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Abstract:

Plasma rotation experiments in DIII-D have revealed turbulent residual stress driving main-
ion intrinsic rotation and used dimensionless parameter scans to predict an intrinsic torque
exceeding the maximum NBI torque in ITER. In the core of low-torque dominantly electron
heated plasmas with Te ≈ Ti, the main-ion intrinsic toroidal rotation is measured to un-
dergo a reversal. Above a critical ECH heating power the core rotation reversal correlates
with a/LTi crossing the critical gradient for ITG turbulence. Residual stress produces a
counter-current intrinsic torque, which is balanced by momentum diffusion, creating the
hollow profile. Quantitative agreement is obtained for the first time between the measured
main-ion toroidal rotation and the rotation profile predicted by nonlinear GTS gyrokinetic
simulations. In dimensionless scaling experiments that vary only ρ∗, the total intrinsic
torque in the plasma is found to scale in a favorable way to ITER, projecting to increased
intrinsic torque at lower ρ∗. The intrinsic torque projection for the high current H- mode
phase of ITER is approximately 45 Nm, which exceeds the available neutral beam torque
of 33 Nm. The combined NBI and intrinsic torque is expected to drive a modest average
rotation of approximately 12 krad/s. The overall magnitude of the rotation profile and
angular momentum is dependent on the boundary condition near the separatrix, and in the
edge of plasmas with high and low collisionality and either sign of plasma current main-
ion intrinsic rotation measurements are consistent with an orbit-loss model. Edge plasma
rotation increases as collisionality decreases, projecting favorably to conditions expected in
ITER.

1. Introduction
A first-principles based prediction of the rotation profile in ITER requires validated mod-
els of turbulent transport that determine the core profile shape, as well as validated models
of the processes that determine the rotation boundary condition. Experiments at DIII-D
are combining the validation of turbulent momentum transport in the plasma core with
the intrinsic rotation at the plasma boundary to make significant advancements in our
predictive capability for ITER. A series of recent experiments in DIII-D since the last
IAEA FEC have advanced our understanding of intrinsic rotation by comparing the core
intrinsic rotation profile to gyrokinetic simulations (Sec. 1), used dimensionally matched
discharges that vary only ρ∗ to determine the scaling of intrinsic torque (Sec. 2), and find
a novel dependence of the edge intrinsic rotation with magnetic geometry (Sec. 3). These
three contributions to a predictive understanding of intrinsic rotation are important due
to the expected relatively low rotation in ITER. From the local angular momentum bal-
ance equation, validation of the transport terms (diffusion, pinch and residual stress) is
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required to predict the core rotation profile. However the spatial integral of the momen-
tum balance is required to project the total angular momentum, and includes the critical
rotation boundary condition and torques in the outer region of the plasma where the
gyrokinetic and gyrofluid models are not well-validated. In an axisymmetric system with
vanishing core momentum flux, the boundary is where net momentum can originate and
without validated models of edge momentum generation and transport more empirical
projections are required.

2. Intrinsic Core Rotation Profile
Self-organized angular momentum creates an intrinsic rotation in the tokamak, where
differential plasma flow can arise without direct momentum injection, and is well known
to have beneficial effects on energy confinement [1] and plasma stability [2]. In ITER
the rotation profile of the main-ions is expected to be influenced by intrinsic processes
because the ability of auxiliary torque to drive plasma rotation will be much smaller than
in existing devices, and the intrinsic rotation projections in this paper are of the same order
as the neutral beam torque. ITER will operate in a regime that is dominantly electron
heated by fusion alpha particles, where the heating of the ions will be dominantly through
collisional energy exchange, motivating intrinsic rotation studies and model validation
with direct electron heating and nearly equilibrated electron and ion temperatures.
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In DIII-D we measure the main-ion (deuterium) intrinsic
toroidal rotation undergoing a profile inversion, whereby an ini-
tially flat, slightly positive rotation profile reverses direction
(Fig. 1) and becomes hollow. The hollow rotation profile is quan-
titatively predicted by global nonlinear gyrokinetic simulations.
Above a critical heating power the plasma becomes linearly un-
stable to ion temperature gradient driven turbulence. Global
nonlinear simulations with GTS [3] confirm a residual stress in
the unstable region. Ion temperature gradient (ITG) turbulence
produces a negative intrinsic torque at inner radii, driving the
rotation profile in the direction opposite to the plasma current,
and a positive torque at outer radii, driving the plasma in the
same direction as the plasma current. The intrinsic torque is
balanced by turbulent diffusion producing a local positive rota-
tion gradient, or hollow profile, in the absence of auxiliary torque.
Gyrokinetic calculations of the fluctuation-induced residual stress
and resulting main-ion toroidal velocity profile that produces the
zero-flux state are shown to be consistent with both the shape
and magnitude of the observed rotation profile in Fig. 1.

