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Tokamak plasmas rotate even without any external injection of momentum. A Doppler backscat-
tering system installed at MAST has allowed this intrinsic rotation to be studied in Ohmic L-mode
and H-mode plasmas, including the first observation of intrinsic rotation reversals in a spherical
tokamak. Experimental results are compared to a novel 1D model, which captures the collisionality
dependence of the radial transport of toroidal angular momentum due to finite drift orbit effects on
turbulent fluctuations. The model is able to accurately reproduce the change in sign of core toroidal
rotation, using experimental density and temperature profiles from shots with rotation reversals as
inputs and no free parameters fit to experimental data.

I. INTRODUCTION

Tokamaks rotate intrinsically, even when there is no
external input of momentum, and this intrinsic rota-
tion can spontaneously change direction with relatively
small changes in plasma conditions [1–3]. In present day
magnetic confinement fusion experiments, large toroidal
flows are driven by injecting high energy neutral particle
beams into the plasma core. This rotation can stabilize
large scale instabilities like resistive wall modes [4], and
its shear can suppress small, gyroradius scale instabili-
ties [5], reducing the loss of heat and particles due to
turbulent transport. Neutral beams are not expected to
drive the same magnitude of toroidal flow in future ex-
periments, like ITER, or in envisioned reactors, due to
their high densities, large sizes, and higher energy neu-
tral beams, so intrinsic rotation represents a potentially
attractive replacement. Understanding the origin of this
intrinsic rotation is necessary for predictions of rotation
in future tokamaks.

Intrinsic rotation reversals have been reported in con-
ventional tokamaks with only ∼10% changes to line-
averaged density [1–3, 6, 7]. Rotation measurements were
acquired with a Doppler backscattering (DBS) system [8]
that was installed on the Mega Amp Spherical Toka-
mak (MAST) [9] and used for the first observation of
this phenomenon in a spherical tokamak, demonstrating
that rotation reversals are a generic and robust prop-
erty of momentum transport across a variety of tokamak
configurations. This striking behavior of a sign reversal
provides a strong test to challenge proposed mechanisms
for momentum transport. As in other devices, reversals
occur at a line-averaged density that scales linearly with
plasma current. A database of Ohmic MAST plasmas
with good DBS data has been compiled spanning line-
averaged density 1.0 < 〈ne〉 /1019 m−3 < 4.0 and plasma
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current 400 kA < Ip < 900 kA at on-axis toroidal mag-
netic field Bφ = 0.5 T.

The database allows theoretical expectations for in-
trinsic rotation reversals and momentum transport to be
tested. Intrinsic rotation is the result of a turbulent redis-
tribution of momentum within the plasma, which can be
driven by a number of effects [10–18]. We focus on the
effect that non-Maxwellian components of the ion dis-
tribution function have on the turbulence [18], which on
theoretical grounds is always expected to be important in
up-down symmetric configurations [19]. Non-linear tur-
bulence simulations investigating this effect have shown
that the momentum flux can change sign when a collision
frequency threshold is crossed (with no change to the lin-
ear turbulence drive). Collisionality has previously been
identified in experiments as an important parameter for
understanding Ohmic rotation reversals [20, 21]. We de-
velop a new heuristic model based on [18] for the purpose
of assessing whether this is an important mechanism in
MAST, and show that it reproduces many characteristics
of experimental measurements of rotation reversals.

II. THE EXPERIMENT

MAST is a spherical tokamak with R0 ≈ 0.95 m and
a ≈ 0.6 m. DBS is a refraction-localized scattering
technique, which provides local measurements of density
fluctuations and plasma flows. Cross-diagnostic compar-
isons showed good agreement for velocity measurements
in plasmas where heating neutral beams were used, and
charge exchange recombination spectroscopy measure-
ments were possible [8], except inside of internal trans-
port barriers (which are absent in the Ohmic plasmas
studied here). The 16 channel DBS system at MAST en-
abled rotation profiles throughout rotation reversals to
be measured. Measurements far into the core, at square
root normalized poloidal flux

√
ψ ≈ 0.4− 0.5, were often

possible with high-k trajectories, typically obtained at
k⊥ρi ∼ 10, so direct measurements of low-k ITG or TEM
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(ion temperature gradient or trapped electron mode) tur-
bulence are not available.

