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Abstract. Determining the toroidal rotation for future tokamaks like ITER is a challenging
and important problem. By combining empirical scalings for the intrinsic rotation at the top of
the pedestal with the expected neutral beam torque and modeling of momentum transport, the
toroidal rotation profile for ITER is predicted with TGYRO using TGLF (SAT0 and SAT1). On
axis rotation exceeds 20 krad/s and the E x B shear is significant enough to reduce turbulent
transport and significantly increase confinement and fusion power when comparing to cases
that ignore the effect of rotation. The prediction of the rotation at the top of the pedestal is made
with increased confidence due to experiments and modeling in DIII-D that have determined
the importance of fast-ion and neutral particle transport effects on intrinsic rotation at this
location. In particular, the effect of neutral particles on momentum transport in the pedestal
region is found to be insignificant.
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1. Introduction

Rotation is a key parameter in tokamak plasmas because it
helps improve MHD stability[1, 2, 3, 4, 5, 6, 7], turbulent
transport (due to E X B shear suppression[8]), impurity
transport [9, 10, 11], and access to H-mode scenarios that
lack ELMs[12, 13]. Therefore, predicting the rotation for
future tokamaks is an important task that is the subject
of this work. Future large tokamaks such as ITER pose
a particular problem for rotation predictions because their
large moment of inertia and practical limits on available
neutral beam torque create a situation where this torque
is not the clear dominant source of rotation as in many
current tokamak scenarios. This increases the need for
accurate models for all other non-neutral beam sources of
angular momentum, but, currently, these sources are less
understood.

Angular momentum can be driven inside the last
closed flux surface (LCFS) without neutral beams due to
some combination of: turbulence driven residual stress,
Maxwell stress from MHD or other 3D fields, and
neoclassical toroidal viscosity (NTV). All of these effects
are the subject of current research. One of the robust
features of intrinsic rotation profiles is the strong co-current
rotation seen in the large majority of cases at or just inside
the LCFS[14, 15, 16, 17, 18]. This feature is significant
because it serves as the boundary condition for the rest of
the rotation profile. Possible physical explanations for this
feature include orbit loss, asymmetric transport of ions with
co- and counter-current velocity, and residual stress. These
complex effects have been covered in multiple reviews[19,
20, 21, 22]. Though these effects are considered good
candidates for the main drivers of this rotation feature, this
region of the plasma is one that may in principle be affected
by the dynamics of fast-ion loss and the influence of neutral
particles on momentum transport. The potential influence
of these two effects must be understood because they
will be reduced in ITER when compared to many current
experiments due to the lower fast-ion content and decreased
neutral penetration. Results from two experiments at DIII-D
investigated these effects will be presented in this paper.

While the effects from self-generated and applied 3D
fields are likely to be important for ITER, they can be
highly nonlinear (e.g. mode locking). Accordingly, this
work will ignore these effects to provide an initial rotation
value that can serve as the basis for future work that
investigates 3D field effects. Any experimental results in
this work are carefully selected so that any 3D field effects
are insignificant.
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The rotation predictions of this work are made with a
combination of models for the co-current intrinsic rotation
feature at the top of the pedestal and modeling of the
neutral beam torque and momentum flux. The pedestal
top intrinsic rotation can be predicted from a database of
measurements in multiple tokamaks that can be described
by a small number of parameters[14, 23]. It is also
possible to form reduced physics models that can predict
the rotation and then test the results against a reasonably
varied data set[24, 25, 26]. Lastly, a prediction can be
made with dimensionless parameter scalings formed from
dedicated dimensionless parameter scan experiments[27,
28]. Predictions from all three of these methods are taken
into account to create a conservative boundary condition
for the modeling of core rotation. The boundary conditions
predicted by these different methods are similar from the
perspective of modeling the core even though there are
differences in the results underlying the predictions. The
two DIII-D experiments that investigated the effect of
fast-ions and neutral particles are also useful for gaining
understanding of these differences.

Most previous predictions of the whole rotation profile
for ITER have not included intrinsic rotation or a co-current
rotation boundary condition[29, 30, 31]. Reference [32] is
an exception that calculates an intrinsic rotation by using
a relation between the heat flux and the residual stress.
In that work, the boundary rotation is set to O and the
turbulent momentum transport analysis is limited to taking
the Prandtl number to be uniformly 1. In this work, as in
[28], gyro-fluid modeling will be used to determine core
transport of energy, particles, and, momentum such that the
predicted fluxes match those of a transport simulation of an
ITER baseline scenario. This modeling uses the full neutral
beam torque of 35 N - m while the modeling of [28] only
used 20 N - m.

