PHYSICS OF PLASMAS 17, 042506 (2010)

Current control in ITER steady state plasmas with neutral beam steering

R. V. Budny?®
Princeton Plasma Physics Laboratory, Princeton, New Jersey 08543, USA

(Received 15 December 2009; accepted 17 February 2010; published online 23 April 2010)

Predictions of quasisteady state DT plasmas in ITER [R. Aymar er 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 negative ion
neutral beam injection 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 magnetohydrodynamic equilibrium are predicted to significantly alter the bootstrap current.
The TEQ equilibrium solver [L. Degtyarev and V. Drozdov, Comput. Phys. Rep. 46, 481 (1985)] in
PTRANSP is found to be much more accurate than the VMEC solver [S. P. Hirshman et al., J.
Comput. Phys. 87, 396 (1990)]. Quasisteady state, strongly reversed q profiles are predicted for

some beam injection angles when the current drive and bootstrap currents are sufficiently large.
© 2010 American Institute of Physics. [doi:10.1063/1.3357353]

I. INTRODUCTION

Steady state plasmas are desirable for fusion reactors
since the cycling of transient plasmas appears impractical for
power generation. DEMO (Ref. 1) plans to rely on steady
state plasmas. ITER (Ref. 2) plans to explore steady state
scenarios having minimal inductive (Ohmic) current, since
inductive currents cannot be sustained for long durations.
One of the goals of ITER experiments will be to produce
quasisteady state plasmas with a fusion gain Qpr (defined as
the ratio of the DT fusion and the external heating powers
Ppp/ Peyy) =5 for durations of up to 3000 s.

The heating and current drive systems for ITER plasmas
are being designed. The primary systems being considered
are the following: 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** and
DIII-D.>”’ High performance quasisteady state plasmas have
high confinement, normalized pressure 3,, and edge pres-
sures, and low fractions of the Ohmic to total current. Often
they also have reversed q profiles, with high values for q;,,
and sometimes internal transport barriers (ITBs), i.e., regions
with localized large gradients of the plasma temperatures.

There are indications from theory that the q and mag-
netic shear § profiles play important roles in determining
turbulence, assumed to cause much of the energy, momen-
tum, and species transport. Linear gyrokinetic simulations
of ion temperature gradient and trapped electron mode tur-
bulence indicate that the growth rate is proportional to
S-a)/ q,8 where « is the normalized pressure so that regions
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with large negative § and large q should have low transport.
Nonlinear gyrokinetic simulations also indicate that the tur-
bulence is strongly suppressed in regions with large negative
§. One paradigm is that turbulence originates in the edge
region and spreads to the core unless there is a barrier be-
tween the core and edge to stop the spreading.9 The barrier
can be related to (§—a)/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 cur-
rent, which is determined by the pressure proﬁle.lo 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“_14 have been
made assuming that the energy transport is the sum of neo-
classical and an additional ad hoc term depending on radius
and shear. Above a power threshold, a sustained ITB is pre-
dicted with a reversed q profile. In Refs. 13 and 14 pure rf
heating is assumed.

It is important to predict current and q profile control to
assess the possibilities of achieving steady state plasmas.
This knowledge can help design current drive and heating
systems, and help plan for operating scenarios and diagnos-
tics. Current drive predictions for ITER steady state and hy-
brid plasmas have been benchmarked.'> Various codes for
predicting current drive from NNBI, ICRF, ECRF, and
LHCD were compared. Predictions from variety of transport
codes were presented.

This paper uses the PTRANSP code'®"® to generate
time-dependent integrated predictions of steady state ITER
plasmas. Profiles of current drive from NNBI, ECRF, LHCD,
and the bootstrap current are calculated. The possibility of
driving current with ICRF is not included. The total beam-
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TABLE 1. 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 T,(0) [keV] 22 22 33 33
Pyg [MW] 33 33 33 33
Py cp [MW] 10 10 30 30
Pecre [MW] 0 10 0 0
Pyt [MW] 300 300 485 485
Flat top B, 2.3 2.3 3.6 3.6
Flat top 7, [MW] 9.0 9.0 9.0 10.0
Flat top Iy [MW] 2.8-3.2 2.95-3.3 5.4-6.6 4.5-55
Flat top Iyg [MW] 1.3-2.1 1.3-2.25 2.3-3.15 2.0-3.1
Flat top I;; [MW] 0.37-0.42 0.36-0.43 1.15 1.1-1.3
Flat top Igc [MW] 0.0 0.55-0.56 0.0 0.0
Flat top Ioy [MW] 3.3-3.9 2.5-34 —0.8to —1.9 0.6-1.3

