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I Motivation and overview
I Rotation peaking and nondiffusive momentum flux

I Edge rotation
I Orbit-loss and transport-driven SOL flows
I Simple kinetic-transport model and experimental tests
I Open questions

I Core rotation
I Complicated dependence on experimental parameters
I Radially local: symmetry and symmetry-breaking
I Radially global: simulations, results, and open questions
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Motivation
I Future tokamaks will have relatively little applied torque (NBI→fusion).
I Zero or low rotation can cause instabilities that make the plasma disrupt.
I Luckily, plasmas rotate without applied torque—“intrinsic rotation.”
I We need to understand what determines intrinsic rotation profiles as part

of identifying safe operating regimes for ITER or a future fusion plant.
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Tokamak plasmas rotate spontaneously without applied torque.−20
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Figure 4. Rotation profiles for two ICRF heated discharges taken at the third NBI pulse (t ≈ 9 s,
see figure 1): solid line, IP = 2.6 MA (#66315); dashed line Ip = 1.5 MA (#66310).

Let us now take a more detailed look at the measured rotations profiles in a few discharges.
One of the most striking features of the discharges reported in this paper was that hollow rotation
profiles were observed in many of them at low current, typically 1.5 MA, whereas the rotation
profiles at higher currents, typically 2.3 MA and higher, were mostly relatively flat or weakly
peaked. This is illustrated in figure 4, which shows one discharge with Ip = 1.5 MA (#66310)
and a second with IP = 2.6 MA (#66315). Both had a magnetic field of 2.6 T and dipole
phasing of the antennas was used with a frequency of 47 MHz, placing the hydrogen minority
cyclotron resonance about 40 cm on the high field side of the magnetic axis. It is interesting
to note that the rotation frequency in the edge region is in the co-current direction and almost
the same in the two discharges. In fact, the edge region was found to rotate in the co-current
direction for all the discharges discussed in this paper. What is shown in figure 4 is the total
toroidal rotation velocity and it is of course of interest to determine the difference between the
Ohmic phase and the one when the ICRF power was applied. In some discharges, but not all,
there was an NBI pulse to also measure the rotation profile in the Ohmic, post ICRF phase (in
fact, an NBI pulse in the Ohmic phase was programmed for almost all the discharges, but for
technical reasons the NBI could not always fire in that phase). There is of course no guarantee
that the rotation in the post ICRF phase is similar to that before the ICRF is applied. Thus, it
should be kept in mind that taking the difference between the rotation profiles in the ICRF phase
and the Ohmic post ICRF phase does not necessarily represent a general difference between
Ohmic plasmas and the ICRF heated ones. In discharge #66310 the rotation profile in the
Ohmic phase was measured, and the differences in rotation profiles between those taken at the
beginning of the first three NBI pulses and the last one are shown in figure 5. The profile taken
at the first NBI pulse shows a difference in the co-current direction, while the subsequent two
rotation profiles show that the central plasma rotation was thereafter changing in the counter-
current direction, leading to the hollow profile shown in figure 4. It should, however, be noted
that the rotation profile in the Ohmic phase was also slightly hollow. In order to make sure this

8

TCV Ohmic shots (Ip ≈155, 195kA) JET ICRH shots (Ip ≈1.5, 2.6MA)
Stoltzfus-Dueck PoP ’15 Eriksson PPCF ’09

Typical intrinsic rotation profiles have three regions:
I Edge: Co-rotating and (roughly) understood
I Mid-radius “gradient region”: Hollow or ∼flat

I Rotation often passes through zero at mid-radius. (Could be bad!)
I Gradient exhibits sudden “reversals” at critical parameter values.

I Sawtoothing region inside q = 1: Flat or weak cocurrent peaking

In axisymmetric geometry, neoclassical momentum transport is negligible.
Stoltzfus-Dueck Intrinsic Rotation in Axisymmetric Devices 4
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Rotation profiles are set by conservation of momentum.

T = Π =−ν∇L =⇒ ∇L =−T/ν

T > 0
Π>0Πres<0

(−ν∇L)>0

nontrivial intrinsic rotation⇔nondiffusive. Π
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C-Mod L-mode measurements suggest transport-driven flows.Transport-driven SOL flows
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Figure 18. (a) Toroidal flow velocities as a function of magnetic
flux balance between upper and lower X-point in otherwise identical
discharges. (b) Toroidal velocity of central Ar17+ ions versus
toroidal projection of parallel flow measured by the outer probe, at a
location 1 mm outside the separatrix. The fitted dashed line has a
slope of 1.5.

mimics the confined plasma’s response. Also, since the radial
electric field is intimately connected to toroidal rotation, a
correspondingly more positive (less positive) Er should be
seen in the SOL for B × ∇B pointing towards (away from)
the X-point (see figure 16(b)). As discussed earlier, the data in
figures 5 and 11 show precisely these tendencies: stronger
co-current rotation and more positive Er in LSN, weaker
co-current rotation and less positive Er in USN.

The latter observations are particularly intriguing. Radial
electric field gradients and associatedE×B velocity shear have
been identified [55–57] for regulating cross-field transport:
the L–H confinement mode transition is thought involve a
bifurcation in plasma transport characteristics near the vicinity

of the separatrix [58], triggered by the attainment of a certain
level of velocity shear [59]. In addition, magnetic topology is
well known to affect the L-H threshold [60]; generally, higher
powers are required when B×∇B points away from rather than
towards the active X-point. Yet, no compelling explanation for
this behaviour has been advanced. The experimental results
reported here point to a possible explanation: transport-driven
SOL flows, modulated by magnetic topology, affect radial
electric fields and, by inference, flow shear near the separatrix.

6. SOL flows, core plasma rotation and L–H
threshold

We have recently investigated the effect of magnetic topology
(LSN, DN, USN) on the L–H power threshold in Alcator
C-Mod, with specific emphasis on SOL flows and toroidal
rotation of the confined plasma. Strong circumstantial
evidence has been found that supports the hypothesis advanced
above, namely that transport-driven SOL flows set topology-
dependent boundary conditions that influence the L–H
transition.

The time-evolutions of three discharges that exhibited an
L–H transition are shown in figure 19. Prior to application
of ICRF power, these Ohmic L-mode target plasmas had
similar external control parameters (Ip = 0.8 MA, BT =
5.4 T, n̄e = 1.4 × 1020 m−3, B × ∇B down) but different
magnetic topologies (USN, DN, LSN). Electron temperatures
measured by ECE and edge Thomson scattering [61] as well
as electron pressure gradients near the 95% magnetic flux
surface are nearly identical in the Ohmic L-mode phases. A
similar observation has been noted on DIII-D; edge profiles
remained unchanged in switching from LSN to USN [62].
However, important differences are revealed here in the core
rotation during the Ohmic phase, stepping from ∼−50 to −30
to 0 km s−1 in the sequence USN, DN, LSN. As discussed
above and shown in figures 17 and 18, this behaviour can
be understood in terms of the boundary conditions imposed
by SOL flows. Therefore, despite superficial similarities, the
target plasma conditions are in fact fundamentally different,
e.g. topology-dependent toroidal rotation and associated
electric fields near the separatrix.

ICRF heating power is applied at levels close to the L–H
threshold (0.9, 1.6, 2.9 MW) to yield a transition later in time.
This power is from 2 two-strap antennae (80 MHz, 0 − π

phasing) and one four-strap antenna (78 MHz, 0 − π − 0 − π

phasing) using a hydrogen minority heating scenario. It is
important to note that this heating method imparts no direct
momentum input to the plasma. In response to the RF power,
edge electron temperatures and pressure gradients evolve, most
notably for high input powers (USN). At the time of L–H
transition, the edge electron temperature is approximately
a factor of 2 higher in the USN case; pressure gradients
are correspondingly higher. These results are consistent
with earlier findings for discharges with forward versus
reversed magnetic field and fixed X-point location [63, 64]
and point to a puzzle not explained satisfactorily by present
theoretical models: threshold studies consistently show a
transition condition related to edge electron temperature,
but it is topology dependent. The central toroidal velocity
is also seen to ramp towards the co-current direction in
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Mach probe in C-mod SOL Schematic of transport-driven flows,
LaBombard PoP ’04 showing topology dependence

L-mode toroidal rotation on C-mod : strong dependence on LSN vs USN.
Not only SOL rotation, but also in the core!
Motivated consideration of outboard-ballooning transport-driven flows.
This rotation shift (LSN vs USN) not observed in H-mode.
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Co-current rotation at LCFS suggests ion orbit loss.
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Co-current rotation “hump” near LCFS Orbit excursions lead to co-current
deGrassie NF ’09 rotation at outboard midplane

Co-current rotation feature ∼ubiquitous at outboard LCFS.
[Counter-current feature seen at inboard LCFS, Pütterich et al NF ’12]
Suggests ion orbit excursions: “orbit loss”, Pfirsch-Schlüter, etc.
But does this effect penetrate into the plasma?
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A simple kinetic transport theory for edge intrinsic rotation.

