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The time evolution of toroidal rotation velocity profiles has been measured in Alcator C-Mod
关Hutchinson et al., Phys. Plasmas 1, 1511 共1994兲兴 plasmas using a tangentially viewing x-ray
spectrometer array. The strong co-current toroidal rotation in enhanced D ␣ 共EDA兲 high confinement
mode (H-mode兲 plasmas is observed to propagate in from the edge on a time scale similar to the
energy confinement time. The ensuing steady state rotation velocity profiles in both Ohmic and ion
cyclotron range of frequencies 共ICRF兲 heated EDA H modes, which are generated in the absence of
any external momentum input, are found to be relatively flat. These profiles may be simulated by a
simple diffusion model with the boundary condition of an edge rotation, which appears during the
H-mode period. The observed profiles are well matched by the simulations using a momentum
diffusivity of ⬃0.1 m2 /s, which is much larger than the calculated neo-classical value, and the
momentum transport may be regarded as anomalous. The Alcator C-Mod rotation observations have
been compared in detail with the calculations of neo-classical and sub-neo-classical theory, to the
predictions from modeling of ICRF wave induced energetic ion orbit shifts, and to estimates from
turbulence driven mechanisms. The magnitude and scalings of the observed rotation results are in
accord with neo-classical and sub-neo-classical calculations, but the measured momentum
diffusivity is higher than the predictions by a large factor. The prediction of rotation reversal with
a high magnetic field side resonance location for ICRF wave induced ion orbit shifts has not been
observed in the experiments. While the turbulence driven rotation calculations are mostly
qualitative, they represent some of the observed features. © 2004 American Institute of Physics.
关DOI: 10.1063/1.1646157兴
I. INTRODUCTION

ment mode (L-mode兲 discharges are found to have a slight
(⬃10 km/s) counter-current rotation,26 and the magnitude
and direction are consistent with neo-classical theory.27 ICRF
and Ohmic H-mode plasmas exhibit co-current rotation up to
100 km/s, without direct momentum input. Following the Lto H-mode transition, the core rotation rises on a time scale
of order of  E , the energy confinement time, with a magnitude proportional to the increase in the plasma stored energy
normalized to the plasma current.17 共A similar scaling has
been found in Tore Supra.25兲 The rotation reverses direction
when the current direction is reversed.28 The magnitude of
the rotation is consistent with a core radial electric field, E r ,
of ⫹10 s of kV/m. For H-mode discharges which evolve
ITBs, the core rotation velocity and E r change sign.28 –30
Several attempts to explain the observed rotation in
C-Mod have been made, based on sub-neo-classical31 effects,
ICRF wave driven fast particle orbit shift mechanisms,32–35
and turbulence.36,37 Quantitative comparisons of the predictions of each of these theories to the C-Mod observations
will be made in Sec. IV after a presentation of the measurements in Sec. III. In Sec. II the experimental setup is described and conclusions are drawn in Sec. V.

Rotation and velocity shear play important roles in the
transition to high confinement mode (H mode兲,1–5 in suppression of resistive wall modes6 and in the formation of
internal transport barriers 共ITBs兲7 in tokamak discharges.
Even so, there has been considerably less effort addressing
momentum transport compared to energy and particle transport. In a majority of tokamak plasmas, the observed toroidal
rotation is generated externally by tangential neutral beam
injection.8 –15 Momentum confinement is generally found to
be anomalous, with a diffusivity,   , similar to the ion thermal conductivity,  i , 8 –15 but much larger than the neoclassical diffusivity 共viscosity兲. Despite the fact that there is
no momentum input in Alcator C-Mod plasmas, ion cyclotron range of frequencies 共ICRF兲16,17 and Ohmic16,18,19
H-mode discharges are found to have substantial spontaneous co-current toroidal impurity rotation. Similar observations have been made on other devices such as the Joint
European Torus 共JET兲,20,21 COMPASS,22 and Tore
Supra.23–25 The Alcator C-Mod rotation results are summarized in the following. Lower single null Ohmic low confine-