In this work, section 2 describes DIII-D results on
the effect of fast-ions on the determination of the p.
scaling of intrinsic rotation, and section 3 describes DIII-D
results on the effect of neutral particles in the edge on
intrinsic rotation. Section 4 presents predictions of the ITER
rotation profile and the effects of that rotation on ITER’s
performance. Section 5 discusses the viability of RMP ELM
suppression in ITER given the rotation predicted at the top
of the pedestal. Conclusions are presented in section 6.

2. p. Scaling of Intrinsic Rotation

To make predictions for ITER, the underlying dependencies
of the co-current intrinsic rotation feature at the top of
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the pedestal need to be determined. A previous study
in DIII-D that was executed within the dimensionless
parameter scan formalism[33, 34] showed that the total
intrinsic torque inside the pedestal (p < 0.9, with p being
the normalized square root of toroidal flux within a flux
surface), normalized by ion temperature, scaled as p;'¢
(0« = V2mT [ZeBa) and the momentum confinement time,
normalized by the Bohm time, at the top of the pedestal (p =
0.9) scaled as p;%#[28]. As explained in that work, these
results were unexpected based on concepts of residual stress
driven intrinsic rotation and results from database studies
of intrinsic rotation, which found the intrinsic rotation at
the top of the pedestal to scale as p°[14] or p![23, 24]. The
results of [25, 26] also show a scaling of pi if Ly ~ a, where
Ly is the radial scale length of electrostatic fluctuation
intensity.

To investigate this discrepancy, an experiment directly
measuring the intrinsic rotation of H-mode plasmas in a p.
scan was executed. Auxiliary power input came only from
electron cyclotron heating (ECH), and short duration (=
10 ms) neutral beam injections with nearly balanced torque
were used to measure ion properties with charge exchange
recombination spectroscopy (CER). The beam injections
had nearly balanced torque, but measurements of rotation
took into account indications of small prompt torque
effects [35]. Past database results can be compared to the
measurements of intrinsic Mach number in this experiment.
In addition, dimensionless parameter scan results for the
intrinsic torque and momentum confinement time can be
compared to the measurements of core angular momentum
in this experiment. The dimensionless parameter scan
prediction from [28] is that (7in/T)(#,T/B) ~ Lin/B ~
;19209 with 7y, being the intrinsic torque, 7, being the
momentum confinement time, and L;,; being the intrinsic
angular momentum. The results of these comparisons will
help determine how the conflicting past results should be
used to make a prediction for ITER.

For this experiment, toroidal field was varied from
1.3 T to 2.1 T with other parameters changed according
to the procedure described in [33, 34]. The associated
reduction in p, is = 27%. A comparison of several of
the dimensionless parameters for the discharges that will
be used for analysis is shown in figure 1 (ggs for all the
discharges is 6.1). Aside from the change in Z., these
results show that a reasonably good p. scan was completed
across the core of the plasma, where intrinsic angular
momentum will be analyzed. Though v. and S are not
exactly matched in any pair of low and high p.. discharges,
the average difference between v, and 8 across multiple
discharges is small.

The scaling of the normalized core angular momentum
(03 < p < 0.8), and pedestal top (0 = 0.8) Mach
number (rotation speed normalized to sound speed) are
shown in figure 2. The calculated scalings are derived
from only the impurity rotation measurements, and their
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Figure 1. Key dimensionless parameters for several discharges used to
study the dependence of intrinsic rotation in a p, dimensionless parameter
scan. As seen in (a), discharges with low (high) p. are red (black). (b) 8
and (c) v. are held relatively constant. (d) Z.g notably differed. Data shown
comes from shots 168872, 168875, 168876, 168878, and 169015

relation to the main-ion (deuterium in this paper) rotation
points are discussed in the last paragraph of this section.
The p;*9+007 scaling of the core angular momentum has
a smaller magnitude than the expectation (p;!°**9). This
could be an indication that fast-ions present in the earlier
study of intrinsic torque affected the measured p. scaling (in
that study, the core fast-ion fraction decreased with lower
0:[27]). To be consistent with the newly measured scaling,
an increase in fast-ion content would need to decrease
the measured intrinsic torque at higher p.. This could be
possible if there is significant counter-current torque created
by fast-ion loss that is not properly accounted for in the
transport modeling (an area of current fast-ion research).
Another, difficult to rule out possibility is that intrinsic
rotation plasmas created on DIII-D fundamentally differ
from neutral beam heated plasmas (e.g. in transport regime
and momentum confinement time) so that the underlying
p. dependence of intrinsic angular momentum is actually
different.