∂t fi + v‖∂θ fi −δv2
‖ (sinθ)∂r fi −∂r [D (r ,θ)∂r fi ] = 0

Extremely simple kinetic transport model contains only:

0

2π

x

θ

v‖>0:fi =0

periodic
⇐=
fi →fi0

=⇒
fi →0

x
θ

I Free flow along the magnetic field
I Radially-directed curvature drift

I δ
.

= qρi/Lφ

I Radial diffusion due to turbulence
I Diffusivity D stronger outboard, decays in r

I Two-region geometry
I Confined edge: periodic in θ

I SOL: pure outflow to divertor legs

After some variable transforms, obtain steady-state equation
∂

θ̄
fi = Deff

(
v‖
)

∂r̄

(
e−r̄∂r̄ fi

)
,

in which Deff depends on the sign of v‖. Stoltzfus-Dueck PRL ’12
Stoltzfus-Dueck Intrinsic Rotation in Axisymmetric Devices 8
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Model: ion drift orbits + spatially varying D⇒edge intrinsic
rotation Co
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Tested model with dedicated scan and database analysis.

R̄X=−0.76 R̄X=−0.26 R̄X=+0.29 R̄X=+0.83

Concrete rotation prediction depends on R̄X .
I TCV: Ohmic L-mode, scan X-point position:

I edge rotation shifts as expected.
I DIII-D: database over various L- and H-modes

I had to account for NBI torque
I D↔C rotation shift is not small in the edge

I Main-ion measurements are helpful.
Top L and R: TCV, Stoltzfus-Dueck PRL ’15
Bottom R: DIII-D L- and H-modes, Ashourvan APS ’17
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There are many open questions for edge intrinsic rotation.
The kinetic-transport model omits a lot of physics, including:

I Neutrals
I possibly relevant for USN-LSN asymmetry in L-mode
I some work on neutrals alone, but not much with neutrals and turbulence

I ELMs & MHD
I Large ELMs sometimes appear to lock in outer edge
I Active MHD affects rotation, was excluded from tests

I 3D fields
I toroidally asymmetric B can exert a strong neoclassical torque
I calculated with codes like GPEC and IPEC
I but rotation prediction needs both 3D torque and turbulence

I Turbulent parallel acceleration (probably small, because k‖L⊥≪ 1)
I Trapping (maybe small, passing-ions carry most of the momentum)
I Collisions (relevant normalized collisionality actually larger on ITER)
I Radial currents in SOL (can exert j ×B torque)

Stoltzfus-Dueck Intrinsic Rotation in Axisymmetric Devices 11
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The core rotation gradient exhibits rich and varied behavior.
Nucl. Fusion 53 (2013) 033004 J.E. Rice et al
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Figure 7. Rotation velocity profiles at two different times for a
discharge with a dynamic rotation reversal. The solid vertical line
shows the rotation velocity profile anchor point. The dotted vertical
lines indicate the locations of the q = 1 and q = 3/2 surfaces.

bottom viewing chord. The overall brightness for the LOC
plasma is over an order of magnitude larger since the electron
temperature is much higher at the lower electron density, and
hence there is a larger density of H-like argon to populate the
upper levels. Edge emissivity profiles of the forbidden line z
from the top and the bottom of the machine for the 0.8 MA SOC
discharge are shown in figure 10. There is an enhancement of
the emission from the top of the plasma between 0.8 ! r/a !
1.0. This implies that there is an up/down impurity density
asymmetry, with an excess at the top of the plasma, in the
direction opposite to the ion B×∇B drift direction [3, 4]. This
enhancement does not depend on the X-point location (upper
versus lower null). In the third frame of figure 8 is shown
the time history of the up/down Ar16+ forbidden line (z) ratio,
evaluated from chords tangent to r/a ∼ 0.9 viewing the top and
the bottom of the plasma. Up until 1.0 s, in the LOC regime,
the impurity density was up/down symmetric (ratio ∼1); after
1.2 s in the SOC regime, this ratio was in excess of 2. This
edge asymmetry precedes the core rotation reversal, occuring
at a lower density. This abrupt onset of the up/down impurity
density asymmetry following a slight change in the electron
density suggests that this is probably not a neo-classical effect.
The relation of this up/down asymmetry to in/out asymmetries
is not clear [4].

The relationship among energy confinement, non-local
heat transport, core toroidal rotation reversals and particle
confinement (including edge up/down impurity density
asymmetries) is further demonstrated in figure 11, obtained
from shot-by-shot scans of the electron density in 0.8 MA,
5.4 T (q95 ∼ 4.2) discharges. For this value of q95, there is an
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Figure 8. Time histories of the electron density (top), core electron
temperature (second frame), edge up/down forbidden line brightness
(third frame) and core toroidal rotation velocity (bottom) for a
0.8 MA discharge with a rotation reversal. CaF2 injection times are
shown by the vertical dotted lines. In the top frame, the critical
density separating the LOC and SOC regimes is indicated by the
horizontal dashed line.
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abrupt change in the direction of the core toroidal rotation
velocity (middle frame) from co-current below an electron
density of 0.82 × 1020 m−3 to counter-current above. The
vertical line indicates this critical density. Also shown is the
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B. Effect of ECH deposition profile

The toroidal rotation profiles show signatures depending
upon the type of discharge. The characteristic most investi-
gated to date is the ECH deposition location in the D+ dis-
charges in which velocity measurements are made of C6+.
Although many of the profiles are measured at a time while
the discharge parameters are evolving, grouping them by
heating type nevertheless brings out these signatures and es-
tablishes the common features beyond showing individual
examples. The results of the intrinsic rotation data set for
carbon velocity in DIII-D are summarized in Fig. 2, where
we plot the simple mean values of rotation frequency sorted
by discharge type, versus !. For this data set, the toroidal
magnetic field at the magnetic axis is BT0=1.75 T, and the
range of plasma current Ip is 1–1.5 MA. The averages are
taken over the set of intrinsic rotation time slices from dis-
charges of one ECH deposition type, or no ECH for two of
the profiles. The profiles may be measured with differing
delays after the H-mode transition, or the discharge have
different values of Ip or X-point height, density, temperature,
and possibly ECH power. The error bars indicated show the
standard deviation over the entire set of one type, due to this
variability of the plasma conditions. These deviations domi-
nate considerably over the measurement error. The ECH

deposition profile is indicated for types with EC power. In
spite of including nonidentical discharges within a type, the
rotation profile signatures clearly emerge.

All ECH H-mode intrinsic rotation profiles are hollow.
The pre-ECH time slices are also hollow. !For convenience,
we refer to these as “L-mode.”" Only the OH H-mode pro-
files are flat. A feature common to all is the co-rotation for
!#0.6−0.9. This co-rotation is greater for the ECH
H-modes, correlated with greater plasma stored thermal en-
ergy W, as described below. The central rotation !!"0.3"
varies with ECH deposition profile, indicated in Fig. 2!d".
The most reversed !counter-directed" core rotation is ob-
served in some discharges with the “spread” deposition pro-
file shown in Fig. 2!a". “Core” deposition results in a similar
profile $Figs. 2!b" and 2!c"%, while the “off-axis” deposition
gives a clearly different profile: hollow but nonreversed in
the core $Fig. 2!b"%. An additional two individual profiles are
shown in Fig. 2!c" for two discharges with EC-current drive
!ECCD" in core deposition, one co- and one counter-ECCD,
respectively. These are nearly identical for !#0.5 and di-
verge from one another as the magnetic axis is approached.
Presently, the ECCD data set is limited. These ECCD
H-modes have a large Te /Ti in the core, relative to the rest of
this data set.