driven current dominates those from ECRF and LHCD. In
Refs. 13 and 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 magnetohydrodynamic
(MHD) equilibrium magnetic flux surfaces of steady state
plasmas since their equilibria are complex, and can be elu-
sive. Disruptions are often encountered in present experi-
ments. The constraint of MHD equilibrium will limit the
operating space. This paper shows that the VMEC equilib-
rium solver,” 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 con-
sidered, summarized in Table 1. All have the standard toroi-
dal magnetic field B,,,=5.2 T. Two have the nominal tem-
perature profiles of the “reference scenario 4” steady state
ITER regime, and two have higher temperatures 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 combinations of ECCD and LHCD are as-
sumed. The NNBI is assumed to deliver Pyg=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 cur-
rent holes (regions with effectively infinite q near the mag-
netic axis) for long durations.

Il. 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 calculated using
the TSC code.” Instead, for this work a fixed boundary is

assumed. These are taken to be typical of the reference sce-
nario 4 steady state regime.”’21 The boundary is shown in
Fig. 1.

Previous PTRANSP papersléf18 use physics-based mod-
els to predict profiles of the temperatures 7, and 7;, and in
some cases, the toroidal rotation v,. The models used are
the GLF23 model®?*? and the MMMO8 model**** (a modified
version of Weiland model®).

These models predict H-mode plasmas with high Ppr
when the pedestal temperatures (assumed as boundary val-
ues) are sufficiently high, but they have not yet succeeded in
predicting, self-consistently, high performance steady state
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FIG. 1. (Color online) Plasma boundary and first wall assumed for all simu-
lations. Internal flux surfaces computed for one of the High-T mode aimings
(with Y=0.17 m).



042506-3 Current control in ITER steady state plasmas...

30.0 T

0.0 |
0.0 0.2 0.4 0

T T T T [ P
.6 0.8 1.0
X = sqgrt norm toroidal flux

FIG. 2. (Color online) Assumed flat top temperature profiles for the Low-T
and Low-T-ECCD modes.

plasmas for ITER. Very high pedestal temperatures
(=10 keV) may be required. The predictions are especially
challenging due to the strong nonlinear coupling between
current, rotation, temperatures, densities, heating, current
drive, etc. Physics-based comprehensive 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 7, and 7, profiles 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 phenom-
enology 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 pro-
files 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 current and q
profiles. ICRF heating and current drive are ignored even
though the heating might be needed to establish and maintain
these steady state plasmas. Ranges of some plasma param-
eters for these four modes are summarized in Table I.

This use of PTRANSP with the plasma profiles being
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 comparing these flows with plasma profiles
and their gradients. This mode has also been used for pre-
dicting ITER pe:rforlllance:.26’27
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FIG. 3. (Color) Plasma currents for one of the High-T-10 mode aimings.
The total is assumed to be 10 MA and the other currents are computed.
Besides the dominant bootstrap, beam, and lower hybrid currents, small
contributions from currents driven by the gradient of the pressure and the
fast alphas are calculated.

The total plasma current /;, consists of Ohmic /oy, exter-
nally driven, and bootstrap Igg currents. To study steady state
plasmas in ITER, the plan is to reduce /, 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 [, in some
plasma regimes, enhanced confinement appears needed to
achieve high performance with reduced /. Plasmas with
ITBs generally have enhanced confinement. One conse-
quence of reducing 1, is that the density may need to be
reduced. In present experiments the Greenwald fraction
[./figw with 7, the line-average, and 7gw=1,/(ma*)
X 10?°/m3] needs to be around unity or lower for good con-
finement. The plan for the ITER baseline H-mode plasma is
to limit the fraction at 0.86. For this study n, is specified
having Greenwald fraction 0.82 for the /,=9 MA and 0.73
for the /,=10 MA modes. The flat top profiles for DT plas-
mas are shown in Fig. 4. The temperature, density, and total
current flat top start times are given in Table I. The effective
charge Z. 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 durations
of at least 500 s. As discussed in Sec. 1V, for some of the
scans, PTRANSP predicts that MHD equilibria 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.
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FIG. 4. (Color online) Assumed flat top density profiles. The n, profile is
assumed and the others are computed. A single impurity ion is assumed with
7=6, A=12, and Z.=2.17.