Although the indications of this experiment are that the
fast-ions may have contributed to the discrepancy between
the dimensionless parameter scan and database results, a
direct comparison between the p, scaling of intrinsic Mach
number at the top of the pedestal and database studies shows
some discrepancy still remains. While [23, 24] found the
Alfvén Mach number to scale as p!, the present results
shows a scaling of p?, which agrees with the older result
of [14]. Note that in a dimensionless parameter scan, Mach
number and Alfvén Mach number have the same scaling to
the extent 8 has been held constant.

The discrepancy between these scaling results is
smaller than the discrepancy between the previous intrinsic
torque results and the database studies. Any final resolution
between these different results will likely require further
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Figure 2. (a) The scaling of the integrated intrinsic angular momentum
(0.3 < p < 0.8) normalized by the magnetic field, and (b) the Mach number
at the pedestal top (o = 0.8) with p,. Error bars shown only on points with
largest p, are representative. The normalized intrinsic angular momentum
scales less strongly than expected from previous experiments while the
Mach number shows no significant scaling. Both scalings are derived from
the impurity rotation. The smaller data-set of main-ion measurements are
on average larger because of the larger main-ion rotation.

investigation. The biggest weakness in database results is
that they may be measuring the effect of a controlling
parameter aside from p. that is then projected onto a
ps axis. The biggest weaknesses of the dimensionless
parameter scans performed in DIII-D is the narrow
range over which p, can be scanned and the potential
for there to be a deficiency in how well the scan
was performed. For instance, if the change in Z.g
were affecting the intrinsic rotation, or if some other,
potentially unmeasured, dimensionless parameter were
changing significantly. Special consideration for this last
possibility is required in the case of intrinsic rotation at
the top of the pedestal because this feature is the result
of co-current momentum flowing across the LCFS. There
is therefore a possibility that conditions in or near the
scrape off layer are what truly determine this intrinsic
rotation. Features in this region can be difficult to measure
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and may have unexpected co-linearities with p. when
executing a standard p. scan (this specific concern is
partially addressed in section 3). Lastly, when comparing
the dimensionless parameter results to database studies,
it must be said that the significance of any discrepancies
between different dimensionless parameters investigations
should be evaluated relative to the inherent scatter in the
underlying data that makes up database studies. These two
inescapable uncertainties are similar. While a single factor
or p, when projecting from DIII-D to ITER amounts to
a factor of ~ 1/4, measurements of Mach numbers that
scalings derived from databases predict to be the same can
in fact differ by a factor of ~ 2[23, 24, 26].

In DIII-D, measurements of main-ion rotation are
available across the plasma profile[36, 37], however,
analysis was difficult in this case because of the high ELM
frequency and infrequent potential measurement times in
these discharges. The main-ion rotation measurements are
available for only one of the high p. discharges. Because
of this and the fact that no single high and low p. set of
discharges have a good match of v, and S (as discussed
above), the main-ion data-set is not suited for determining
the p. scaling on its own. Aside from this difficulty, the
results calculated from just the impurity rotation are more
suitable to compare to previous results that also came from
impurity measurements. It is still important to use the main-
ion measurements as much as possible to gain confidence
in how representative the impurity measurements are of the
bulk plasma. For this reason, figure 2 also shows the main-
ion results so their approximate scalings can be compared to
the scalings derived from the impurity measurements. The
main-ion data points are on average larger than the impurity
results because of the main-ion rotation is = 20% higher
(5—10km/s). The existing points also suggest that measured
scalings with p, would be less than the reported values if the
main-ion rotation were available for the whole data-set.

3. Neutral Particle Investigations

As discussed at the end of section 2, the persistent
discrepancies between different determinations of the p.
scaling of intrinsic rotation prompts investigation into the
dependence of intrinsic rotation on other parameters that are
not tracked and may not be held constant during a standard
p. scan. This section investigates the hypothesis that the
neutral particles in the edge of the plasma have a significant
effect on intrinsic rotation. Since neutral density is rarely
measured in this region, unintentional variations in this
parameter could be spoiling comparisons between different
tokamaks and even different experiments on the same
tokamak. This is an especially relevant issue to investigate
because neutral penetration will decrease significantly in
ITER relative to current tokamaks. If neutral particles
are important for intrinsic rotation, the change in their
properties must be accounted for when projecting current
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results to ITER.