For the bulk ion intrinsic rotation profile measurements
in He++ discharges, only two of the nominally seven different
types of discharges used for the results in Fig. 2 were ob-
tained; namely, ECH H-modes with “spread” and “core”
deposition, in the same LSN shape. The bulk ions also ex-
hibit a hollow rotation profile, as measured for carbon in the
bulk deuterium discharges. In Fig. 3 we plot a similar statis-
tical average for three “core” heated He++ ECH H-modes,
i.e., $%He, together with the equivalent case from Fig. 2!b",
$%C. The carbon velocity is also measured in bulk helium
discharges, and the average for two similar discharges is also
plotted as $%C !He" in Fig. 3. The bulk ion profile hollow-
ness shows that this effect is not an artifact only for the
impurity !C6+" measurements. In addition, the ELMing na-
ture of the He++ discharges demonstrates that an ELM-free
state is not required for the hollow rotation profile.

FIG. 2. !Color online" Set-averaged rotation profiles, with m discharges in a
set. !a" “L-mode” !pre-ECH" !dash, m=5", OH-H !!, m=6", spread-ECH-H
!!, m=16", !b" core-ECH-H !!, m=12", off-axis ECH-H !", m=5", !c"
single examples with co- and counter-ECCD-H with core power deposition,
and !d" the ECH power deposition profiles pECH !&W /m3", for “spread”
!solid line", “core” !dot-dashed", and “off-axis” !dot". The error bars are the
standard deviation for a set of nonidentical discharges, greatly exceeding the
actual measurement errors for one measurement.

FIG. 3. !Color online" Similar set-averaged profile for the bulk ion toroidal
rotation measurement in helium discharges $%He !#, dot", and the carbon
rotation measured in helium discharges $%C !!, dash". The companion
“core” deposition carbon profile is reproduced from Fig. 2!b" !!, solid".

056115-4 deGrassie et al. Phys. Plasmas 14, 056115 !2007"

Downloaded 08 Sep 2010 to 130.183.53.162. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions
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The toroidal rotation profiles show signatures depending
upon the type of discharge. The characteristic most investi-
gated to date is the ECH deposition location in the D+ dis-
charges in which velocity measurements are made of C6+.
Although many of the profiles are measured at a time while
the discharge parameters are evolving, grouping them by
heating type nevertheless brings out these signatures and es-
tablishes the common features beyond showing individual
examples. The results of the intrinsic rotation data set for
carbon velocity in DIII-D are summarized in Fig. 2, where
we plot the simple mean values of rotation frequency sorted
by discharge type, versus !. For this data set, the toroidal
magnetic field at the magnetic axis is BT0=1.75 T, and the
range of plasma current Ip is 1–1.5 MA. The averages are
taken over the set of intrinsic rotation time slices from dis-
charges of one ECH deposition type, or no ECH for two of
the profiles. The profiles may be measured with differing
delays after the H-mode transition, or the discharge have
different values of Ip or X-point height, density, temperature,
and possibly ECH power. The error bars indicated show the
standard deviation over the entire set of one type, due to this
variability of the plasma conditions. These deviations domi-
nate considerably over the measurement error. The ECH

deposition profile is indicated for types with EC power. In
spite of including nonidentical discharges within a type, the
rotation profile signatures clearly emerge.

All ECH H-mode intrinsic rotation profiles are hollow.
The pre-ECH time slices are also hollow. !For convenience,
we refer to these as “L-mode.”" Only the OH H-mode pro-
files are flat. A feature common to all is the co-rotation for
!#0.6−0.9. This co-rotation is greater for the ECH
H-modes, correlated with greater plasma stored thermal en-
ergy W, as described below. The central rotation !!"0.3"
varies with ECH deposition profile, indicated in Fig. 2!d".
The most reversed !counter-directed" core rotation is ob-
served in some discharges with the “spread” deposition pro-
file shown in Fig. 2!a". “Core” deposition results in a similar
profile $Figs. 2!b" and 2!c"%, while the “off-axis” deposition
gives a clearly different profile: hollow but nonreversed in
the core $Fig. 2!b"%. An additional two individual profiles are
shown in Fig. 2!c" for two discharges with EC-current drive
!ECCD" in core deposition, one co- and one counter-ECCD,
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FIG. 2. !Color online" Set-averaged rotation profiles, with m discharges in a
set. !a" “L-mode” !pre-ECH" !dash, m=5", OH-H !!, m=6", spread-ECH-H
!!, m=16", !b" core-ECH-H !!, m=12", off-axis ECH-H !", m=5", !c"
single examples with co- and counter-ECCD-H with core power deposition,
and !d" the ECH power deposition profiles pECH !&W /m3", for “spread”
!solid line", “core” !dot-dashed", and “off-axis” !dot". The error bars are the
standard deviation for a set of nonidentical discharges, greatly exceeding the
actual measurement errors for one measurement.

FIG. 3. !Color online" Similar set-averaged profile for the bulk ion toroidal
rotation measurement in helium discharges $%He !#, dot", and the carbon
rotation measured in helium discharges $%C !!, dash". The companion
“core” deposition carbon profile is reproduced from Fig. 2!b" !!, solid".
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A key quantity: normalized rotation gradient u′ =−(R/vti )∂rvϕ

I Usually either u′ ∼ 0 (flat) or u′ < 0 (hollow) at mid-radius
I Complicated parameter dependence, many experimental observations

I density or ν∗e : low↔flat, intermediate↔hollow, high↔flat
I ECRH often causes hollow (AUG, DIII-D), but sometimes flat (KSTAR)
I q profile: e.g. u′ < 0 seen for q < 3 on KSTAR, q < 3/2 on C-mod

Candidates: ITG/TEM, ∇ne , ñe , LOC/SOC, ITB
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Overview
Specifics

Edge
Core

Many experiments find u′ depends on electron collisionality.
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5. Conclusions

In this study, the experimental observations of the rotation 
reversals in KSTAR Ohmic plasmas and several ECH plasmas 
were characterized, and its possible physical mechanisms 
were investigated through a comparison of theoretical models 
with the collected large database in KSTAR until the 2016 
experiment campaign. The rotation reversal is observed with 
a sign change from the co- to the counter-current direction 
during the density ramp-up in KSTAR. However, the conven-
tional definition of the rotation reversal would not capture the 
specific characteristics of the rotation reversal as well as some 
experimental observations that exhibit the rotation reversal 
feature precisely from the phenomenological point of view in 
KSTAR. These findings drive the adoption of more general 
definition of the rotation reversal, as suggested in [6] (a large 
change of the intrinsic toroidal rotation gradient produced by 
minor changes in the control parameters).

In KSTAR Ohmic plasmas with a ‘comfortable’ density 
regime (less than 50% of the Greenwald density fraction), the 
rotation reversal based on a more general definition is com-
monly observed with the co- to the counter-current direction 
regardless of the operating conditions. From an analysis of 
the KSTAR database, the rotation reversal phenomenon is 
mainly characterized by two features, the anchor point and 
the gradient region. First, the anchor point is distinct from 

the gradient region where the toroidal rotation gradient varies 
rapidly in the gradient region as the density and the collision-
ality increase while the toroidal rotation gradient stays nearly 
zero at the anchor point. A systematic analysis for which the 
KSTAR database is used shows a clear dependence of the 
locations of the gradient region and the anchor point on q95, 
which implies that it would be connected to the q value and/
or the magnetic shear. Second, the gradient region shows a 
clear dependence of u′ on νeff which represents the rotation 
reversal. Here, the weak variations of R/LTi and R/LTe  are 
observed, but the dependence of R/Lne in KSTAR is unclear 
due to its scattering.