lll. EXTERNAL CURRENT DRIVE AND HEATING

The NNBI system has not been fully designed, but the
plans are to inject D° at 1 MeV into DT plasma from two
beam lines, each delivering 16.5 MW. The three-dimensional
geometry used here is that with the small footprint cases of
Ref. 16. Each source plane is modeled as a rectangle 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 as-
sumed to be elevated 1.34 m above the vessel midplane. The
average height of the D° trajectories are planned to be ad-
justable by a rotation in the vertical plane of the NNBI
sources. Presumably this rotation will be a complex opera-
tion, performed only rarely.

A wide range of aimings is considered. Examples of D°
beam trajectories are shown in Fig. 5. The spreading 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 ad-
vantages 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 vol-
ume integrals. Upward aiming would be difficult to imple-
ment 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 be lowered. Also the extreme down-
ward aiming would need the sources to be raised. These
extremes are considered since they might be attractive pos-
sibilities for DEMO.

PTRANSP uses Monte Carlo methods™ to calculate
beam deposition, beam torque, as well as the slowing 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
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FIG. 5. Trajectories on NNBI neutrals with three different steering
angles: (a) Horizontal view showing coinjection (parallel to 7). (b) High
steering with neutrals clustered around a height Z near +2.40 m at the
minimum tangency radius. (c) Clustered near —0.68 m and (d) clustered
near —1.40 m. The beam system and port ducts have not been finalized. The
extreme upper and lower steerings are not compatible with the preliminary
designs of the beam ducts unless the injectors are raised or lowered from
their heights assumed here. The heights Y relative to the plasma magnetic
axis are indicated.

5000 and for the alpha particles is 1000. These numbers of
samples gives fairly smooth beam current drive (and heating
profiles). A run with NUBEAM parallelized and 50 000
samples is discussed below. An example of the heating for
one of the aimings is shown in Fig. 6. Effects which are not
modeled here are the possible redistribution of fast ions by
MHD, ripple, or anomalous diffusion.
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FIG. 6. (Color online) Heating for one of the High-T-10 mode aimings.
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The planned LHCD frequency is 5.0 GHz. This is mod-
eled using the LSC code,”! using an adjoint method® for
solving the Boltzmann equation. The spectrum of n; is as-
sumed to peak between 1.45 and 2.45. The subsidiary peak
expected at negative n; is ignored here, and is expected to
add a negative peak to the drive current profile near x
=0.95, and reduce the total current by about 30%. Bench-
marking suggests that the LSC-predicted driven current is
low due to the neglect of trapping effects. Thus the applied
powers assumed here could over- or underestimate what is
actually needed to yield the predicted LHCD profiles. 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 frequency
is 170 GHz, launched in O-mode. The TORAY code™ ™ 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 account for momentum conserving effects not
included in TORAY (Ref. 36). Synergistic effects of LHCD
and ECCD, seen in present experiments,37’38 and predicted to
be small (<10%) in ITER plasmas,12 are ignored here.

IV. PLASMA EQUILIBRIA

Solutions to the Grad—Shafranov equation are computed
using the TEQ code® in PTRANSP. The inverse solver of
TEQ is used for the fixed boundary solutions using the pres-
sure and q profiles as input. The scaler MHD pressure used
in PTRANSP-TEQ is computed as™

Pmhd =W+ (4/3)Wroz + Wpar + (1/2)Wprp (1)

where wy,(=n,T,+ 14, T;), Wyos Wpap» and w,,, 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 profiles and
assuming that the ratio of the radial transport of the ion an-
gular momentum and energy X,/ X; is 0.5. This predicts core
rates of about 25 krad/s, implying very small contributions
(less than 0.5%) t0 puna-

Comparisons of the contributions to p,,;,, 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 n,, T,, and T; profiles are fixed, the only changes to
wy, result from the changes in the fast ion dilution of the
tritium and deuterium densities n, and n,.