The most simplistic view of neutral particles effects on
momentum in the edge is that a cold neutral coming from
the wall enters the plasma, charge exchanges or ionizes,
and then decreases the average angular momentum due to
a combination of its own low speed and the potential loss
of angular momentum as the warm ion escapes the plasma
after being neutralized. Another possibility is that charge
exchange occurs much more quickly than other processes
such that a neutral coming from the edge would be more
aptly described as an electron transferring many times from
one warm ion to another and thereby causing a diffusion of
those ions down the neutral density gradient, i.e. into the
plasma. Calculations taking this mechanism into account
show that it may contribute significantly to the intrinsic
rotation near the edge of tokamaks[38, 39]. Additional
possible effects include the combination of ionization
location and drifts and the viscosity between neutrals and
ions[40, 41], with some experimental indications of the
latter effect being seen on the TCABR tokamak[42].

In DIII-D, in the absence of neutral density measure-
ments, divertor closure was varied and taken to be a proxy
for changes in the neutral density. The concept of diver-
tor closure concerns the physical geometry of the first wall
near the strike points and how well this wall is able to keep
neutrals confined to the immediate vicinity of the strike
points[43]. A more closed divertor traps recycling neutrals
in the divertor region, decreases their penetration into the
plasma, and reduces fueling of the pedestal from the ion-
ization of recycling neutrals[44, 45, 46]. In DIII-D, a lower
single null shape that puts its low field side strike point on
the “shelf” has a more open divertor, and when it is mirrored
vertically the first wall of DIII-D creates a more closed di-
vertor. By simultaneously changing the magnetic field di-
rection (B x VB direction constant relative to X-point) and
the location of the gas valve used to fuel the plasma, sym-
metric open and closed geometries can be used to investi-
gate the effect of closure on otherwise similar plasmas. The
open and closed shapes used in this experiment are shown
in figure 3(a).

In this experiment, intrinsic rotation discharges were
created in more open and closed configurations with a range
of densities. The only significant auxiliary heating was from
a constant & 3 MW of ECH. Short duration neutral beam
blips were used to measure ion properties in the same
manner as described in section 2. A comparison of open
and closed discharges supports the conclusion that neutral
particles have a small influence on momentum transport.
This is seen in figure 3 where the increased pedestal fueling
in the more open case is evidenced by the higher electron
density at the LCFS and the larger minor radius at which the
maximum pedestal density is achieved. This is consistent
with the presence of more neutrals in the main chamber
where flux compression makes it easier for neutrals to
enter the plasma, and represents a significant change in a
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Figure 3. A comparison of two similar discharges with open (red) and
closed (black) divertors, showing: (a) the shapes and gas puff locations
(dashed blue is the open shape vertically mirrored), (b) the electron density
profiles, (c) the deuterium temperature, and (d) the deuterium toroidal
rotation. Though the change in neutral particle source has affected the
electron density profile, no effect is seen in the ion temperature or rotation.

DIII-D pedestal for otherwise similar plasma parameters
(both cases have very similar electron temperatures that
reach ~ 600 eV at the top of the pedestal). At the same time,
the ion temperature and rotation (measured with main-ion
CER[36, 37]) are essentially identical in this region. The
unchanging ion temperature is important because intrinsic
rotation in DIII-D is known to generally scale with ion
temperature[47, 26]. The impurity temperature and rotation
measurements (not shown) are also the same within error
bars.

Additional evidence for a change in the neutral density
in the two discharges compared in figure 3 is provided
by modeling of these discharges with SOLPS[48, 49, 50].
The modeling results for the neutral deuterium density are
shown in figure 4, and the results for the recycling particle
source are shown in figure 5. Both results show that the
neutral penetration and subsequent fueling are increased
in the pedestal region for the more open configuration.
This is consistent with the expectations and supports
the conclusion that intrinsic rotation in DIII-D is not
significantly affected by changes in the neutral density in
the pedestal. Accordingly, there is experimental justification
for ignoring this potential effect when projecting results to
ITER.

