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Observation of Anomalous Momentum Transport in Tokamak Plasmas
with No Momentum Input
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Anomalous momentum transport has been observed in Alcator C-Mod tokamak plasmas through
analysis of the time evolution of core impurity toroidal rotation velocity profiles. Following the L-mode
to EDA (enhanced D�) H-mode transition, the ensuing cocurrent toroidal rotation velocity, which is
generated in the absence of any external momentum source, is observed to propagate in from the edge
plasma to the core. The steady state toroidal rotation velocity profiles are relatively flat and the
momentum transport can be simulated with a simple diffusion model. Velocity profiles during edge
localized mode free (ELM-free) H-modes are centrally peaked, which suggests the addition of inward
momentum convection. In all operating regimes the observed momentum diffusivities are much larger
than the neoclassical values.
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Rotation and velocity shear play important roles in the
transition to high confinement mode (H mode) [1–4], in
the formation of internal transport barriers (ITBs) [5] and
in suppression of resistive wall modes [6] in tokamak
discharges. Compared to energy and particle transport,
however, there has been considerably less effort address-
ing momentum transport. In a majority of tokamak
plasmas, the observed toroidal rotation is generated ex-
ternally by neutral beam injection. By measuring the
rotation profiles from the associated beam diagnostics,
and calculating the input torque profiles from the beam
injection, momentum transport may be characterized [7–
14]. Momentum confinement is generally found to be
anomalous, with a diffusivity, ��, similar to the ion
thermal conductivity, �i [7–14], but much larger than
the neoclassical diffusivity (viscosity). The reliability of
this type of analysis depends on the accuracy of the input
torque calculations, and the inherent assumption that
there is no additional source of momentum when the
plasma enters the H mode. Alcator C-Mod ICRF [15]
and Ohmic [16] H-mode discharges are found to have
substantial spontaneous cocurrent toroidal impurity ro-
tation (as high as 100 km=s, Mach number 0.3) in spite of
the fact that there is no momentum input. This calls into
question whether the rotation observed in beam heated
plasmas is solely externally generated. Similar observa-
tions have been made on other devices such as JET [17],
COMPASS [18], and Tore Supra [19].

Several attempts to explain the observed rotation in
C-Mod have been made, based on ICRF wave driven fast
particle orbit shift mechanisms [20,21], turbulence
[22,23] and subneoclassical [24] effects. The similarity
of the rotation observed in ICRF and purely Ohmic
plasmas suggests that it is not due to ICRF wave or fast
particle effects. The prediction of reversal of the rotation
direction with high magnetic field side off-axis ICRF
absorption [20,21] has not been observed in the experi-
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sign of the rotation is correct, but the magnitude cannot
be tested because the turbulence fluctuation levels are not
measured. The predictions of the rotation magnitude and
direction from the subneoclassical theory agree with the
measurements [24], but the calculated momentum diffu-
sion time scale is 2 orders of magnitude longer than what
is observed.

In order to gain a better understanding of the mecha-
nism generating the rotation in the absence of an external
source, and in general to characterize momentum trans-
port, temporally resolved velocity profiles are needed.
Previous off-axis measurements of the Doppler shifts of
argon x-ray lines on Alcator C-Mod were along sight
lines with only a slight toroidal component [15], so only
large rotation velocities could be seen, and only then with
poor time resolution. The Alcator C-Mod x-ray crystal
spectrometer system has now been modified with three
fully tangential views, at r=a � 0:0, 0.3, and 0.6. These
three rotation measurements are augmented by the ve-
locity of magnetic perturbations associated with saw-
tooth oscillations recorded with an array of fast pickup
coils [16]. The time evolution of the observed rotation
profiles in H-mode discharges indicates that the source
of the momentum is the plasma edge. The momentum
propagates to the plasma center on a time scale much
faster than expected from the neoclassical diffusivity.
In edge localized mode free (ELM-free) H-mode dis-
charges, a large inward momentum pinch is observed.
In EDA H-mode plasmas which develop ITBs, the mo-
mentum is expelled from inside of the barrier foot.