Core main-ion toroidal rotation reversal is obtained during an
increase of direct electron heating from 0.5 to 1.0 MW. Experi-
ments were carried out in low confinement mode (L-mode) heated
by electron cyclotron waves at the second harmonic frequency po-
sitioned near the plasma half-radius. Discharges are formed with
an upper-single-null shape with the magnetic field drift direction
away from the active X-point and operated with q95 ≈ 5.5. In
these L-mode plasmas the concentration of carbon impurity is
between 1.0 − 1.2% such that the momentum is carried by the
main-ions. Line-averaged density near 2.5− 3× 1019 m−3 is suffi-
cient for collisional coupling of electron and ion species such that
electron cyclotron resonance heating raises both electron and ion
temperatures, seen in Fig. 1(a,b), which can drive instabilities. The electron density
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profile shows a small variation, and the increase of the temperature at similar density
reduces the collisionality as the rotation profile hollows. Through a sequential increase
in the electron heating from 0.5 to 2.2 MW in four steps (0.5, 1.0, 1.7, 2.0) we discover
a reversal of the core deuterium toroidal velocity between 0.5 and 1.0 MW of applied
heating, displayed in Fig. 1 for two power levels. Here the main-ion toroidal velocity
profile is measured [4, 5] by short neutral beam pulses spaced approximately one second
(many momentum confinement times) apart. The associated beam momentum injection
on the measurement timescale is negligible. For heating powers of 1.0 MW and above the
profiles are resilient to changes, the energy confinement degrades, and the the rotation
profile maintains the hollow state.
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Intrinsic rotation arises due to an intrinsic torque
caused by turbulence in the presence of various ef-
fects that break the structure symmetry in the gy-
rokinetic equation [6, 7, 8], and the fluctuation sym-
metry in the parallel wavenumber spectrum [9, 10].
An underlying turbulent fluctuation at the ion scale
in the low wavenumber range kθρs ≤ 1 is required
to cause momentum transport carried by the main-
ions because the ion response to high-k fluctuations
is nearly adiabatic. Linear turbulence stability shows
that at mid-radius ρ ≈ 0.4 − 0.6 prior to increased
auxiliary heating the low-k growth rates are stable,
whereas after 1.0 MW of electron heating is applied
the ion temperature profile becomes linearly unstable
to long-wavelength ITG modes. Displayed in Fig. 2
are the linear growth rate and frequency spectra from
the TGLF model [11] based on measured plasma pro-
files including impurities, indicating that a threshold
in ITG stability has been crossed by the additional heating. The lack of linearly unstable
modes in Fig. 2 results in underdeveloped low-k turbulence that produces little momen-
tum flux or residual stress. This is consistent with experimental observations that the
intrinsic rotation developed in the low power phase is small.

In order to compute the turbulent fluxes associated with linearly unstable ITG modes
in Fig. 2(b), we use the δf global nonlinear gyrokinetic simulation GTS [3] with plasma
profiles and equilibrium radial electric field taken directly from the experiment without
adjustment. GTS used for this study focuses on global turbulence effects and the effect of
up-down geometric asymmetry for the symmetry breaking needed for turbulence-driven
toroidal momentum flux. Such global effects have been proven to be significant for tur-
bulence to drive residual stress in many previous gyrokinetic studies. The higher order
terms in the gyrokinetic equation, which are needed to break the gyrokinetic structure
symmetry in the local flux-tube limit, are not included here. Simulations are electrostatic
with kinetic electrons over the wavenumber range kθρs ≤ 2, which covers the relevant
low-k modes shown in Fig. 2.

Interpretation of plasma rotation profiles and momentum transport is guided by cast-
ing the total toroidal Reynolds stress in terms of diffusive, pinch and residual fluxes
(Eq. 1), which have been studied experimentally on DIII-D [14].