This conclusion is further supported a coarse investiga-
tion of the discharges from this experiment. In the open and
closed data sets, the correlation between intrinsic rotation
and ion temperature at the top of the pedestal (for impu-
rity measurements because main-ion measurements are not
available for all these discharges) is very similar, as shown
in figure 6. Also shown in this figure is the intensity of the
D, emission at the outboard midplane as measured by fil-
terscopes. The increase in this signal for the more open di-
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Figure 4. SOLPS modeling of neutral deuterium density for the (a)
closed and (b) open configurations compared in figure 3. The more
open configuration has increased neutral penetration and increased neutral
density (by orders of magnitude) near the midplane of the plasma.

T T T T T T T T T T T T T T T T T T T T T T T T T

L@ J Closed | pen ]
1.0} 1T { He2a ~
i ] E
I ] 1623 £
05] 1T 1 8
o 1He22 8
Eo.0f 11 ] o
N ] ] Hte21 €
4 [\
] 1 a
| L | L | {=2]
0.5¢ ] 1620 £
L 4 o
=
100 1 I 1 Me19c

NG s 13001

10 15 20 25 10 15 2 25
R (m) 0 R (m) 0

Figure 5. SOLPS modeling of recycling particle source for the (a)
closed and (b) open configurations compared in figure 3. The more
open configuration has an increased particle source from recycling in the
pedestal that is consistent with the increased neutral density in that region.

vertor discharges is consistent with the increase in neutral
density in this region due to the effects of divertor closure,
though, D, emissivity also depends on electron density and
temperature.

A final piece of evidence consistent with this
conclusion comes from the analysis of intrinsic rotation at
the top of the pedestal as the divertor plasma detaches. This
result is shown in figure 7. Here, it can be seen from the
rollover in the ion saturation current measured by Langmuir
probes near the strikepoint and the strong increase in the
neutral pressure in the divertor region that the plasma
begins to detach by 2.5 s[51]. Other results consistent with
detachment include an increase of the electron density at
the LCFS of 40% in the time range shown (measured by
Thomson scattering) and a decrease of electron temperature
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Figure 6. (a) Toroidal rotation frequency versus ion temperature at the
top of the pedestal and (b) D, emission on the outboard midplane of the
plasma for several intrinsic rotation H-mode discharges with either open or
closed divertor configurations. Discharges that used gas fueling to achieve
detachment (and had uniformly higher D,, signals) are not included in (b).
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Figure 7. (a) Ton saturation current density at the strikepoint, (b) neutral
pressure near the strikepoint, (c) pedestal top ion temperature, and (d)
pedestal top toroidal rotation frequency for a discharge that enters a
detached state. The Jgy increases transiently with each neutral beam blip,
but the underlying trend shows rollover between 2 and 2.5 s, consistent
with the beginning of detachment and the large increases in the nearby
neutral pressure.

at the strikepoint to < 3 eV (measured by Langmuir probes).
While the neutral pressure increases significantly in the
divertor, the ion temperature and rotation at the top of
the pedestal (measured again by impurity CER) remain
almost constant. This is consistent with the conclusion that
significant changes in neutral particle fueling in the pedestal
do not significantly effect the intrinsic rotation.

4. ITER Modeling

The prediction of the rotation profile in ITER will be
generated from self-consistent modeling of the energy,
particle, and momentum transport with the boundary
condition for the rotation informed by multiple past studies
and the experimental results discussed in previous sections.
The modeling begins with a predictive TRANSP[52]
simulation of the ITER baseline scenario (15 MA, D-T, Q =
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Prus/ Paux 18 nominally 10). In this simulation, EPED[53] is
used to set the pedestal width and pressure. Electron density
is set with a power law profile such that the profile is flat in
the core while the ratios of core density to the pedestal and
LCFS densities are 4/3 and 20/7, respectively. The whole
profile is scaled so that the line averaged Greenwald density
fraction is 0.85. Auxiliary power comes from 33 MW of
neutral beam injection (NBI), 10 MW of ion cyclotron
heating, and 6 MW of ECH (aimed to drive current at
the ¢ = 3/2 and ¢ = 2 surfaces). The NBI provides
35 N - m of total torque. TRANSP determines the sources
of energy, particle, and momentum, and GLF23[54] is then
used to determine temperature and momentum profiles.
These sources and profiles are used as the initial conditions
in a TGYRO[55] simulation of temperature, density,
and rotation profiles with transport being determined by
TGLF[56] (for completeness, SATO[57] and SAT1[58] will
be used) and NEO[59]. In these simulations, TGYRO
self-consistently computes the fusion energy and particle
sources, but all other sources are fixed. This analysis
was performed with the OMFIT integrated modeling
framework [60]. The use of TGLF for ITER simulations for
momentum transport is supported by studies of momentum
transport in DIII-D[28] that found TGLF modeling (SATO)
to be relatively accurate for plasmas with lower ¢ (the safety
factor) and v..