Surprisingly, the simple model from the profile shearing 
driven residual stress with an assumed finite ballooning tilting 
seems to capture both of the features that are observed in 
the KSTAR database. It seems to well reproduce the charac-
teristics of the gradient region in terms of the magnitude of 
the normalized rotation gradient and its dependence on νeff. 
Furthermore, with the strong magnetic shear and the large q 
value, like those at the anchor point, it seems to have a limited 
effect on u′ and no clear dependence on νeff, which is similar 
to the experimental characteristics of the anchor point region. 
On the other hand, the rotation reversal in KSTAR might not 
be explained by the mechanism of the dominant turbulence 
transition from TEM to ITG (at least for the trigger point), or 
the neoclassical equilibrium effect.

Figure 16. The parametric dependence of (a) νeff on n̄e, (b) u′ on n̄e, (c) u′ on νeff, and (d) linear growth rate (γ) multiplied by the sign of 
the real frequency (ωr) at ρ = 0.5 for the datasets with and without ECH in KSTAR.
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transition to the saturated confinement regime, the normalized
electron density gradient saturates while νeff and R/LTi

continue to increase concomitant with a continued decrease in
the rotation gradient. Finally, deeper in the SOC regime R/Lne

decreases and, at the same time, an increase in the rotation
and rotation gradient back towards the co-current direction is
observed. Note that R/LTe stays practically constant during
the co- to counter-current rotation reversal demonstrating that
this parameter does not contribute to the observed rotation
changes. However, the possibility of an R/LTe dependence of
the residual stress in general cannot be ruled out by this dataset.

These observations hold for all of the LOC–SOC
transitions observed at AUG and lead to the following
interpretation: the magnitude of the counter-current directed
residual stress momentum flux causing the observed rotation
reversals is correlated with R/Lne , R/LTi and collisionality
with R/Lne being the dominant parameter. In the linear ohmic
confinement regime the counter-current directed change in
the toroidal rotation is due to the increase in νeff , R/LTi and
R/Lne . In the saturated ohmic confinement regime the return
of the rotation to the co-current direction is attributed to the
decrease of R/Lne , although balanced to some extent by the
still increasing collisionality and ion temperature gradient.
Thus these parameter dependencies can qualitatively explain
the double reversal of the intrinsic rotation observed in AUG
ohmic L-mode density scans. Note that while this data suggests
that R/Lne is the dominant term determining the residual
stress in AUG, both R/LTi and collisionality also appear to
be important parameters particularly when R/Lne is constant.
Hence, these results may still be consistent with those from
other devices, which show changes in the rotation profile at
constant R/Lne [35]. The existence and relative strength of
these dependencies will be explored further via a database
approach in section 5.

In figure 6 all of the parameters are plotted as a function of
the effective collisionality rather than the experimental control
parameter, the electron density. This was done because the
collisionality was found to be a more fundamental physics
parameter in that it organizes the experimental data from
different plasma currents and magnetic fields better. A similar
result was found previously at Alcator C-Mod [36]. In figure 7
the rotation reversal data as well as R/Lne and R/LTi from
five shots with different magnetic field and plasma current
configurations are shown together as a function of electron
density (left) and νeff (right) at ρφ = 0.45. When these
parameters are plotted as a function of the electron density the
different shots are clearly separated with the rotation reversals,
density peaking and temperature peaking occurring at different
densities for the high- and low-current shots. However,
when the same data is plotted as a function of the effective
collisionality, which does not contain any q dependence,
the five datasets collapse to single curves, albeit with some
scatter. These results are in agreement with the previous
work from Alcator C-Mod, which showed that the rotation
reversal from co-current to counter-current occurs within a
very narrow range of collisionality [36]. At Alcator C-Mod
the core rotation reversal occurs around νeff = 0.3 for 0.62 MA
discharges and around 0.4 for 1 MA plasmas. This is roughly
the same νeff at which the AUG rotation reverses direction (see
figures 6(b) and 7(b)) even though the radial locations plotted
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Figure 7. Top to bottom: Mach number, u′, R/Lne and R/LTi as a
function of (left) the electron density and (right) effective
collisionality at ρφ = 0.45.

and definitions of νeff , though similar, are not identical. In
the top panels of figure 7 the AUG double rotation reversal is
clearly visible, particularly for the higher current discharges.

At Alcator C-Mod a core ‘reversal density’ for the
transition from co-current to counter-current rotation was
found as a function of plasma current and magnetic field as
nrev = 2.8Ip/B

0.6 [4, 36]. It is not possible to apply a scaling
of this form to the present set of AUG data due to an insufficient
range of magnetic field data (less than a factor of two) and due
to the scatter in the data. However, it is worth noting that the
lower current shots (blue diamonds and purple stars) do show
a lower reversal density than the higher Ip points consistent
with the Alcator C-Mod dataset. The AUG data indicate a
reversal density that scales with the local plasma density as
nrev = 3Ip. The authors do not believe this to be a physically
important scaling, rather, it is a useful experimental rule of
thumb for obtaining the desired rotation reversals in a given
plasma discharge.
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clearly visible, particularly for the higher current discharges.
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transition from co-current to counter-current rotation was
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0.6 [4, 36]. It is not possible to apply a scaling
of this form to the present set of AUG data due to an insufficient
range of magnetic field data (less than a factor of two) and due
to the scatter in the data. However, it is worth noting that the
lower current shots (blue diamonds and purple stars) do show
a lower reversal density than the higher Ip points consistent
with the Alcator C-Mod dataset. The AUG data indicate a
reversal density that scales with the local plasma density as
nrev = 3Ip. The authors do not believe this to be a physically
important scaling, rather, it is a useful experimental rule of
thumb for obtaining the desired rotation reversals in a given
plasma discharge.
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KSTAR Ohmic & ECH, Na et al NF ’17

I TCV: critical ne increases with Te

I Standard reversal triggers (ne , Ip, BT ) all affect ν∗e
I C-mod, KSTAR,AUG: ν∗e < νcrit

∗e :flat; ν∗e > νcrit
∗e :hollow

I But some AUG, KSTAR: flat again at higher νeff ∝ νe

Physically, at least two distinct effects of ν∗e :
I affects trapped electrons, stabilizes collisionless TEMs
I if electron-heated: transfer energy to ions, Qi ⇑
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transition to the saturated confinement regime, the normalized
electron density gradient saturates while νeff and R/LTi

continue to increase concomitant with a continued decrease in
the rotation gradient. Finally, deeper in the SOC regime R/Lne

decreases and, at the same time, an increase in the rotation
and rotation gradient back towards the co-current direction is
observed. Note that R/LTe stays practically constant during
the co- to counter-current rotation reversal demonstrating that
this parameter does not contribute to the observed rotation
changes. However, the possibility of an R/LTe dependence of
the residual stress in general cannot be ruled out by this dataset.

These observations hold for all of the LOC–SOC
transitions observed at AUG and lead to the following
interpretation: the magnitude of the counter-current directed
residual stress momentum flux causing the observed rotation
reversals is correlated with R/Lne , R/LTi and collisionality
with R/Lne being the dominant parameter. In the linear ohmic
confinement regime the counter-current directed change in
the toroidal rotation is due to the increase in νeff , R/LTi and
R/Lne . In the saturated ohmic confinement regime the return
of the rotation to the co-current direction is attributed to the
decrease of R/Lne , although balanced to some extent by the
still increasing collisionality and ion temperature gradient.
Thus these parameter dependencies can qualitatively explain
the double reversal of the intrinsic rotation observed in AUG
ohmic L-mode density scans. Note that while this data suggests
that R/Lne is the dominant term determining the residual
stress in AUG, both R/LTi and collisionality also appear to
be important parameters particularly when R/Lne is constant.
Hence, these results may still be consistent with those from
other devices, which show changes in the rotation profile at
constant R/Lne [35]. The existence and relative strength of
these dependencies will be explored further via a database
approach in section 5.