III. OBSERVATION OF ROTATION

REVERSALS

Figure 1(a) shows the measured DBS electric field spec-
trum during a time when a large change to core in-
trinsic rotation is observed in an Ip =400 kA plasma.
The narrow, large amplitude signal near zero frequency
that varies little with time is due to unlocalized high-kr
backscattering and is not of interest here. The broader,
lower amplitude signal which starts close to zero or at
slightly negative frequency, then increases is the local-
ized DBS k⊥ signal from the core plasma. The Doppler
shift frequency is due to the combination of the E×B ve-
locity and turbulence phase velocity, ωDBS = k⊥vturb =
k⊥ (vE×B + vphase), where the latter is typically much
smaller than the former; the lab frame velocity of the
turbulence is vturb. The scattering wavenumber of the
density fluctuations, k⊥, is determined via ray tracing.
When the toroidal flows far exceed the diamagnetic ve-
locity (as is usually the case in the core of tokamaks) the
radial electric field is dominated by toroidal rotation, so
we can estimate the toroidal rotation: vφ ≈ vturbB/Bθ,
where Bθ is the poloidal magnetic field and B is the total
field. This yields vφ ≈ 0 km/s at 300 ms in Fig. 1(a),
increasing to vφ ≈ 30 km/s at 400 ms (see later for
full profile and uncertainties), which corresponds to a
toroidal Mach number of Mφ = R0Ωφ/vti ≈ 0.1 (Ωφ is

the toroidal rotation frequency, vti =
√
2Ti/mi is the ion

thermal speed). Figure 1(b) is the line-averaged density
measured with an interferometer, which was feedback-
controlled in this shot, showing the rotation changes on
the same time scale as the density.

IV. 1D INTRINSIC ROTATION MODEL

In the absence of momentum injection, the total
steady-state momentum flux is zero. To start, we assume
that the intrinsic momentum flux, Πint, is balanced by
turbulent diffusion,

miniχφR
2
ψ

∂Ωφ
∂r

= Πint, (1)

where χφ is the momentum diffusivity, Rψ =
√

〈R2〉 is
the flux surface averaged major radius. We have excluded
the turbulent pinch of momentum [22] in Eqn. 1 for sim-
plicity (it was a small effect in other Ohmic intrinsic ro-
tation studies [3] and cannot generate a reversal but only
amplify flow generated by other mechanisms). The tur-
bulent momentum and energy diffusivities, χφ and χi,
are related by the turbulent Prandtl number Pr = χφ/χi,
with typical value Pr ≈ 0.7 [23, 24] used in the model.
Qi is the turbulent energy flux, and 1/LTi

= −∂ lnTi/∂r
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FIG. 1. (Color online) (a) DBS scattered electric field spectro-
gram measured at

√
ψ ≈ 0.5, showing a large change to core

rotation. (b) Line-averaged density. (c) Model prediction for
toroidal rotation at

√
ψ = 0.5. Each diamond is a separate

calculation corresponding to a different Thomson scattering
measurement and the line is a boxcar average over ∼ 20 ms.

is the inverse ion temperature gradient length scale, and
below we use the relation Qi = niTiχi/LTi

.

We want to identify contributions to Πint that reverse
sign when the density changes. We focus on the turbu-
lent momentum flux driven by the non-Maxwellian piece
of the distribution function – the neoclassical piece –
which is the result of the interaction between finite or-
bit widths, density and temperature gradients, and col-
lisions [25, 26]. The turbulent momentum flux driven by
it [11, 12, 16, 17] has been observed to reverse when the
normalized collisionality ν∗ = qRψνii/(vtiǫ

3/2) crosses a
threshold νc ∼ 1 [18] because the neoclassical distribu-
tion function changes appreciably at the transition be-
tween the low collisionality (banana) regime and the in-
termediate collisionality (plateau) regime [25, 26]. Here
ǫ = r/Rψ is the inverse aspect ratio of the flux surface, q
is the safety factor, and the ion-ion collision frequency
is νii = 4πnie

4 ln Λ/(
√
mi(2Ti)

3/2), where lnΛ is the
Coulomb logarithm. To compare the predictions of [18]
to experiments, we develop a simple heuristic model.

Fig. 1 of [18] gives the dimensionless measure of mo-
mentum redistribution (vti/Rψ)(Πint/Qi) as a function
of ν∗ for “cyclone base case” [27] parameters. To gen-
eralize the results of [18] we use scaling arguments to
deduce the dependence of Πint. The characteristic size
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of the neoclassical part of the distribution function is de-
termined by the width of the particle orbits, (B/Bθ)ρi,
where ρi is the ion gyroradius. We then expect correc-
tions of order (B/Bθ)(ρi/LTi

), and in particular, intrin-
sic rotation levels of order Ωφ ∼ (B/Bθ)(ρi/LTi

)(vti/Rψ)
with a characteristic radial gradient ∂/∂r ∼ 1/LTi

. With
the above estimates we obtain the following model for the
local momentum transport:

vti
Rψ

Πint
Qi

=
B

Bθ

ρi
LTi

Π̃(ν∗), (2)

where Π̃ is an order unity function that depends on ν∗.