The contributions of w,,,, and w,,, to p,,,, are signifi-
cant. Examples of their profiles for one of the steering cases
are shown in Fig. 7. Most of the changes to w,,+0.5w,,,
with NNBI steering are due to changes in the beam ion
profiles. The contributions to the volume-integrated w,,,
+0.5w,,,, 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 Secs. V-VIII de-

velop a “current hole,” defined here operationally as the cen-
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FIG. 7. (Color online) (a) Profiles of the thermal and MHD pressure profiles
defined in Eq. (1) for the High-T-10 mode with various NNBI aimings.
The contributions of the beam ions and alphas for one of the aimings
(Y=40.39 m and A=Y -0.51 m) are shown. The beam contribution varies
with the aiming as discussed below, whereas the alpha contribution does not
vary. (b) Profiles of the Shafranov shifts.

tral q increasing above a preset limit value. PTRANSP can-
not 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 oth-
erwise. It is not clear to what extent a current hole could be
detrimental to plasma performance in ITER. Presumably the
current drive could be feedback adjusted in time to avoid
them.

Various name list options are available for controlling
TEQ. One set of options fixes the number of radial and po-
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loidal 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 encountered. (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 simulation duration when numerical
failure is encountered): (1) q and the value at the edge of F
=Major radius times B,,; (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 - B,,))
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 (Sx=0.05) in order
to maintain equilibrium. For some predictions the pressure
near the axis had to be smoothed or dehollowed to maintain
a Grad—Shafranov equilibrium solution.

Generally the resulting current and q profiles do not de-
pend 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 suffi-
ciently 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 com-
parisons. The runs completed (past the times where the TEQ
runs failed), but significant differences in the computed pro-
files of the Shafranov shifts, q, and bootstrap currents are
seen. Comparisons of the accuracy of the Grad—Shafranov
solution and of the calculated /g are shown in Fig. 8. This
indicates the importance of seeking accurate equilibrium so-
lutions, 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. 9.

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. 10. The definitions of squareness in PTRANSP
are the same as in Ref. 7, which shows that increasing nega-
tive values of the squareness at the boundary are correlated
with increased energy confinement and reduced energy trans-
port in DIII-D steady state plasmas.

V. PREDICTIONS FOR TOTAL CURRENTS

The effects on the total NNBI driven current Iyg of al-
tering the aiming of the NNBI are mild compared to the
changes of their profiles. The current drive efficiency
Ixg/ Png does not depend strongly on the profile shape, and
Png is held fixed at 33 MW. Ranges of Iyg are given in Table
I. Results for the Low-T and Low-T-ECCD modes are shown
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FIG. 8. Comparison of results from two runs identical but for the choice of
the Grad-Shafranov solvers VMEC and TEQ showing (a) the relative errors
of the Grad-Shafranov equation solutions and (b) the calculated total boot-
strap current. The relative error is defined as the surface-averaged magnitude
of the difference between the left and right side of the Grad—Shafranov
equation normalized by the total. The run using TEQ crashed at 1005 s,
whereas the run using VMEC completed to the specified 3000 s.

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 A the distance
relative to the magnetic axis (which is 0.51 m above the
vessel midplane). The peak Iyg is 70% higher than the low-
est 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 A=0.5 m, i.e., about 0.5 m above
the magnetic axis. Note that Iyp is asymmetrical with respect
to the magnetic axis due to the helicity of the magnetic field.
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FIG. 9. (Color) Comparison of contour plots of the error of the Grad—
Shafranov equation solutions for the two cases shown in Fig. 8; (a) from the
run using VMEC shown at 1000 s and (b) from the run using TSC at
1000 s.

The asymmetries in Iyg with aiming provide potential advan-
tages of aiming above the magnetic axis.

The bootstrap current is calculated using the NCLASS
module*’ in PTRANSP. The total bootstrap current Ipg, 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 Izg. The asymmetries in
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FIG. 10. (Color online) Profiles of the elongation, upper and lower triangu-
larities, and upper and lower squarenesses for one of the Low-T-ECCD
mode aimings with footprint height Y=+2.10 m relative to the vessel mid-
plane and A=+1.59 m relative to the plasma magnetic axis.
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FIG. 12. Evolution of the total bootstrap current for various aimings with
the High-T mode.
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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. A 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 least at early times for the aimings for all of the footprint heights.