II. EXPERIMENT AND SPECTROMETER DESCRIPTION
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The observations presented here were obtained from the
Alcator C-Mod tokamak, a compact 共major radius R 0
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⫽0.67 m, typical minor radius a⫽0.21 m), high magnetic
field (B T ⭐8 T) device with strong shaping capabilities and
all metal plasma facing components. Auxilliary heating is
available with 3 MW of ICRF heating power at 80 MHz,
which is coupled to the plasma by 2 two-strap antennas. For
the discharges described here, the hydrogen minority heating
was with 0- phasing, and there was no momentum input.
An additional 3 MW of ICRF power are available from a
variable frequency, variable phase four-strap antenna; for the
cases described here, this antenna was operated at both 70
and 78 MHz with 0--0- phasing, again with no momentum input. Previous off-axis toroidal rotation measurements
from the Doppler shifts of argon x-ray lines on Alcator
C-Mod were from x-ray spectrometers with only a slight
toroidal view,16 so only large rotation velocities could be
seen, and then only with poor time resolution. The x-ray
crystal spectrometer system has now been modified with
three fully tangential views, vertically displaced to provide
three points on the rotation profile. The three spectrometers
have views which are tangent to R⫽0.685 m, with chords on
the mid-plane and vertically displaced by 0.09 and 0.18 m,
respectively. With the mapping to the outboard horizontal
mid-plane, the profile coverage is at r/a⫽0.0, 0.3, and 0.6.
The central chord spectrometer observes the Ar17⫹ Ly␣ doublet while the off-axis spectrometers monitor the Ar16⫹ forbidden line, z. 16 These three rotation measurements are augmented by the velocity of magnetic perturbations associated
with sawtooth oscillations recorded with an array of fast
pickup coils.18 This provides rotation information at the q
⫽1 surface, which is typically near r/a⬃0.2. Electron density profiles were determined by Thomson scattering and
from the visible continuum using a high spatial resolution
imaging charge coupled device system. Electron temperature
profiles were determined from Thomson scattering and from
electron cyclotron emission. Magnetic flux surface reconstructions were provided from the EFIT38 code.

III. OBSERVED ROTATION PROFILE EVOLUTION IN
EDA H-MODE PLASMAS

Plasma parameter time histories for a typical enhanced
D ␣ 共EDA兲 H-mode39 plasma are shown in Fig. 1. This 5.4 T,
0.8 MA discharge entered H mode at 0.657 s following application of 2 MW of 80 MHz ICRF power at 0.6 s. The
usual signatures of H mode were seen in the rise of the
stored energy and electron density in conjuction with significant co-current toroidal rotation. The rotation velocity profile
evolution for this discharge is shown in the top frame of Fig.
2. The rotation increase was first seen at r/a⫽0.6 共purple
diamonds兲 immediately following the H-mode transition.
The rotation subsequently propagated into the interior and
settled into a flat profile after 150 ms or so.40,41 This profile
time development is suggestive of the evolution of an edge
source of momentum governed by a diffusive process.
The evolution of the toroidal rotation velocity profile in
EDA H-mode plasmas has been simulated using a simple
source-free momentum transport model40 共in cylindrical coordinates兲
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is a free parameter to be determined. Subject to the boundary
conditions of an edge rotation, V 0 , which is present only
during H mode
V  共 a,t 兲 ⫽V 0 ,

t L→H ⭐t⭐t H→L

(a is the minor radius兲 and with the assumptions 共observed
in the electrons兲 of a flat ion density profile and constant
共spatially and temporally兲 D  , the toroidal rotation velocity,
V  (r,t), profile evolution may be determined from a solution to
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via an expansion in Bessel functions. An example of the
results of this modeling is shown in the bottom of Fig. 2,
where D  was determined to be 0.1 m2 /s, with   ⬃75 ms.
The simulation reproduces well the propagation in from the
edge, the resultant steady flat profiles, and the overall time
scale for the evolution. This momentum diffusivity is much
larger than the classical estimate42   ⬃  2i /  ii ⬃0.003 m2 /s
共the neo-classical value is even smaller兲 and the observed
momentum transport may be considered as highly anomalous, a result seen in many tokamak experiments.
IV. COMPARISONS WITH THEORY