We choose a form for Π̃(ν∗),

Π̃(ν∗) =
Π̃0 (ν∗/νc − 1)

1 + (ν∗/νc)(Π̃0/Π̃∞)
, (3)

which captures the main features of Πint: there is a rever-
sal at ν∗ = νc, and the momentum flux does not depend
on ν∗ at sufficiently large and small values of ν∗. The
intrinsic rotation profile is found by solving for dΩφ/dr
in Eqn. 1 and integrating,

Ωφ(ρ) = −
∫ 1

ρ

vtiρ∗,θ
2PrL2

Ti

Π̃(ν∗)dρ+Ωφ(1), (4)

where ρ is a flux surface label and ρ∗,θ = (ρi/Rψ)(B/Bθ).
To limit additional assumptions, we take Ωφ(1) = 0

rad/s, and estimate Π̃0 = 0.3, Π̃∞ = 1, and νc = 1.7

from Fig.1 of 18, where Π̃∞ is an extrapolation. This re-
sults in a model that can use experimental temperature
and density profiles and magnetic equilibrium geometry
as inputs and predicts an intrinsic rotation profile.

V. COMPARISON BETWEEN MODEL AND

EXPERIMENT

For these Ohmic plasmas, where no core ion measure-
ments are available, we assume Te = Ti (which is a rea-
sonable approximation for MAST Ohmic plasmas to the
level of accuracy required for the model; examination of
the first ∼ 5 ms after NBI heating is applied in other
shots, at a variety of currents, shows the approximation
generally holds for ν∗ & 0.1 in MAST) and ne = ni (typ-
ically for the core plasma in MAST Zeff . 1.2), and
use Thomson scattering [28] for Te and ne. In sensitivity
tests these approximations have only marginal effect on
model predictions. Given the model’s approximations,
we restrict our comparisons to its robust features and do
not expect detailed agreement on a case-by-case basis.
Figure 1(c) shows the model prediction for intrinsic ro-
tation at

√
ψ = 0.5. The model predicts a change in core

toroidal rotation towards the co-current direction (ion
diamagnetic direction) at the same time as the experi-
mental measurement, but the magnitude of the rotation
is under-predicted. Since the model parameters corre-
spond to the cyclone base case and the pinch has been

neglected, the disagreement in magnitude is perhaps not
surprising. However, the crucial aspect of the model is
that the momentum transport can change sign only near
ν∗ ≈ 1 (physically due to the transition from the plateau
to the banana regime), which is a robust constraint that
is only weakly sensitive to the exact number for νc since
ν∗ changes orders of magnitude across the plasma minor
radius. Independent of the under-prediction for magni-
tude, reversals of sign can therefore still be meaningfully
compared.
The collisionality change associated with the rotation

transition is plotted in Fig. 2. Note that ν∗ is very large
in the edge of Ohmic L-mode (no edge transport barrier)
MAST plasmas, due to low temperature, which is about
10 eV at the separatrix for the 400 kA shots; typically
in an H-mode plasma (plasmas with an edge transport
barrier), ν∗ . 1 everywhere. The factor that controls the
sign of the rotation in the model in Eqn. 4 is the radial
position where ν∗ = νc. The lower density at t=380 ms
moves this point towards the edge, making the rotation
gradient contribute to co-current rotation over most of
the profile, yielding the change displayed in Fig. 1(c).

Shot 29714

t=280 ms

t=380 ms

ψ½

˜

ν∗ =
qRνii

vthǫ
3/2

FIG. 2. (Color online) Collisionality profile before and after
the rotation transition in 29714. Reference line at ν∗ = 1.

Figure 3 compares the toroidal rotation profile approx-
imated from DBS measurements (error bars do not in-
clude systematic uncertainties, discussed further below)
to profiles predicted by Eqn. 4. The model correctly pre-
dicts a large change towards co-current rotation as the
density is decreased. The experimental profiles are no-
table in that the rotation at the edge also changes sig-
nificantly. Typically in other experiments, even when
the core toroidal rotation changes direction, the edge
changes little. Also notable is the small well near the
edge at t=280 ms in both the experimental and model
profiles. The model always produces a feature like this
unless ν∗ < νc for all radii.
We have so far focused on model predictions using pa-

rameters from available simulations, but limited investi-
gations on the effects of changing model parameters have
been conducted. After accounting for the boundary con-

dition by adjusting Ωφ(1), an increase of Π̃0 by about a
factor of 3 is required to replicate the change in the core
toroidal velocity at

√
ψ ≈ 0.5 in Fig. 3(a). In contrast,

Π̃∞ requires either little modification or reduction, indi-
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cating the discrepancy in magnitude could arise from the

model parameters for Π̃(ν∗), but not from the scale size
arguments.
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FIG. 3. (Color online) Comparison of (a) approximated ex-
perimental toroidal rotation profile and (b) model prediction
for intrinsic rotation profile.