In figure 6 all of the parameters are plotted as a function of
the effective collisionality rather than the experimental control
parameter, the electron density. This was done because the
collisionality was found to be a more fundamental physics
parameter in that it organizes the experimental data from
different plasma currents and magnetic fields better. A similar
result was found previously at Alcator C-Mod [36]. In figure 7
the rotation reversal data as well as R/Lne and R/LTi from
five shots with different magnetic field and plasma current
configurations are shown together as a function of electron
density (left) and νeff (right) at ρφ = 0.45. When these
parameters are plotted as a function of the electron density the
different shots are clearly separated with the rotation reversals,
density peaking and temperature peaking occurring at different
densities for the high- and low-current shots. However,
when the same data is plotted as a function of the effective
collisionality, which does not contain any q dependence,
the five datasets collapse to single curves, albeit with some
scatter. These results are in agreement with the previous
work from Alcator C-Mod, which showed that the rotation
reversal from co-current to counter-current occurs within a
very narrow range of collisionality [36]. At Alcator C-Mod
the core rotation reversal occurs around νeff = 0.3 for 0.62 MA
discharges and around 0.4 for 1 MA plasmas. This is roughly
the same νeff at which the AUG rotation reverses direction (see
figures 6(b) and 7(b)) even though the radial locations plotted
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Figure 7. Top to bottom: Mach number, u′, R/Lne and R/LTi as a
function of (left) the electron density and (right) effective
collisionality at ρφ = 0.45.

and definitions of νeff , though similar, are not identical. In
the top panels of figure 7 the AUG double rotation reversal is
clearly visible, particularly for the higher current discharges.

At Alcator C-Mod a core ‘reversal density’ for the
transition from co-current to counter-current rotation was
found as a function of plasma current and magnetic field as
nrev = 2.8Ip/B

0.6 [4, 36]. It is not possible to apply a scaling
of this form to the present set of AUG data due to an insufficient
range of magnetic field data (less than a factor of two) and due
to the scatter in the data. However, it is worth noting that the
lower current shots (blue diamonds and purple stars) do show
a lower reversal density than the higher Ip points consistent
with the Alcator C-Mod dataset. The AUG data indicate a
reversal density that scales with the local plasma density as
nrev = 3Ip. The authors do not believe this to be a physically
important scaling, rather, it is a useful experimental rule of
thumb for obtaining the desired rotation reversals in a given
plasma discharge.
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collisionality at ρφ = 0.45.

and definitions of νeff , though similar, are not identical. In
the top panels of figure 7 the AUG double rotation reversal is
clearly visible, particularly for the higher current discharges.

At Alcator C-Mod a core ‘reversal density’ for the
transition from co-current to counter-current rotation was
found as a function of plasma current and magnetic field as
nrev = 2.8Ip/B

0.6 [4, 36]. It is not possible to apply a scaling
of this form to the present set of AUG data due to an insufficient
range of magnetic field data (less than a factor of two) and due
to the scatter in the data. However, it is worth noting that the
lower current shots (blue diamonds and purple stars) do show
a lower reversal density than the higher Ip points consistent
with the Alcator C-Mod dataset. The AUG data indicate a
reversal density that scales with the local plasma density as
nrev = 3Ip. The authors do not believe this to be a physically
important scaling, rather, it is a useful experimental rule of
thumb for obtaining the desired rotation reversals in a given
plasma discharge.
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transition to the saturated confinement regime, the normalized
electron density gradient saturates while νeff and R/LTi

continue to increase concomitant with a continued decrease in
the rotation gradient. Finally, deeper in the SOC regime R/Lne

decreases and, at the same time, an increase in the rotation
and rotation gradient back towards the co-current direction is
observed. Note that R/LTe stays practically constant during
the co- to counter-current rotation reversal demonstrating that
this parameter does not contribute to the observed rotation
changes. However, the possibility of an R/LTe dependence of
the residual stress in general cannot be ruled out by this dataset.

These observations hold for all of the LOC–SOC
transitions observed at AUG and lead to the following
interpretation: the magnitude of the counter-current directed
residual stress momentum flux causing the observed rotation
reversals is correlated with R/Lne , R/LTi and collisionality
with R/Lne being the dominant parameter. In the linear ohmic
confinement regime the counter-current directed change in
the toroidal rotation is due to the increase in νeff , R/LTi and
R/Lne . In the saturated ohmic confinement regime the return
of the rotation to the co-current direction is attributed to the
decrease of R/Lne , although balanced to some extent by the
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ohmic L-mode density scans. Note that while this data suggests
that R/Lne is the dominant term determining the residual
stress in AUG, both R/LTi and collisionality also appear to
be important parameters particularly when R/Lne is constant.
Hence, these results may still be consistent with those from
other devices, which show changes in the rotation profile at
constant R/Lne [35]. The existence and relative strength of
these dependencies will be explored further via a database
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In figure 6 all of the parameters are plotted as a function of
the effective collisionality rather than the experimental control
parameter, the electron density. This was done because the
collisionality was found to be a more fundamental physics
parameter in that it organizes the experimental data from
different plasma currents and magnetic fields better. A similar
result was found previously at Alcator C-Mod [36]. In figure 7
the rotation reversal data as well as R/Lne and R/LTi from
five shots with different magnetic field and plasma current
configurations are shown together as a function of electron
density (left) and νeff (right) at ρφ = 0.45. When these
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scatter. These results are in agreement with the previous
work from Alcator C-Mod, which showed that the rotation
reversal from co-current to counter-current occurs within a
very narrow range of collisionality [36]. At Alcator C-Mod
the core rotation reversal occurs around νeff = 0.3 for 0.62 MA
discharges and around 0.4 for 1 MA plasmas. This is roughly
the same νeff at which the AUG rotation reverses direction (see
figures 6(b) and 7(b)) even though the radial locations plotted

-0.05

0.00

0.05

0.10
Mach

-1.5

-1.0

-0.5

0.0

0.5

u’

0

2

4

6

8
R/Lne

1 2 3 4 5
2

3

4

5

6

7
R/LTi

0.1 1.0
ne (1e19m-3) νeff

Mach

u’

R/Lne

R/LTi

28386: 0.6MA, 1.9T,   28387: 0.5MA, 1.5T
28385: 0.8MA, 2.5T,  27000: 1.0MA, 2.5T
28239: 0.8MA, 2.0T 27001: 1.0MA, 2.5T

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 7. Top to bottom: Mach number, u′, R/Lne and R/LTi as a
function of (left) the electron density and (right) effective
collisionality at ρφ = 0.45.

and definitions of νeff , though similar, are not identical. In
the top panels of figure 7 the AUG double rotation reversal is
clearly visible, particularly for the higher current discharges.

At Alcator C-Mod a core ‘reversal density’ for the
transition from co-current to counter-current rotation was
found as a function of plasma current and magnetic field as
nrev = 2.8Ip/B

0.6 [4, 36]. It is not possible to apply a scaling
of this form to the present set of AUG data due to an insufficient
range of magnetic field data (less than a factor of two) and due
to the scatter in the data. However, it is worth noting that the
lower current shots (blue diamonds and purple stars) do show
a lower reversal density than the higher Ip points consistent
with the Alcator C-Mod dataset. The AUG data indicate a
reversal density that scales with the local plasma density as
nrev = 3Ip. The authors do not believe this to be a physically
important scaling, rather, it is a useful experimental rule of
thumb for obtaining the desired rotation reversals in a given
plasma discharge.
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Overview
Specifics

Edge
Core

Many theoretical candidates, viewed through two frameworks.
In core orderings, many intrinsic rotation mechanisms are similarly sized.

I Unlike the edge, where k‖L⊥� 1 implies orbit-width-effects are largest.
I Challenging to differentiate between possible mechanisms.

Two dominant gyrokinetic frameworks to evaluate them:
I Radially local fluxtube (ρ∗� 1)

I delta-f gyrokinetics expanded about a single flux tube
I symmetry principle⇒most leading-order momentum-flux terms zero
I other mechanisms do come in at higher order
I easy to include or exclude specific effects
I not naturally include profile curvature, intensity gradient,. . .