Πϕ = −mini〈R2|∇ρ|〉
(
χϕ
dΩϕ

dρ
− VpΩϕ

)
+ Πresid. (1)
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where ρ denotes flux surfaces, Ω is the main-ion toroidal angular rotation frequency, χϕ
is the momentum diffusivity, Vp is the pinch velocity, Πresid. is the residual stress and the
other terms are of standard usage. In steady-state the total toroidal momentum flux must
be equal to zero in the absence of external toroidal torque. The balance of three terms
plus the boundary condition will determine the steady state toroidal rotation profile. The
residual stress component Πresid. of the total stress is directly calculated by zeroing the
velocity-dependent contributions (Ωϕ = 0, dΩϕ/dρ = 0), and is displayed in Fig. 3. Quali-
tatively, the dipolar structure of the residual stress in Fig. 3 has the capability to produce
a hollow intrinsic rotation profile because the associated positive intrinsic momentum flux
for ρ < 0.6 and negative momentum flux at ρ > 0.6 balance against momentum diffusion.
Momentum pinch is small in this case, and therefore the diffusive flux is the total flux
less the residual stress.

Making an ab initio quantitative prediction of the intrinsic rotation requires a mo-
mentum diffusivity, pinch velocity and boundary condition. As the rotation profile itself
would not available in an ab initio prediction to compute χϕ, we use the the ratio of
the ion momentum diffusivity to ion heat diffusivity Prandtl number Pr ≡ χϕ/χi, whose
value is well established both theoretically and experimentally to be near unity [15, 6].
The chosen Prandtl number in our model is not arbitrary, but calculated directly from
the gyrokinetic simulations. The Prandtl number, on a profile average, is Pr ≈ 0.7. This
result of Prandtl number is also consistent with previous studies [16, 6]. Using the Prandtl
number enables us to use Pr χi that is obtained directly from the gyrokinetic simulation,
instead of χϕ, in the prediction.
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Having obtained all components of the toroidal mo-
mentum balance equation, a first-principles-based main-ion
toroidal rotation profile is obtained by numerically integrat-
ing Eq. 1 for Ωϕ(ρ), determining the toroidal rotation profile
within a constant. Displayed in Fig. 1(c) are the experimen-
tal and predicted main-ion toroidal rotation profiles during
1.0 MW ECH, where the rotation boundary conditions is
taken from the experiment at ρ = 0.8. Good agreement
between both the shape of the toroidal rotation, as well as
the magnitude of the toroidal rotation variation across the
profiles is accurately captured. This simulation clearly indi-
cates that fluctuation-induced residual stress can generate
intrinsic torque sufficiently strong to produce macroscopic
changes in main-ion angular momentum. The level of agree-
ment obtained represents a significant advancement in the
validation of global nonlinear gyrokinetics to predict the
angular momentum profiles.

These experiments on DIII-D have revealed that fluctuation-induced residual stress
is capable of producing the experimentally observed intrinsic main-ion toroidal rotation
in both shape and magnitude. Global nonlinear gyrokinetic simulations using the ex-
perimentally measured plasma profiles predict ITG turbulence and residual stress in the
radial region where the toroidal rotation undergoes a strong change of gradient. Residual
stress momentum flux that arises in the gyrokinetic simulations is balanced by turbulent
momentum diffusion and the turbulent momentum pinch is found to be a small contrib-
utor to the momentum transport. Integrating the momentum balance equation produces
a predicted main-ion toroidal velocity profile that agrees well with the experimental mea-
surements, demonstrating that fluctuation-induced residual stress is capable of producing
experimentally observed intrinsic rotation profiles.
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3. Intrinsic Torque Scaling with ρ∗

In the previous section, we have investigated the ability to predict an intrinsic rotation
profile by gyrokinetic simulations. While profile predictions are required to assess the
level of rotation profile shearing and tendency of the profile to peak or hollow, a pre-
diction of the total angular momentum requires the size of the net intrinsic torque that
raises the overall profile. In an effort to address how the intrinsic torque scales to ITER,
a dimensionless parameter scan has been employed to determine the scaling of intrinsic
torque and momentum confinement time with the normalized gyroradius ρ∗. The stan-
dard dimensionless parameter investigation methods have been used in JET, DIII-D, and
ASDEX-U, so that results from all three tokamaks can be combined. The scaling with ρ∗

is particularly important to investigate because the value of ρ∗ for future tokamaks like
ITER (ρ∗ ≈ 0.002) cannot be achieved in any current tokamaks (ρ∗ ≈ 0.004 in JET and
≈ 0.01 in DIII-D and ASDEX-U).

Figure 4 (left) shows the time history of a DIII-D discharge used to measure the in-
trinsic torque, and (right) profile measurements of electron density, electron temperature,
ion temperature, and toroidal rotation for the high and low toroidal field discharges. The
data from the low toroidal field discharges has been scaled to high field by the appropriate
factors [17], and indicate a good match.