VI. COMPARISON OVER MAST DATABASE

Figure 4 displays results from a database of Ohmic
MAST shots. Figure 4(a) gives the sign of the core
toroidal rotation estimated from DBS measurements,
typically at a radius

√
ψ ≈ 0.4 − 0.5. The database in-

cludes both balanced double null, up-down symmetric
and lower single null (LSN), up-down asymmetric dis-
charges. It also includes both L-mode and H-mode plas-
mas, with all the H-mode discharges at Ip = 900 kA and
marked in the figure. Core electron temperatures ranged
from about 350 eV at the lowest currents to about 900
eV at the highest, so temperature changes from improved
confinement significantly impact the calculated collision-
ality, in concert with the density changes. Conditions for
reversals (when a reversal occurred within a discharge)
are marked, with a linear fit shown. Some cases, like
t=280 ms in shot 29714 above are taken to have an inde-
terminate sign, within experimental uncertainties of zero
toroidal rotation (including estimates, available from [8],
for systematic contributions to vturb other than vφ), but
most times for comparison were chosen such that there

was a definite sign outside estimates of total experimen-
tal uncertainties, which were conservatively bounded at
∼ 10 km/s for vφ for points of comparison.
Figure 4(b) shows the predicted core rotation direc-

tion from the model at
√
ψ = 0.5 to compare with the

measurements. The model uncertainty is determined by
calculating the boxcar (∼ 20 ms) average and standard
deviation over an entire shot, as in Fig. 1(c). An inde-
terminate sign is taken to be when the average is less
than one standard deviation separated from zero. The
model generally reproduces the scaling behavior, where
the reversal density increases linearly with plasma cur-
rent. The six cases where the the model and experiment
clearly disagreed are marked.
We find good agreement over the database as a whole,

with the model predicting the same sign as the exper-
iment in about 80% of cases where neither model nor
experiment was indeterminate (about 30% were indeter-
minate, mostly due to predictions for small values of
rotation from the model). All cases where the model
predicted the opposite of the experiment were up-down
symmetric L-mode plasmas; so, although larger discrep-
ancies in magnitude were observed in up-down asymmet-
ric LSN plasmas, this did not have a large impact on the
comparisons of the sign of core rotation. Points near re-
versal conditions might simply be attributed to taking
the model parameters from simulations of cyclone base
case conditions, or to other approximations like Te = Ti
and vφ ≈ vturbB/Bθ. There is a region at low density
and low current where the model robustly predicts co-
current toroidal rotation while counter-current rotation
was observed in the experiment, which is being investi-
gated further. These observations could be due to the
model neglecting additional effects that can cause mo-
mentum transport.

VII. DISCUSSION

We have presented the first observations of sponta-
neous core intrinsic rotation transitions in a spherical
tokamak, which demonstrates the apparent ubiquity of
this phenomenon across a range of experiments, unlike
other transport properties such as the scaling of the en-
ergy confinement time [29], which is different in spheri-
cal and conventional tokamaks. In contrast to other ex-
periments, at MAST we observe that the edge rotation
changes significantly, along with core.
Two explanations for intrinsic rotation reversals have

been proposed. The first is that intrinsic rotation re-
versals are related to a transition in the linear turbu-
lence drive, from ITG mode dominant to TEM domi-
nant [3, 14]; however, tests of this idea at Alcator C-
mod [21, 30], KSTAR [31], and ASDEX-U [32] have
shown little concrete support. The second is that neo-
classical corrections, which depend on collisionality, to
the equilibrium ion distribution function modify turbu-
lent momentum transport [18]. We have described a sim-
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FIG. 4. (Color online) Database of MAST intrinsic rotation
with (a) sign of core rotation measured with DBS, (b) sign of
core toroidal rotation predicted by the model. Solid line in
(a) is a linear fit to reversal conditions.

ple 1D analytical model that captures the key physics of
the latter for the purpose of testing the idea against ex-
perimental data. The comparisons revealed the model
reproduces both the qualitative changes during rotation

reversals in specific shots and the general trend of a re-
versal density that scales linearly with Ip. Due to the
robust nature of the model predictions for the sign of
core toroidal rotation, the broad agreement over a range
of experimental conditions and the lack of free param-
eters fit to data are strong evidence that an important
mechanism for explaining the rotation reversals in MAST
where the reversal density scales with Ip has the charac-
teristics that were used to construct the model: local
intrinsic momentum flux that scales with the size of the
diamagnetic effects (B/Bθ)(ρi/LTi

), changes sign close
to ν∗ ≈ 1, and is independent of ν∗ at high and low ν∗.
We do note that, particularly at low densities and cur-
rents, the comparison implies additional effects are also
important.
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