Steering angle Footprint height A Flat top end Igs I Iy Ion
(deg) (m) (m) (s) MaA)  (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 5.38 291 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

Igs with aiming has a weaker dependence on aiming than
that of Iyg. Ranges of Igg are given in Table L.

Also shown in Fig. 11 are the total lower hybrid current
I, electron cyclotron current Ige (for the Low-T-ECCD
mode), and Ohmic current Iny. Both Iy and Ige are nearly
independent of aiming. However Iy depends on the aiming.
It is calculated as the residual current needed to achieve the
assumed totals (1,=9 or 10 MA). The evolution of the Ohmic
current profile is calculated assuming neoclassical resistivity
(from NCLASS) and Z;=2.17.

Note that Iy is relatively large for the Low-T and Low-
T-ECCD modes [Fig. 11(a)]. One possibility for achieving
lower Iy is to lower [, although this might lower confine-
ment. Alternatively the driven current could be increased.

The High-T and High-T-10 modes assume larger tempera-
tures in order to increase g, and also assume higher Py in
order to increase /. The lowest magnitude for /oy 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 de-
pends strongly 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 A have larg-
est Igg and terminate eventually after 1000 s when
PTRANSP-TEQ fail to find a solution to the Grad—
Shafranov equation. For these /oy is decreasing toward zero.

TABLE III. Summary of scans in NNBI aiming for the High-T-10 mode. The flat top termination time and /g,
Ixg, I1yy, and Iy values are listed at 500 s. The aimings that terminated early had increasing /gg at termination.

Steering angle Footprint height A Flat top end Igs I Iy Ion
(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 4.70 275 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. 13. (Color) Profiles of the NNBI current drive for various aimings of
the (a) Low-T and Low-T-ECCD modes and (b) High-T and High-T-10
modes. The profiles with aiming above the magnetic axis (A positive) are
colored red and those below colored blue.

Values of Igg 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
|A| terminate early (before the end set at 3000 s). Termina-
tion times are indicated in Table III. These aimings also have
low values for |Ioy].

VI. 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, peaking on axis
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FIG. 14. (Color) Profiles with different aimings at 500 s for the High-T
mode of (a) the bootstrap current and (b) the Shafranov shift. The profiles of
the bootstrap current have been smoothed over an interval of x=0.1.

with aimings having A=-0.12 m. The area-integrated total
(=I\p) increases to the peak near A=0.5 m (above the mag-
netic axis) shown in Fig. 11(a). With even higher aiming, Iy
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 7,. Also the boot-
strap currents are higher. Profiles of the bootstrap 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 pressure.

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
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FIG. 15. (Color) Current profile for one case of the Low-T mode.

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 predicted
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

Low-T-ECCD
1.5\‘\‘\‘\‘\‘\‘\‘\‘\‘\
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1.0 -
(\"—' |
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FIG. 16. (Color) Current profiles for one run from the Low-T-ECCD mode.
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FIG. 17. (Color) Current profiles for two aimings from the High-T mode.

current increased from 9 to 10 MA. Also the flat top time is
extended to 3000 s to study slow evolution of the current
profiles. Higher I, decreases q if all else is held fixed. In
reality, various other parameters change. For instance, the
Shafranov shift is less at higher /, 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. This case was rerun with in-
creased Monte Carlo samples to study the statistical noise.
The rerun with 50 000 samples uses parallelized NUBEAM
with 16 processors.

Vil. 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. Examples
from the Low-T mode scan are shown in Fig. 19. Such pro-
files might not have sufficiently high q,;, and reversal to
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FIG. 18. (Color) Current profiles for one of the aimings from the High-T-10
mode. The number of Monte Carlo samples are varied to compare effects of
noise. In (a) 5000 beam and 1000 alpha Monte Carlo particles are used. In
(b) 50 000 beam and alpha Monte Carlo particles are used. The profile of the
alpha-driven current (analogous to the beam-driven current but from an
isotropic DT source) fluctuates in time considerably more in the first case.
The time-averages of the alpha-driven currents peak near 0.02 MA/m? in
both cases.

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 early and disappears by 130 s
for one of the Low-T mode aimings (A=-0.61 m in Fig.
19). Most of the aimings for the Low-T-ECCD mode start
out with current holes, which disappear later. The last by
260 s, for the case with A=—0.87 m.