       
0.0
1.5
3.0

0.0

(a)

ne (1019m−3) 161077

       
0.00
0.75

1.50 (b)

PNBI (MW)PECH (MW)

       
0.00
0.75

1.50 (c)

Tinj (Nm)

       
0

40

80

0

(d)

Vtor@1.9m (km/s)

0 1 2 3 4 5 6
Time (s)

0.0
0.5

1.0 (e)

Ti@1.9m (keV)

0.0
0.5
1.0
1.5
2.0
2.5
3.0

Te (keV)

0

1

2

3

Ti (keV)

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

Low * (161041.3220)
High * Scaled (161077.3220)

ne (1019 m-3)

ρ
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In order to measure intrinsic torque while applying torque with neutral beam injection
(NBI), a 2 Hz NBI torque modulation is applied, with the basic principle of the measure-
ment being that the relative change in the angular momentum is a result of the relative
change in the applied torque. The change in the neutral beam torque can be calculated
by NUBEAM, and the size of measured change relative to the total torque depends on
how much intrinsic torque is present in the plasma [14]. Global momentum balance re-
lates the rate of change of angular momentum to the total torque (NBI and intrinsic),
and the angular momentum confinement time as L̇ =

∫
(τNBI + τint)dV − L/tϕ. Here,

L is the angular momentum, τ is the torque density, and tϕ is the angular momentum
confinement time. A least-squares fitting routine determines what time invariant τint and
tϕ generate the best match to the measured time history of the angular momentum in a
discharge, given a modeled τNBI . The first fit is performed while considering the entire
plasma, but subsequent fits can be done while only summing up the angular momentum
and torque within a smaller minor radius in order to obtain profiles of the intrinsic torque
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and momentum confinement time.
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Results for intrinsic torque from the ρ∗ scan are pre-
sented in Fig. 5. The total intrinsic torque contained in
these plasmas was ≈ 1.5 Nm at low ρ∗ and ≈ 0.7 Nm at
high ρ∗. The measured values are normalized by the ion
temperature (in keV) of the radius within which the mea-
surement was made and indicated in the legend. Both
have units of energy, and it is essential that the investi-
gated parameter be normalized before any scaling with
a dimensionless parameter is determined. With this nor-
malization, the intrinsic torque is found to scale with an
exponent of 1.5±0.8. Based on this scaling alone, the im-
plication is that normalized intrinsic torque will be larger
in ITER than in current tokamaks.

Through the ITPA a set of joint experiments have
been carried out on JET and ASDEX for a multi-machine
database of intrinsic torque scaling with ρ∗ [18, 19]. Ex-
periments were performed with low neutral beam modulation frequency of 2-3 Hz as
shown in the previous section with dimensionless parameters (ρ∗, ν∗, βN , q, Ti/Te) matched
between the identity shots, with good shape match between DIII-D and JET while the
ASDEX shape and Mach number amongst machines could not be perfectly matched. Pre-
sented in Fig. 6 is the DIII-D and JET database normalized by ion temperature. Other
normalizations with thermal stored energy and residual stress Π = ρm, χgBcS poorly orga-
nize the data set, providing confidence that the normalization of the DIII-D data presented
in the previous section is correct.
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FIG. 6: Multi-machine scaling
of intrinsic torque with ρ∗

In order to project these results to ITER, the dif-
ference in ρ∗ between DIII-D and ITER needs to be es-
timated. The density, temperature (at the top of the
pedestal), toroidal field, ion mass, and minor radius in
the DIII-D plasma that will be projected to ITER are
5.3 × 1019 m−3, 1 keV, 3.5, 2.2 T, 2 amu, 0.55 m, re-
spectively. This plasma is the low ρ∗ plasma from the
DIII-D ρ∗ scan. The intrinsic torque of this plasma will
be projected to an ITER plasma assumed to have the
following corresponding parameters: 11×1019 m−3 (94%
of Greenwald density limit at 15 MA), 5 keV (at the
top of the pedestal), 3, 5.3 T, 2.5 amu (D-T mixture),
2 m. These estimations yield a ρ∗ for ITER that is
approximately 30% of the DIII-D values. The amount
of intrinsic torque in ITER is calculated as τITER =
τDIII−D(TITER/TDIII−D)(ρ∗ITER/ρ