The C-Mod rotation observations in Ohmic L-mode
plasmas26 have previously been compared to the predictions
of neo-classical theory.27 The calculated magnitude, direction
共counter-current兲, and independence on the mass of the impurity ions were found to be in agreement with the experiment for discharges with a lower single null. Upper single
null and limited plasmas have substantial counter-current rotation, ⬃⫺40 km/s41 and for these configurations, the magnitude is not in good agreement with neo-classical theory. In
the case of H-mode plasmas, the observed scaling of the
rotation, proportional to the inverse of the plasma
current,17,18,25,28 is in qualitative agreement with the scalings
of neo-classical theory.27 The magnitude of the rotation is
proportional to the radial electric field, which is not calculated in a self-consistent manner 共left as a free parameter兲,
and the rotation measurements can be used to infer E r ,
which is a common practice in many tokamak experiments.
For C-Mod, it is typically in the range of ⫹10– 30 kV/m in
the core of H-mode discharges and ⫺10 kV/m in ITB
plasmas.28,30 In spite of these areas of agreement 共which may
be fortuitous兲, the large discrepency in the calculated and
measured momentum diffusivity indicates that another process is dominating momentum transport, to levels well above
neo-classical. Furthermore, the ordering assumed in the
original neo-classical derivation is violated, since the temperature gradient scale length is less than the ion gyro-radius
in the edge of C-Mod H-mode discharges. This ordering has
been properly treated in the sub-neo-classical theory,43,44
which also provides E r from an ambipolarity constraint. The
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FIG. 1. 共Color兲 Time histories for an EDA H-mode plasma generated with 2
MW of ICRF power. From top to bottom the plasma stored energy, central
electron density, central electron temperature, D ␣ brightness and central
toroidal rotation velocity. The waveform of the ICRF pulse is shown in
green in the middle frame.
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FIG. 3. 共Color兲 Time histories for an Ohmic discharge which had an ELMfree H-mode period from 1.10 to 1.24 s, and an EDA H-mode period from
1.30 to 1.49 s. From top to bottom are the plasma stored energy, central
electron density, toroidal magnetic field, plasma current, D ␣ brightness, and
central toroidal rotation velocity.

toroidal rotation velocity profile may also be determined and
is proportional to the temperature gradient. The sub-neoclassical theory31 correctly predicts the magnitude, direction
and scaling for the observed rotation in many Ohmic
H-mode discharges. However there are some plasmas where

FIG. 2. 共Color兲 The time evolution of the toroidal rotation velocity at four
spatial locations for the discharge of Fig. 1 is shown in the top frame. The
argon x-ray Doppler shift measurements for r/a⫽0.0, 0.3, and 0.6 are depicted by the red dots, green asterisks, and purple diamonds, respectively.
The rotation from sawtooth pre-cursors at the q⫽1 surface, r/a⬃0.2, is
shown by the black crosses. Representative error bars are depicted. In the
bottom frame are simulations of the x-ray data with D  ⫽0.1 m2 /s.

FIG. 4. 共Color兲 Edge electron temperature profiles for the discharge of Fig.
3. Red asterisks are from the ELM-free H mode at 1.2 s and green dots are
from the EDA H mode at 1.4 s.
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FIG. 5. 共Color兲 A comparison of two discharges with 1.5 MW of ICRF
power at 70 MHz, with on-axis absorption 共4.5 T, green兲 and with the
resonance on the high field side at (R⫺R 0 )/a⬃⫺0.4 共4.0 T, red兲. From top
to bottom are the plasma stored energies, ICRF waveforms, and central
toroidal rotation velocities.

the agreement is not so good; one such case is shown in Fig.
3. This particular Ohmic discharge had an edge localized
mode free 共ELM-free兲 H-mode period between 1.1 and 1.25
s, which demonstrated strong co-current rotation, ⬃40 km/s,
and an EDA H-mode period between 1.3 and 1.5 s, which
had substantially lower rotation, ⬃10 km/s. The edge elec-

FIG. 6. 共Color兲 A comparison of toroidal rotation velocity profiles in the
EDA H-mode plasma of Figs. 1 and 2 at 0.9 s 共top兲 and an ELM-free
H-mode discharge 共bottom兲. The solid curves are proportional to (T e ) 5/2.

Rice et al.

FIG. 7. 共Color兲 The ion diamagnetic drift frequency,  i* , 共divided by 2兲
for the EDA plasma of Fig. 6 共top兲 is shown in green, and for the ELM-free
discharge of Fig. 6 共bottom兲 is shown in red.