I Radially global
I no symmetry principle (a plus and a minus)
I automatically retains some terms that are higher-order in a fluxtube
I naturally retains profile effects
I full-F and delta-f versions, and subvariants
I choices of radial boundary conditions and profile maintenance

Stoltzfus-Dueck Intrinsic Rotation in Axisymmetric Devices 14
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Specifics

Edge
Core

Fluxtube: Symmetry restricts contributions to residual stress.
In the simplest radially local fluxtube limit with

I up-down symmetric magnetic geometry,
I no background rotation or rotation shear, and
I no background E ×B shear,

the delta-f gyrokinetic equations satisfy a symmetry [y ∝ (ζ −qθ), s ∝ θ ]:

If f (x ,y ,s,v‖,µ, t), φ(x ,y ,s, t) is a solution
so is −f (−x ,y ,−s,−v‖,µ, t), −φ(−x ,y ,−s,ϕ, t)

with opposite sign of the dominant toroidal momentum flux.
(Peeters and Angioni PoP ’05, Parra et al PoP ’11)

This implies: toroidal momentum flux should vanish for terms that flip
sign, but does not imply that invariant terms must drive momentum flux.

What drives symmetry-breaking and momentum flux,
in the absence of rotation and of rotation shear?

Stoltzfus-Dueck Intrinsic Rotation in Axisymmetric Devices 15
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Symmetry-breaking mechanisms in the fluxtube
Violate assumptions of symmetry argument:

I Background E ×B shear (Dominguez and Staebler Phys. Fluids B ’93)
I Pinch, Π ∝ vϕ (Peeters PRL ’07, Hahm PoP ’07)
I Up-down asymmetric B (Camenen PRL ’09)

Higher-order terms, including mocked-up global:
I Intensity gradient (Gürcan PoP ’10)
I Profile curvature (Camenen NF ’11, Lu PoP ’17)

I Geometrical corrections to drifts (Sung ’13, Stoltzfus-Dueck ’17)
I Corrections to fluxtube gyrokinetics (Parra and Barnes PPCF ’15)

I Neoclassical perturbation to turb mom transport (ν∗i )
I Turbulence inhomogeneity & finite orbit widths

Other Papers
I Reformulation in terms of wave momentum (Diamond PoP ’08)

But predicted rotation gradients usually smaller than experimental levels.
e.g. figure, from Hornsby NF ’17

W.A. Hornsby et al
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ρ = 0.35t  and − < <′u0.20 0.085 at ρ = 0.5t . The exper-
imental measurement is the total toroidal Boron flow, of 
which the ×E B flow is a single component, as shown in  
equation (2). Plotted also (blue crosses) is the total flow gra-
dient ( = − ∂ ∂′ ′u u R v u rtot 0

2
thi neo( / ) / ), taking the ×E B flow as 

calculated by GKW and the diamagnetic and neoclassical 
comp onents of the boron impurity flow as calculated by NEO 
and also including the effects of up–down asymmetry in the 
equilibrium.

A majority of points exhibit a hollow rotation profile 
( <′u 0tot ), much like the experimentally measured values. 
However, in almost all cases the experimental measurements 

exhibit significantly larger gradients. Sometimes they are 
greater by a factor of 5–7 with a reasonable agreement seen 
only at low collisionality. Figure 7 shows the GKW-NEO com-
puted values as a function of the neoclassical flows and their 
gradients. It is evident that there is a strong linear depend-
ence of the sustained flow gradient with the background flow 
gradient, something which is not as evident against the flow 
amplitude, ω ζd, . This implies that the second derivatives of the 
density and temperature profiles are the critical parameters in 
such a model as these have a strong influence on the back-
ground flow gradient [38]. AUG has moderate collisionality 
with a majority of the points sitting between ν< <∗0.08 1.0. 
In this range the ratio of Π Qi ineo, /  due to neoclassical flows is 
seen to be weakly varying. (See figure 2.)

In figure 8, a comparison of the ×E B flow gradients sus-
tained by the three different mechanisms considered here is 
shown as well as the total flow gradient when considering a 
neoclassical background. Red triangles show the ′u  when 
only Coriolis drift effects are included. The gradient can be 

Figure 5. (Top) The frequency of the most unstable mode for 
(black) ρ = 0.35T  and (red) ρ = 0.5T  as a function of the normalised 
ion–ion collision frequency, ν∗. A positive frequency denotes a mode 
rotating in the ion-diamagnetic direction. (Bottom) The ratio of the 
electron to ion radial quasi-linear heat fluxes as a function of the 
frequency of the most unstable mode. Vertical line denotes zero 
mode frequency and horizontal denotes a ratio of unity.

Figure 6. The radial gradient in the toroidal flow ( ×E B only 
(black circles) and total flow (blue crosses)) as predicted by quasi-
linear gyrokinetic simulations and the value measured in the 
experiment (red squares) as a function of the normalised collision 
frequency for all the points in the L-mode database at the two radial 
points (top) ρ = 0.35T  and (bottom) ρ = 0.5T .

Nucl. Fusion 57 (2017) 046008
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Radially global delta-f simulations of momentum flux

Delta-f , generalized with profile effects:
I Profile maintenance or relaxation?
I With or without neoclassical terms?
I Radial boundary conditions, usu Dirichlet

I Typically get S-shaped rotation profiles

Rotation results:
I Can observe ∼large-enough rotation gradient

I e.g. GTS↔DIII-D (top, Grierson PRL ’17)

I from E ×B shear, pinch, profiles (Waltz PoP ’11)

I Role of magnetic shear (Wang PoP ’10, Lu NF ’15)

I Role of profile curvature (bot, Hornsby NF ’18)
I Do the momentum fluxes scale linearly in small ρ∗?

I Yes: GYRO, adiabatic-elec GKW
I No: kinetic-electron GKW (but profile relaxation)

with two more GTS simulations. As the rotation profile itself
would not be available in an ab initio prediction to compute
χφ, we use 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 [19,34]. The chosen Prandtl number in our
model is not arbitrary but is confirmed by nonlinear
gyrokinetic simulations to be near the expected value of
Pr ¼ 0.7, consistent with previous studies [19,35]. Figure 5
shows the radial profile of the ion heat diffusivity and
momentum diffusivity computed by GTS for this DIII-D
discharge. In the region where the rotation gradient is not
close to 0 and χφ is well defined, the simulated momentum
diffusivity is less than the thermal diffusivity, and the
Prandtl number, on a profile average, is Pr≈0.7. Using the
Prandtl number enables us to use χi that is obtained directly
from the gyrokinetic simulation, instead of χφ directly, in
the prediction. Power balance analysis with TRANSP [31]
indicates that the experimental χi is 0.5 − 1.5 m2=s near
ρ ¼ 0.6, which contains the value produced by GTS. The
momentum pinch velocity is found to be negligible for
these conditions, which is verified by including a finite,
zero gradient rotation profile in a dedicated gyrokinetic
simulation and comparing the residual stress momentum
flux to the total momentum flux. As can be seen in Fig. 6,

the momentum pinch makes a negligible contribution to the
momentum balance and the diffusive momentum flux
produced from the measured rotation profile approximately
balances the residual stress.
Having obtained all components of the toroidal momen-

tum balance equation, a first-principles-based main-ion
intrinsic toroidal rotation profile is obtained by setting
Πφ ≡ 0 in Eq. (1) numerically integrating for ΩφðρÞ,
determining the toroidal rotation profile within a constant.
Displayed in Figs. 7(a) and 7(b) are the experimental and
predicted main-ion toroidal rotation profiles during 1.0 and
1.7 MW of ECH heating, where the rotation boundary
conditions are taken from the experiment at ρ ¼ 0.8 and
neglecting numerical buffer regions. 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. Also included in Fig. 7 are
profiles reconstructed with variation of the Prandtl number
Pr ¼ 0.7$ 0.1 incorporating reasonable ranges around the
time average Pr ¼ 0.7 seen in the gyrokinetic simulations.
A shorter time averaging period of the residual stress shown
in Fig. 4 over tðvth=LTiÞ ¼ 500–700 is also presented
showing that the resulting profile in insensitive to the

FIG. 4. Residual stress displaying dipolar structure that pro-
duces the hollow rotation profile.

