary location is from the PEDESTAL model in PTRANSP, and the boundary temperatures are scaled
up a factor of 1.8 from those of the PEDESTAL model. The toroidal rotation is computed from GLF23, NNBI torque, and
boundary set by an assumed profile past x=0.8. Even with no torque (mix IC/EC) there is a non-zero vior from the boundary,
and significant flow shear effects on Te. The Mach number (ratio of average thermal velocity and thermal sound speed) of the
3NB/IC mix is 0.4 for the bulk D and T ions. The range of Ppr is 528-703 MW during the steady state phase 250-400s
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FIG. 18: a) Heating powers vs time for one of the Scan-2 predictions; b) Global < 3, >; and ¢) Local 8, peqd versus time for

three predictions.



27

L-H power condition

T T T T T T T T T T

- a) ‘Heating mi‘x: 2NB/EC ‘
H-mode

PTRANSP heat flow ./

— L-mode

Scaled up R

= —
= _ - =
N 1=
50 — Poxt — SI
- e
_ s
_ _ 2|
=
(0] I T T T I T T I T T
o 50 100 150 200
Time [s]
! I I I [T I ! I I I I
-1 b) _
i T ) Time = 120 s B
30.0 — i
_ (H-mode) _
20.0 — -
s 1z
==, 1 -1 g
| 4=
=
10.0 — — =
_ -1 =2
_ 43
154
_ 1 !
B =
O T ‘ T - I T - I T I T - T T _
0.0 0.2 0.4 0.6 0.8 1.0

sqgrt (norm toroidal flux)

FIG. 19: a) Comparison of the heating power required for the H-mode transition (from PEDESTAL, scaled up a factor of
three) with the total heating and Pext; b) GLF23-predicted temperatures during a time in the H-mode phase assuming Tped
from PEDESTAL scaled down by a factor of 0.8.
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FIG. 20: Neutron emission and Pprt from L-mode plasmas with various heating mixes. Effects of sawtooth mixing are seen.
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