Many of the High-T and High-T-10 mode aimings
achieve higher q,,;, and reversal. Figure 21 shows the time

8 T ‘ I ‘ T ‘ I ‘ T ‘ T ‘ T ‘ T ‘ T ‘ I
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FIG. 19. (Color) Profiles of q at 500 s from the High-T mode. For the runs
that continued to the end, the profiles are shown at 500 s.

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 q,,;, and shear reversal are obtained and maintained
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
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FIG. 20. (Color) Profiles of q at 500 s from the Low-T-ECCD mode.
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FIG. 21. Evolution of q profiles for two aimings from the High-T mode. For
the case with high aiming, a current hole develops by 1000 s. The case with
low aiming the current hole persists.

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 boot-
strap currents are steady after about 1500 s. The aimings
that terminated early all had increasing Izg. The highest rate,
1.2 kA/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
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FIG. 22. (Color online) Evolution of q from two of the High-T-10 mode
aimings.

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 equilibria.

To summarize the results for the four modes, the Low-T
mode has the highest /oy and mildly reversed q profiles.
Most of the aimings result in /zg 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 equilib-
rium solver. Only one has a brief current hole early. Several
have central q values decreasing below unity.
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FIG. 23. (Color) Profiles of q from the scans of High-T mode at 500 s.

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 /gg and q close to steady state condi-
tions 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 dif-
ficulty maintaining MHD stability. All of the aimings that
last for long durations have current holes lasting past 3000 s.
Stronger shear reversal and higher q;, is achieved. Some of
the aimings, especially with low footprints have slow ap-
proaches 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 /g5 do not come to steady state, and
crashed by 1500 s. They have high shear reversal and higher

9min-

VIIl. DISCUSSION

Quasisteady state, reversed q profiles are predicted in
aimings where the driven and bootstrap currents are suffi-
ciently 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
predicted16 to not be effective in altering q. This is due to the
larger total current assumed (/,=15 MA), and to the antici-
pated 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 appears suffi-
ciently large to be feasible. Profiles of the heat transport y,
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FIG. 24. (Color) Profiles of q from the High-T-10 mode at 1000 and 2000 s.
A current hole develops in the run with A=1.31 m after 1000 s, and so the
value of q is limited to 7.0.

and y; for the High-T-10 mode are shown in Fig. 25. Also the
neoclassical ion transport yuc predicted by the NCLASS
(Ref. 41) code is shown for comparison with x;. The values
of x; are conservatively higher that yyc.

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.42

Transients with long durations (=1500 s) are predicted.
If the plasma profiles were allowed to evolve, the transients
would be expected to be even longer. Accurate feedback con-
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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.

trol appears important to direct plasmas to self-consistent
steady state conditions within the 3000 s ITER pulse length.
Presumably the feedback would require real-time profile
measurements of plasma temperatures, densities, heat flows,
and q. The actuators could include applied heating and cur-
rent drive powers, control coil powers, and fueling. Studies
of feedback control for ITER steady state plasmas have been
published.”

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 sta-
bility in ITER steady state plasmas is expected to be chal-
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lenging. The MHD stability of these predictions has not been
investigated.

IX. SUMMARY

The PTRANSP code is used to predict current and q
profiles in steady state ITER DT plasmas. Operational modes
with either 9 or 10 MA are considered. The boundary (Fig.
1), fixed flat top temperature profiles (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 q,,;, and shear reversal
since these characteristics appear to be correlated with high
performance in present experiments. The current profile ac-
tuators explored are NNBI, LHCD, ECCD, and the bootstrap
current.

Four modes of operation are considered (summarized in
Table I): Low-T and Low-T-ECCD with nominal ITER ref-
erence scenario 4 temperature profiles, and High-T and
High-T-10 with 50% higher temperatures. All the modes as-
sume 33 MW NNBI. The injection angle is scanned to alter
the footprint height 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 q,,, 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). Transients with long
durations (=1500 s) are predicted so long duration plasmas
may be needed to establish quasistationary 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 additional
ECCD and LHCD appear to be helpful in controlling 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 has not been demonstrated
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 pro-
files are calculated by PTRANSP so the transport implied by
the assumed plasma profiles is known. Examples of the elec-
tron and ion heat transport conductivities are shown in Fig.
25. The ion heat conductivity is considerably higher that the
computed neoclassical ion heat conductivity, suggesting that
the plasmas would not require 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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