tron temperature profiles for these two time periods were
nearly identical, as shown in Fig. 4. Equation 共17兲 of Ref. 31
would predict the core toroidal rotation velocities to be the
same, which is not observed. Apparently there is another
factor during these two different H-mode periods which is
governing the rotation. Similar to the standard neo-classical
theory, the momentum diffusivity in the sub-neo-classical
theory is also much below the observed value.
Another attempt to explain the co-current rotation in
ICRF heated H-mode discharges is through the toroidal
torque provided by the radial electric field due to orbit shifts
of high energy ions generated by ICRF waves.32–35 A particular prediction of some of these theories33,35 is that the
rotation should switch direction to counter-current with the
ICRF resonance located on the high magnetic field side
共HFS兲. To test this prediction, the resonance location has
been moved by varying the toroidal magnetic field.28,29
Shown in Fig. 5 is a comparison of two H-mode discharges
produced by 1.5 MW of ICRF power at 70 MHz. For the
plasma shown in green, the resonance was on the magnetic
axis for 4.5 T and there were the usual characteristics of
stored energy increase and co-current rotation. The discharge
shown in red 共4.0 T兲 exhibited very similar co-current rotation even though the resonance location was (R⫺R 0 )/a
⬃⫺0.4 on the HFS, in contrast to the predictions. Operation
with the ICRF resonance outside of 兩 r/a 兩 ⫽0.5 led to the
discovery of ITB plasmas in C-Mod,28,29 however. The similarities in the rotation observations 共magnitude and scalings兲
in Ohmic and ICRF heated H-mode plasmas also suggest
that it is not an ICRF wave or fast particle effect.
An alternative approach to explain the spontaneous generation of rotation is based on turbulence. Fluctuation induced toroidal stress36 can give rise to toroidal rotation and
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the direction of the rotation depends upon the mode frequency spectrum, which may explain the reversal of the observed rotation in going from L to H mode. If the Doppler
shifted mode frequency is of order of the ion diamagnetic
drift frequency,  *
i , the calculated velocity profile is predicted to have a shape proportional to the temperature profile, raised to the 5/2 power 关Eq. 共15兲 of Ref. 36兴. This is not
what is observed in the profile for the EDA H-mode discharge shown in Figs. 1 and 2, as can be seen in the top
frame of Fig. 6. The observed flat rotation profile is compared to the measured electron temperature shape raised to
the 5/2 power, and the agreement is not good. One characteristic of EDA H-mode plasmas is the appearance of the
quasi-coherent 共QC兲 mode45– 47 very close to the plasma
edge, with a frequency near 100 kHz.  *
i /2 for the EDA
H-mode discharge of Figs. 1 and 2 as a function of radius is
shown in Fig. 7. The QC mode frequency is very close to
 i* /2 at the edge of this EDA discharge, so the calculated
velocity profile might be expected to match the observed
one. However, not much is known about the turbulence spectrum in the core of EDA H-mode plasmas. In the case of
ELM-free H-mode discharges, the rotation profiles are
peaked at the magnetic axis16,40,41 and the observed rotation
profiles are well represented by (T e ) 5/2. One such
comparison40,41 is shown in the bottom frame of Fig. 6.
 i* /2 for this ELM-free discharge is also shown in Fig. 7
and is very similar to the EDA case. In ELM-free H-mode
plasmas there is no edge QC mode with a frequency near 100
kHz, so the above condition is not valid at the plasma edge,
but, ironically, the observed rotation profile in this case is in
good agreement with the calculated (T) 5/2 scaling. Again, not
much is known about the core turbulence in ELM-free
H-mode discharges, so the comparisons of Fig. 6 may not be
justified.
A similar model37 of electrostatic modes driven by the
ion pressure gradient is in qualitative agreement with many
of the features observed in the C-Mod experiment: direction
of rotation in L and H mode, scaling with W P /I P in H mode
and the drop in the rotation observed in ITB plasmas. However, there are no quantitative predictions about the magnitude of the rotation or the size of the momentum diffusivity
for further comparison with the experimental results.
Finally, in another approach to explain the enhanced momentum diffusivity, the effects of neutral viscosity have been
found to dominate the ion viscosity,48 but no quantitative
comparisons have been made with the C-Mod observations
at this time.
V. DISCUSSION AND CONCLUSIONS

Spontaneous co-current toroidal rotation has been observed in the interior of Alcator C-Mod H-mode discharges
with no external momentum input. In EDA H-mode plasmas,
the rotation propagates in from the plasma edge on a time
scale similar to the energy confinement time, and evolves to
a flat rotation profile. In ELM-free discharges, the rotation
profiles are centrally peaked. Comparison of the EDA
H-mode observations with a simple diffusion model indicates that the momentum diffusivity is of order 0.1 m2 /s,
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much larger than the neo-classical value, and the momentum
transport may be regarded as anomalous. The similarity between observations in Ohmic and ICRF heated H-mode discharges suggests that the rotation is not due to ICRF effects.
In fact the prediction of certain ICRF orbit shift models that
the rotation direction should switch to counter-current with
the wave resonance on the high magnetic field side has not
been observed in the experiments. Certain features of the
experimental rotation observations are in qualitative agreement with theoretical predictions based on turbulence effects.
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