The TGYRO modeling is done at 7 radii equally
spaced within 0.3 < p < 0.9. The boundary conditions
at p = 0.9 for temperatures and density come from
the TRANSP simulation. The rotation boundary condition
of 4 krad/s is formed from a set of recent predictions
of the intrinsic rotation at the top of the pedestal in a
ITER baseline H-mode. The chosen boundary condition
is conservative in two ways: first it is a relatively small
result among the set of all predictions, and second it
does not include any effect from the neutral beam torque
(however, note again that NTV torque is not included in this
prediction). The predictions from [23], [26], [27], and [24]
are 4, 4[61], 10, and 10 krad/s, respectively. If the results
of section 2 are used to adjust the prediction from [27],
the ~ 10 krad/s becomes 3 krad/s. The results of section 3
provide justification for not adjusting any of these results
based on the changing influence of neutral particles when
going from present tokamaks to ITER.

The results of the TGYRO modeling are shown in
figure 8. Results for both the SATO and SAT1 versions of
TGLF are shown with and without the effect of rotation
included. In the no rotation cases, the rotation profiles are
set to be flat so that there is no ExB shear. The SAT1 model
has incorporated information from a few computationally
expensive multi-scale GYRO simulations and may yield
more accurate results. However, the SATO model has been
used for longer and subjected to more validation. For
these reasons, the results of both are of interest. Using
both models is also useful because common results can be
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Figure 8. Predictions for profiles of (a) electron density, (b) toroidal
rotation frequency, (c) ion temperature, and (d) electron temperature in
a 15 MA ITER scenario. Predictions are made with both the SATO and
SAT1 TGLF models with and without the effect of rotation being included.
All the simulations are done at the same 7 radii that are shown in blue
diamonds. The boundary condition for rotation is based on empirical
intrinsic rotation predictions aside from the case with an assumed 0 krad/s
boundary condition. The simulations that include intrinsic and neutral
beam driven rotation have significantly increased performance due to the
effect of E x B shear.

identified as not something that is somehow peculiar to one
particular model.

The SATO results are discussed first. Without rotation,
a flat density profile and relatively low ion temperatures
are predicted, and these result in a relatively low fusion
power. Q is 4.6. However, the values of Q in this work
should only be considered in a relative sense because these
are not complete models of the ITER plasma. In particular,
the D-T ratio is always taken to be perfect and radiated
power is not being modeled self-consistently. When the
rotation is allowed to increase due to the neutral beam
torque, the E x B shear suppresses turbulent transport and
increases the particle, energy, and momentum confinement
times significantly. This yields a significant increase of
fusion power, and Q rises to 9.5. The key factor in the
increased confinement in this case is the influence of
the E X B shear on the particle confinement. Figure 9
shows how the turbulent particle transport changes with
E x B shear in the SATO simulation at a representative
radii (p = 0.6). The E x B shear is scanned from 0O to
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Figure 9. The gyro-Bohm normalized particle flux spectrum at p = 0.6
in the SATO-with rotation ITER simulation from figure 8 with a scan of
the E X B shear. As E x B shear increases, large outward flux from low-
wavenumber modes is suppressed.

the value given by the rotation profile and the parallel
flow shear is scaled self-consistently. The decrease in the
outward particle flux from low wavenumber turbulence is
clear. If there was no E X B shear, the outward particle
flux from these wavenumbers would transport particles out
of the core and force TGYRO to decrease the density
peaking in order to match the target particle flux. The
density peaking that is present also increases the core
electron temperature which then increases the intermediate
wavenumber turbulence which further increases the density
peaking through increased inward particle flux. A similar
phenomenology was observed in the modeling of a similar
ITER scenario in in [62].