∗
DIII−D)−1.5±0.8. Using

this scaling we arrive at 45 Nm of intrinsic torque, which exceeds the 33 Nm of available
neutral beam torque. Taking the extrema of the uncertainty projects a range from 17-
120 Nm. We can also calculate an average angular frequency by dividing the sum of the
NBI and intrinsic torque by the moment of inertia and multiplying by the momentum
confinement time, which is 〈Ω〉 ≈ 12 krad/s. This total rotation is below the rotation
frequencies obtained by uni-directional NBI in present experiments, and therefore the
details of the intrinsic stresses and resulting rotation profile are of increasing importance.
4. Boundary Layer Flow and Orbit Loss

Predicting the intrinsic rotation profile and total angular momentum is made by in-
tegrating the angular momentum balance equation in space, which requires a boundary
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condition. It has been commonly observed that a narrow, co-current rotation layer is
observed on the outboard midplane of the tokamak maximized at the separatrix, and has
also been shown that that the core plasma rotation can correlate with the separatrix flow.
We have previously tested a collisionless trapped particle orbit loss model [20] including
the effect of the radial electric field and found good agreement in a LSN electron cyclotron
heated discharge [21]. However, recent experiments in DIII-D [22] that have inverted a
single-null plasma shape from LSN to USN, have observed a reduction in the flow velocity
for the USN configuration that is not captured by the model.
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In the experiments we have held the
magnetic field direction fixed with the ∇B
drift direction down, towards the LSN pri-
mary X-point. Four discharges were ex-
ecuted, changing the sign of the plasma
current while keeping the magnitude fixed,
and inverting the plasma shape obtain-
ing both LSN and USN configuration with
mirror symmetry about the vessel mid-
plane. The common feature observed in
all four configurations is the rotation being
co-current, regardless of the plasma shape.
The striking difference observed is that the
USN configuration with the∇B drift direc-
tion opposite the X-point shows a strong
damping of the edge flow. These results
are presented in Fig. 7. The explanation
for the reduction in separatrix flow in the
USN configuration is due to trapped particle collisionality. Here the ion collisionality that
matters for orbit loss is the ion-ion collision time normalized to the the parallel loss time
(connection length / thermal speed). In the DIII-D configuration under investigation
calculations of the trapped particle orbits indicate an approximate doubling of the path
length for the USN shape. The effect is that the enhanced population of trapped parti-
cles in the USN configuration mitigates the loss mechanism, retaining the velocity space
distribution, and avoids the generation of a net co-current plasma velocity by orbit-loss.
The magnetic configuration for ITER is LSN ∇B down, which is favorable for low L-H
transition power, and is also the configuration that is consistent with the maximum co-
current velocity layer on DIII-D, well captured by the collisionless orbit loss model. When
applying this model to ITER high current scenario using Ti,sep = 50 eV, we find a narrow
velocity layer with peak velocity of 34 km/s (4.2 krad/s) with a few mm width, due to the
high plasma current in ITER. By performing a temperature scan in this configuration the
predicted edge velocity scales approximately linearly with Ti. The key missing ingredient
to project the magnitude of the edge velocity layer to the magnitude of achieved toroidal
angular momentum is a transport model that is valid in the outer region of the plasma,
between the top of the pedestal and the separatrix. The relative strengths of momentum
diffusion, pinch and contributions from residual stresses are all required for a comprehen-
sive projection, and is an active area of experimental and theoretical work.

5. Conclusion
Experiments at DIII-D are combining the validation of turbulent momentum transport

in the plasma core with the intrinsic rotation at the plasma boundary and have made
significant advancements in our predictive capability for ITER. In the core of dominantly
electron heated plasmas with Te ≈ Ti, the main-ion intrinsic toroidal rotation is measured
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to undergo a reversal and the resulting rotation profile is accurately predicted by nonlinear
gyrokinetic simulations. In the edge of plasmas with high and low collisionality and either
sign of plasma current, main-ion intrinsic rotation measurements are consistent with an
orbit-loss model when accounting for parallel connection. The total intrinsic torque in
the plasma is found to scale favorably with ρ∗ in a dimensionless scaling experiment.
Due to the releatively low toroidal rotation projected by our scaling, a more detailed
understanding of the self-organzed intrinsic rotation profile and shear is required to project
MHD stablity and possible confinement improvement by self-generated flow shear for
ITER baseline and advanced scenarios.

DIII-D data shown in this paper can be obtained in digital format by following the links at
https://fusion.gat.com/global/D3D DMP. This work supported in part by the U.S. Department of Energy
under DE-AC02-09CH11466, DE-FC02-04ER54698, and DE-FG02-07ER54917
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