FIG. 5. Ion heat and momentum diffusivity used to validate
Pr≈0.7. At the off-axis peak of the rotation profile, ∂Ωφ=∂ρ is 0
and χφ is undefined.

FIG. 6. Momentum flux from three simulations used to separate
residual stress, momentum diffusion, and pinch.

(a)

(b)

FIG. 7. Main-ion toroidal rotation and GTS simulation for
(a) 1.0 and (b) 1.7 MW heating with experimental data taken
from Fig. 1. In (a), we include the prediction including a later
time average and Prandtl numbers within the variation of the GTS

simulation.

PRL 118, 015002 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

6 JANUARY 2017

015002-4

W.A. Hornsby et al
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due to an increase in profile shearing. If one calculates the 

curvature of the perturbed density profile (− 1
n0

∂2ñ
∂r2 ) and equi-

librium (− 1
n0

∂2n0
∂r2 ) separately (see panel (c) of figure 6), one 

sees that at late time the overall curvature is totally dominated 
by the perturbed component. It should be also noted that the 
perturbation in the simulation at late time is much larger than 
those that would be within the experimental error bars of the 
measurements. Moreover, the flows plotted in figure  2 are 
calculated when the density profiles are still close to nominal 
(4 − 5% perturbation away from the equilibrium), and as the 
density perturbation increases the flow gradient goes away 
from the experimentally measured value.

When the full experimental profiles are used one obtains a 
reversal in flow gradient at mid-radius when comparing adi-
abatic electrons (dashed black line) with a simulation with 
kinetic electrons (black solid line). This is consistent with a 
reversal in residual stress sign simply by changing the elec-
tron model. The role of the density profile on the generation 
of residual stress is emphasised by taking the relaxed density 
profile which produces a zero radial particle flux state after a 
long time, kinetic electron simulation and then using this as 
the equilibrium background density profile with the adiabatic 
electron model. The density profile used and the final flow 
state from the adiabatic simulations are shown in panel (b) 
of figure 6 (blue solid line). It is evident that the sign of the 
gradient reverses once more to a state which has a similar flow 
gradient to the kinetic electron case with experimental density 
profiles (panel (c), black solid line). The two different density 
profiles vary the residual stress enough to obtain a flow gra-
dient reversal.

Finally, as a numerical experiment, a simulation with a 
constant density gradient and zero second derivative was per-
formed while keeping all other profiles the same, par ticularly 
the ion temperature gradient, which is the predominant ITG 

mode drive. In this case the component of the profile shearing 
residual stress due to the curvature is removed and this dra-
matically changes the flow profile seen, being enough to get 
a flatter and peaked profile as opposed to a hollow case as we 
normally see with kinetic electrons, signifying that the curva-
ture, once more, is a dominant contributor to the residual stress.

The density profile evolution also goes to explain why 
hollow profiles are always seen eventually in kinetic elec-
tron simulations, even when peaked or flat flow profiles are 
expected since the curvature of the profile due to its relaxa-
tion is always seen to evolve in the same direction. While this 
makes direct comparison of the flow profile with the experi-
ment more delicate, restricting analysis to a point in the simu-
lation where the density perturbation is small, it does allow a 
measurement of the sensitivity of the flow gradient to small 
variations in the density profile. Then it is possible to see if 
the variations in the density profile alone are large enough 
and flexible enough to explain the flow reversals seen in the 
experiment.

The sensitivity is investigated by slicing the domain of all 
the simulations with experimentally relevant ρ∗ as previously 
described, into 4 different radial sections. The time evolution 
of the flow gradient and the density profile during the simu-
lation is then also divided into time windows. Using this to 
sample the data, by averaging over the spatial and time win-
dows, the flow gradient is plotted as a function of normal-
ised second derivative of the density (−R2

0/ne
∂2ne
∂r2 ). The areas 

closest to the boundaries were also neglected from this anal-
ysis to minimise boundary effects. The local flow gradient, 
u′ against the mean curvature is plotted for simulations with 
kinetic electrons based around the above simulations in panel 
(a) of figure 7. From a linear fit to this data we can estimate 
that, due to density profile curvature, and via profile shearing 
the residual stress can give a flow gradient of,

Figure 7. (a) The flow gradient, u′ as function of the second derivative of the time averaged and spatially averaged density profile for 
multiple global turbulence simulations with electrons treated kinetically. Snapshots of the density profile (b) and the corresponding flow 
profile (c).

Nucl. Fusion 58 (2018) 056008
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Radially global full-F simulations of momentum flux

Full-F treatments:
I No symmetry principle, retain profile effects
I Source or profile relaxation? Usually source.
I Boundary conditions: usually toroidal annulus
I Expensive: usually run adiabatic-electron ITG
I Bursty or avalanche-like transport (Ku NF’12⇒)

Momentum observations
I Typically co-current rotation (e.g. Ku NF ’12)
I Still RS from intensity gradient and E ×B shear
I Barely-passing ions carry most of Π (Sarazin NF ’11)
I Sometimes significant Π advected by curvature

drift (Abiteboul PoP ’11, Idomura PoP ’14⇒)
I GT5D, hybrid electrons: Π flips sign ITG/TEM

(Idomura PoP ’17)

Nucl. Fusion 52 (2012) 063013 S. Ku et al

Figure 13. Space–time graphs in XGC1p (R/LT ≃ 8) of (a) normalized heat flux Qi, (b) turbulence intensity ⟨(eφ̃/T )2⟩, (c) perturbed
temperature intensity ⟨(T̃ /T )2⟩, (d) the residual stress ⟨ṽr ṽ||⟩non-diff , (e) the cross-phase between ṽr and ṽ||, (f ) the intensity of parallel flow
fluctuations ⟨ṽ2

||⟩ omitting m = 0 and m = 1 contributions, (g) the cross-phase between −T̃ and ṽ||. The x-axis is normalized minor radius,
and the y-axis is normalized time. T0(1 keV), χi0(1 m2 s−1), R0(1.7 m) and vth0(3.1 × 105 m s−1) are constants. T and vth are functions of
minor radius.

to pressure as the mechanism which relates the Reynolds
stress to the ultimate ∇T , ∇P drive. In particular, the
phase lag between parallel gradient of pressure and parallel
velocity is convolved with spectrally averaged k-parallel to
form the residual stress, suggesting that the stress is formed
by the acoustically driven fluctuating parallel velocity ṽ||.
The additional phase lag is thus likely a consequence of
drift-acoustic dynamics. In the event that significant mean
flow shear ∂⟨v||⟩/∂r has built up, we can expect ṽ|| =
−τcṽr∂⟨v||⟩/∂r−τc∇||P̃ /n, so ṽ|| should exhibit a phase lagged
dependence on both ṽr∂⟨v||⟩/∂r as well as ∇||P̃ , so correlation
with ∇||P̃ should be lower in the case of a stationary flow
profile. Further studies with stationary profiles will address
this point.

4. Space–time development of residual stress and
turbulence intensity profile

It is instructive to compare the space–time evolution of various
quantities which are relevant to the build-up dynamics of the
intrinsic velocity profile. These quantities are:

(a) the normalized fluctuation-driven heat flux Qi

(b) the turbulence intensity field ⟨(eφ̃/T )2⟩
(c) the perturbed temperature intensity ⟨(T̃ /T )2⟩
(d) the residual stress ⟨ṽr ṽ||⟩non-diff