The SATI results show a final rotation profile that is
similar to that of the SATO result. The on-axis rotation is
only a few krad/s higher while the values in the mid-radius
region are very similar. The main difference between the
SAT1 and SATO results is tied to the fact that SAT1 predicts
density peaking even without the effect of E X B shear. Due
to this, the SAT1, no rotation case has a Q of 8.6 (compare
to SATO, no rotation Q of 4.6). The SAT1, with rotation
simulation sees increased performance due to an increase
in the energy confinement, with no appreciable change in
the density profile. Q for this case is 11.1. The density
peaking is actually slightly smaller in the SAT1 simulation
with rotation because the increased energy confinement
increases the outward particle transport. While the amount
that the performance increases with rotation in the SATO
and SAT1 cases differs, both increases are significant. The
importance of rotation for ITER’s performance is a robust
component of both of these predictions.

Another SAT1 result is shown for a case without
any intrinsic rotation (i.e., the boundary condition for
rotation is set to be 0 krad/s). This case is useful for
illustrating the importance of the intrinsic rotation through
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the inward transport of momentum with a pinch. While the
core rotation still increases when compared to the initial
condition due to the neutral beam torque, it can be seen that
there is less rotation shear in the core than in the SAT1 case
with intrinsic rotation. Q for this simulation is essentially
unchanged from the SATI1, no rotation case (8.7 versus
8.6). Based on this result, it is expected that if the rotation
boundary condition were increased by some amount above
4 krad/s, there would be an even larger increase in the
rotation at the magnetic axis and an associated increase in
the core rotation shear. At this point, it should be noted that
the edge intrinsic rotation is not just important due to its
interplay with any momentum pinch. Modeling effects of
3D magnetic fields requires knowing the radial electric field
(and hence the rotation) near the edge.

All these simulations are done under the standard high-
rotation ordering in TGYRO. That is, the radial electric field
is taken to be solely a result of the toroidal rotation. For
the simulations with rotation, the pressure gradient term
presents a < 10% correction to the radial electric field
determined by the rotation alone. This is true even in the
cases with density peaking because the ion density peaking
is not as extreme as the electron density peaking due to the
influence of the fusion generated helium ions. In addition
to the pressure gradient contribution to the radial electric
field, poloidal rotation on the level of 1 km/s at mid radius
represents an additional 10% effect.

A final important point to discuss for these simulations
is the assumption inherent in setting a rotation boundary
condition as has been done in the above simulations.
When particle or momentum pinches transport momentum
inward from the boundary, there is, by construction, no
corresponding reduction in the total momentum at the
boundary. Whether or not this represents the physical reality
depends on the physical mechanism setting the co-current
intrinsic rotation feature. If the intrinsic rotation mechanism
works to hold rotation at a certain value, the boundary
condition in this models is appropriate. However, if the
intrinsic rotation is the result of a mechanism that generates
a source of momentum that is independent of rotation,
the boundary condition would need to be scaled down as
momentum is transported into the core.

5. Implications for RMP ELM Suppression

Recent research efforts have focused on developing a RMP
ELM suppression scenario at an ITER relevant level of
rotation. These RMP ELM suppression investigations have
led to the conclusion that the inward shift of the location
where the radial electric field, E,, crosses zero with lower
rotation is the reason RMP ELM suppression cannot be
achieved at very low levels of rotation[63] (though, a
similar role for the zero crossing of the perpendicular
electron flow has also been put forward[12]). In DIII-D,
the lower limit appears to be ~ 10 — 20 km/s (= 5 —
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9 krad/s) of co-current rotation at the top of the pedestal,
as measured by impurity CER[63]. All else being equal,
higher levels of rotation cause the radius where E, crosses
zero to shift outward, which is favorable for achieving RMP
ELM suppression.

A simple estimate of the rotation required to achieve
E, = 0 can be made. Using the standard form for E,
and taking the general form of a divergence free velocity,
V = wW)Rp+ K()B, the condition for E, = 0is VP/nZe =
wRBy. Note that the w in this equation is not identical to the
toroidal rotation frequency unless the poloidal rotation is
zero. This relation can be used to find how the lower limit
of rotation needed for RMP ELM suppression will scale.
To that end, both sides of the equation are multiplied by
R T /m/Ba to make it dimensionless. The result is:

(7" + 4, Hp.q = Me, (1)

where M is a Mach number (Rw/c; with c; being the
sound speed), € is the inverse aspect ratio (a/R), A is the
gradient scale length divided by the minor radius, and B
was approximated as B, in the factor of g. If we assume
the normalized gradient scale lengths are not changing and
begin with the rotation of a DIII-D discharge with the
ITER value of € that achieved RMP ELM suppression,
so long as the ITER rotation is lowered by at most a
factor of p.q, the toroidal rotation should be sufficient to
create an acceptable location for E, = 0. The factor of
p«q is about 0.15 when comparing lower rotation RMP
ELM suppression discharges in DIII-D and prospective
ITER baseline discharges (with gos only decreasing by
10% from DIII-D to ITER). Taking into account the Mach
number normalization as well, the 5 — 9 krad/s of pedestal
top rotation required to maintain RMP ELM suppression
on DIII-D scales to an ITER rotation frequency of 0.2 —
0.5 krad/s. Physically, the lower required rotation for ELM
suppression in ITER can be thought of as being a result
of the larger gradient scale length and higher poloidal
field (dimensionally) in ITER. Since the predictions for the
pedestal top intrinsic rotation in this work are > 3 krad/s,
the prospect for RMP ELM suppression in ITER appears to
be good.

In DIII-D, the 5 — 9 krad/s discharges were achieved
with NBI torque that is typically deemed too large to be
ITER relevant. However, total NBI torque comparisons are
not relevant to discussions of the mechanism for ELM
suppression that is dependent on the rotation in a small
radial region. In fact, as discussed in [63], ELM suppression
is lost when the NBI torque density in the edge is counter-
current, even when the total torque is significantly co-
current. This underlines the need to look at more than
the total NBI torque when considering whether or not the
toroidal rotation is relevant to ITER.

Though the calculation above looks favorable, further
investigation of the effect of 3D fields on rotation is
required. Even if it is assumed that error field correction can
abrogate the effect of field ripple, as suggested by DIII-D
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experiments with the Test Blanket Module[64], the effect
of the 3D fields applied for RMP ELM suppression still
need to be taken into account. The rotation prediction of this
work is necessary to form the initial condition upon which
the NTV torque from the applied 3D field will act, and this
investigation is left to future work.

6. Conclusions

The toroidal rotation profile for ITER has been predicted
with a combination of empirical scalings of the co-current
intrinsic rotation feature at the top of the pedestal and
transport modeling of the core momentum flux due to the
expected neutral beam torque in an ITER baseline scenario.
The conservative estimate put forth for the intrinsic rotation
at the top of the pedestal is 4 krad/s, and the modeled
core rotation exceeds 20 krad/s when either the SATO or
the SAT1 TGLF model is used. The increase in rotation
across the core improves confinement there through E X B
shear, increasing core energy confinement enough to have
a significant effect on the fusion performance. This is
especially true for the SATO results where the E X B shear is
also key for increasing core density peaking. The addition
of toroidal rotation increases fusion power with a constant
auxiliary power by = 30 — 100% in these results.

These predictions of core rotation were also found to
be dependent on the rotation boundary condition chosen
due to the importance of the momentum pinch, and the
4 krad/s boundary condition was made with increased
confidence due to recent experimental investigations on
DIII-D that made use of main-ion CER measurements.
One reason for this confidence was the result of the first
experiment on DIII-D looking directly at the influence of
edge neutrals on intrinsic rotation, which showed that the
influence was negligible. This result is important because it
is known that the neutral particles in ITER will not penetrate
as far into the plasma as they do in current tokamaks. This
increased confidence is also a result of the convergence of
several predictions for the intrinsic rotation at the top of the
pedestal in ITER, and the investigation of the effect of fast-
ions on previous DIII-D measurements of intrinsic torque
in a p, dimensionless parameter scan. These results reduced
the discrepancy between previous studies on the p. scaling
of intrinsic rotation. While some discrepancies in the results
remain (and future work should still try to reconcile this
issue), the biggest outstanding issue is the interplay between
rotation and 3D fields.

The most likely scenario for ITER Q = 10 operation
involves the use of 3D fields to suppress ELMs with
RMP ELM suppression. While it was shown that even low
rotation values at the top of the pedestal appear compatible
with RMP ELM suppression, the achieved rotation may
be below this low value due to effects on rotation from
the resonant and non-resonant components of the applied
3D fields. These effects, including the nonlinear interplay



Predicting the rotation profile in ITER

between the radial electric field and NTV torque, need to
be studied more carefully due to their potential to affect
the ability of ITER to meet its goals. In addition, as
the ITER modeling in this work showed, low rotation at
the top of the pedestal can significantly reduce the peak
rotation achieved due to the effect of the pinch on the
momentum confinement. This presents another reason to
study the interplay between 3D fields and the rotation so
that, hopefully, these harmful effects can be mitigated or
avoided altogether.
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