(e) the cross-phase between ṽr and ṽ|| in ⟨ṽr ṽ||⟩, i.e. φ =
⟨ṽr ṽ||⟩/⟨ṽ2

r ⟩⟨ṽ2
||⟩

(f) the intensity of parallel flow fluctuations ⟨ṽ2
||⟩, omitting

m = 0 and m = 1 contributions (due to GAMs)
(g) cross-phase between −T̃ and ṽ||

These are shown for XGC1p in figure 13 and for GYSELA

in figure 14. In figure 14, the residual stress for non-
stationary profiles with increasing rotation is effectively the
fluctuation Reynolds stress. Time (y-coordinate) is normalized
to R0/vti and two different radially averaged values of R/LT

are investigated: R/LT ≈ 8 in XGC1p and R/LT ≈ 11.5
in GYSELA. The physics of the quantities (a)–(g) may be
summarized as follows. For both codes, the heat flux

figures 13(a) and 14(a) is the fundamental quantity, which
drives all others. Note that bursts in the heat flux appear quasi-
regularly in time at the outer boundary in XGC1p and in the
central region in GYSELA, as expected from their instability
drive. These appear as small, localized ‘flamelets’ or ‘hot
spots’ in figures 13(a) and 14(a). Intensity pulses, shown
in figures 13(b) and 14(b) as linear ‘flame tongues’, again
propagate in time inward in XGC1p and in both directions
in GYSELA. They appear to emanate from the heat flux hot
spots. In both cases, ⟨(T̃ /T )2⟩ and ⟨ṽ2

||⟩ pulses, shown in
figures 13(c) and (f ) behave similarly. Thus, it is not surprising
that structurally similar spatio-temporal pulses appear in the
contour plots of residual stress (figure 13(d)) and its associated
cross-phase (figure 13(e)). These, too, exhibit the pattern of
linear tongues, symptomatic of inward propagation, emanating
from the locations of the heat flux ‘hot spots’ on the outer
boundary. This behaviour is consistently found in both codes.
In GYSELA since toroidal flow shear is present, a significant
diffusive contribution to the Reynolds stress is expected and
the residual stress cannot be measured straightforwardly.
Assuming a negligible convective term, the residual stress can
be estimated [26] by subtracting the diffusive term from the
Reynolds stress, assuming the turbulent momentum diffusivity
to be χφ = ⟨ṽ2

r ⟩τc where ṽr is the fluctuating radial E × B

velocity and τc is the turbulent correlation time. This is
shown in figure 14(c). Given this rough estimate for χφ ,
an effective Prandtl number Pr = χφ/χi of order unity is
found in GYSELA in the central region where the turbulence
is strong, and decreases towards the edge. Finally, −T̃ and
ṽ||—both of which are advected quantities—appear to be
strongly correlated figure 13(g). Note that a striking feature
of figures 13(d) and (e) is that they both strongly suggest that
residual stress, and thus intrinsic torque, build inward from
the boundary region in regimes where the turbulence intensity
peaks at the edge, as observed in the XGC1p simulation. The
mechanism of this build-up is by turbulence intensity pulses
(i.e. turbulence spreading [27]) inducing inwardly propagating
pulses in the residual stress and intrinsic torque. These inward-
propagating momentum transport events then drive the flow
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almost zero on average (see Fig. 12). The radial current is
negligibly small, because the ambipolar condition is satis-
fied. The toroidal field term or the polarization stress13 is
also very small. The source term due to the no slip boundary
condition or the Krook type sink operator is imposed only in
the edge region (r=a > 0:9), and is zero in most of core
region (r=a < 0:9). As a result, the only remaining counter-
part of the turbulent (E! B drift driven) stress due mainly to
the bursty transport is the neoclassical stress induced by the
magnetic drift.

It should be stressed that the standard neoclassical theory
predicts negligible momentum transport in axisymmetric
tokamaks. In fact, the quasi-linear ITG turbulence simulation,
which involves ion-ion collisions, gives vanishing neoclassi-
cal momentum transport in the linear phase (see Fig. 9).
However, after the growth and saturation of the turbulent mo-
mentum transport, the neoclassical momentum transport
greatly exceeds the standard neoclassical theory. In Fig.
10(c), it is shown that with Er, the neoclassical parallel mo-
mentum flux tends to cancel turbulent one, while the latter
exceeds the former in the initial saturation phase. In Fig. 6(d),
the neoclassical parallel momentum flux Pk;neo shows the
similar bursty behavior as Pk;turb. This kind of finite neoclass-
ical stress was reported also in Ref. 13, and seems to be an
universal feature of full-f gyrokinetic models, where neoclass-
ical and turbulent transport is described by the same first prin-
ciple. So far, most of momentum transport theories were
developed based on df gyrokinetic models, where the neo-
classical transport is ignored from the beginning. However,
the above results suggest that in order to describe intrinsic
rotation, a major correction may be needed by taking account
of neoclassical (magnetic drift driven) transport in the pres-
ence of turbulent fluctuations. Detailed mechanisms of this
enhanced neoclassical momentum transport will be addressed
in future works.

V. SUMMARY

In this work, we have presented the ITG turbulence sim-
ulations over a confinement time. The quantitative

convergence of temperature and rotation profiles is con-
firmed in the steady state. Their relaxation processes are
significantly accelerated, when the simulation is initial-
ized with linearly unstable temperature profiles, leading
to strong initial transient bursts of the ITG mode. This
enables us to obtain relevant plasma profiles and trans-
port levels even in short time full-f simulations over a
few collision times.

The steady temperature profile is determined by a bal-
ance between power input and turbulent heat transport, while
transient drop and build-up of local temperature gradients
are produced by bursty heat transport. In such a power bal-
ance state, experimentally relevant features of temperature
profiles and turbulent heat transport are recovered. By using
the Cyclone like parameters, the temperature gradient similar
to the Cyclone case R=Lti " 7 is recovered, and both the
temperature gradient and the ion heat diffusivity tend to
increase towards the edge.

The steady intrinsic rotation is sustained by complicated
momentum transport processes. The turbulent momentum
transport exhibits the similar bursts as the heat transport. The
bursty momentum fluxes show non-diffusive features
depending on the Er shear, where the sign relation between
the mode asymmetry and the residual stress is consistent
with the profile shear stress theory. The relevance of this
theory for the Er shear is also examined in linear ITG mode
calculations, and it is found that the residual stress is induced
not only by the profile shear and the Er shear but also by Er

itself, which affects the mode asymmetry and thus the linear
growth rate. The critical role of the mode asymmetry or the
ballooning angle h0 suggests an importance of understanding
toroidal mode structures, which are partly explained by the
higher order ballooning theory.

In the steady state, the turbulent residual stress due to the
bursty momentum transport is not cancelled by the inter-burst
diffusion. Based on the toroidal angular momentum conserva-
tion, it is found that the turbulent residual stress is cancelled
by the neoclassical counterpart induced by the magnetic drift.
The neoclassical momentum flux greatly exceeds the standard
neoclassical theory and appears only in the presence of turbu-
lent fluctuations. The neoclassical momentum transport has
been ignored in most of existing momentum transport theo-
ries; and this result suggests that in describing tokamak mo-
mentum transport, a major correction may be needed by
taking account of neoclassical (magnetic drift driven) trans-
port in the presence of turbulent fluctuations.
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FIG. 12. Radial profiles of each term in the toroidal angular momentum con-
servation (16). Time average data in the steady state are plotted. “Torque” is
the first term, “stress neo” is a neoclassical (magnetic drift driven) part of
the second term, “stress turb” is a turbulent (E! B drift driven) part of the
second term, “current” is the fourth term, “field” is the third term, and
“source” is the fifth term.
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Summary
I Future tokamaks like ITER will run at low relative torque.

I Need to avoid zero- or low-rotation regimes that can cause disruptions.
I Tokamaks rotate ’intrinsically’—without applied torque

I Need a nondiffusive momentum flux to cause rotation gradient.
I Edge rotation: co-current, affected by SOL

I Kinetic transport model (intensity gradient, orbit loss, SOL flows)
I But many open topics (neutrals, radial SOL current,. . .)

I Core: flat or hollow, many contending models
I measured ∇vϕ depends on many factors including ν∗e
I Sudden transitions of ∇vϕ between negative and ∼0: “reversals”
I Fluxtube:

I Symmetry argument restricts possibilities
I Many models developed, predicted ∇vϕ a bit small

I Global simulations
I Unrestricted by symmetry argument
I Varied observations, including experimentally relevant |∇vϕ |

I Much exciting work remains, including
I more detailed and quantitative theory-expt, in core and edge
I reconcile global and local results (e.g. Lu et al PoP ’17)

GOAL: Quantitative estimate for ITER: Will there be enough rotation?Stoltzfus-Dueck Intrinsic Rotation in Axisymmetric Devices 19
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