The rotation observations were obtained from the Al-
cator C-Mod tokamak, a compact (major radius 0.67 m,
minor radius 0.22 m), high magnetic field (BT � 8 T)
device with strong shaping capabilities and all metal
plasma facing components. Auxiliary heating is available
with up to 4 MW of ICRF heating power at 80 MHz. For
the plasmas described here, the hydrogen minority heat-
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input. Shown in Fig. 1 are the time histories of the
(impurity) toroidal rotation velocities at three radii and
the rotation of magnetic perturbations in precursors and
postcursors of sawtooth oscillations, for a 2.0 MW ICRF
heated EDA H-mode [26] plasma. This 0.8 MA, 5.3 T
discharge entered EDA H mode at 0.655 s, as indicated by
the drop in the D� signal, with a subsequent increase in
the plasma stored energy and toroidal rotation velocity
[15]. The velocity increase was first seen on the outermost
spectrometer (r=a � 0:6), sequentially moving inside,
suggesting an edge source of toroidal momentum which
propagated in towards the center, with a time scale some-
what longer than E, the energy confinement time. After
about 150 ms (0.8 s), the rotation settled to a value of
�50 km=s (in the cocurrent direction), with a flat profile.
During this steady phase of the discharge, the central
electron density was 2:8� 1020=m3 and the central elec-
tron temperature was 2.1 keV. Similar velocity profile
evolution has been seen in purely Ohmic EDA H-mode
plasmas without ICRF heating. This time evolution and
flat steady state rotation profile suggest that the momen-
tum transport in EDA H-mode plasmas may be charac-
terized by a purely diffusive process. The situation is
different in ELM-free H-mode plasmas, as can be seen
in Fig. 2. This 0.8 MA, 4.6 T discharge entered the ELM-
free H mode at 0.624 s, reverted to the L mode at 0.834 s,
then reentered the ELM-free H mode at 0.871 s. Follow-
ing both L-H transitions, there was a rapid increase in the
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FIG. 1 (color). The plasma stored energy, impurity toroidal
rotation velocity at three radii (red dots, green asterisks, and
purple diamonds for r=a � 0:0, 0.3, and 0.6, respectively),
magnetic perturbation rotation (�) at the sawtooth inversion
radius (r=a� 0:2), and the edge D� brightness for an ICRF
heated EDA H-mode discharge.
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core rotation velocity and stored energy. In contrast to the
EDA H-mode case, these rotation profiles are highly
peaked [15], reaching �70 km=s in the core and
�15 km=s at r=a � 0:6. This demonstrates momentum
transport up the velocity gradient and suggests the pres-
ence of an inward momentum pinch [12]. During the first
ELM-free period, the central electron temperature was
relatively constant at 1750 eV, while the electron density
rose continuously from 1:1� 1020 to 2:9� 1020=m3,
maintaining a flat profile. In contrast to these peaked
rotation profiles are the hollow profiles which develop in
ITB plasmas. ITB discharges can be produced with off-
axis ICRF heating [25,27], provided the resonance loca-
tion is outside of r=a � 0:5 and that the plasma first enters
the EDA H mode. These ITBs are characterized by a
strong peaking of the core electron density which evolves
in conjunction with a decrease and reversal of the core
toroidal rotation velocity [25,27]. Shown in Fig. 3 are the
rotation time histories for a 4.5 T, 0.8 MA EDA H-mode
plasma produced with 2.2 MW of off-axis ICRF heating
power at 80 MHz. Up until 0.85 s, this plasma exhibited
the normal EDA H-mode rotation characteristics (Fig. 1)
with the velocity propagating in from the outside, and
the profile becoming flat across most of the plasma. After
0.85 s, the core rotation inside r=a � 0:5 (the location
of the barrier foot) dropped and reversed direction simul-
taneously with a strong peaking of the electron density
profile also inside of r=a � 0:5. The rotation at r=a � 0:6,
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FIG. 2 (color). The plasma stored energy, impurity toroidal
rotation velocity at three radii (red dots, green asterisks, and
purple diamonds for r=a � 0:0, 0.3, and 0.6, respectively),
magnetic perturbation rotation (�) at the sawtooth inversion
radius (r=a� 0:2), and the edge D� brightness for an ICRF
heated ELM-free H-mode discharge.
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outside of the barrier foot, decreased more slowly and not
so far, indicating a positive velocity gradient in the vi-
cinity of the ITB foot. The radial electric field, Er, de-
termined from the force balance equation and from
calculations of the poloidal magnetic field, assuming
neoclassical poloidal velocity, was found to be
�10 kV=m at r=a � 0:3 (inside of the ITB foot) and
�5 kV=m at r=a � 0:6 (outside of the foot), and a lower
limit of the Er gradient is �250 kV=m2 at 1.1 s.

The evolution of the velocity profiles has been simu-
lated using a simple source-free momentum transport
model
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with P � nimiV�, where a is the minor radius and where
the momentum diffusivity, D�, and the momentum con-
vection velocity, vc, are free parameters to be determined.
In cylindrical coordinates and subject to the boundary
conditions of an edge rotation, V0, during the H mode

V�	a; t
 �

8<
:
0; t < tL!H

V0; tL!H � t � tH!L

0; t > tH!L

(2)

and with the assumptions (observed in the electrons) of a
flat ion density profile, and spatially and temporally con-
stant D� and vc, the toroidal rotation velocity, V�, profile
evolution may be determined from a solution to
-1

0

1

2

3

V
To

r (
10

4  m
/s

) 0.6

0.3

0.0

0.6 0.8 1.0 1.2
t (s)

0.0
0.5
1.0
1.5
2.0
2.5

D
α

0
20
40
60
80

W
P
 (

kJ
)

FIG. 3 (color). The plasma stored energy, impurity toroidal
rotation velocity at three radii, and the edge D� brightness for
an off-axis ICRF heated ITB discharge.
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via an expansion in confluent hypergeometric functions.
An example of a comparison of this model to the

observed velocity time evolution in an EDA H-mode
plasma similar to that presented in Fig. 1 is shown in
the top frame of Fig. 4. The time of the L- to H-mode
transition was 1.11 s. The three curves represent the
simulated rotation velocities at the radii of the three
spectrometer views. For this case, D� was spatially con-
stant with a value of 0:05 m2=s, and vc � 0, which cor-
responds to a momentum confinement time, �, of 150 ms.
This momentum diffusivity is much greater than the
neoclassical viscosity, �� � �2

i =ii � 0:003 m2=s for
this case, and the momentum transport may be charac-
terized as anomalous. The momentum diffusivity may
also be determined for the L mode from the decay of
the rotation velocity after the H- to L-mode transition at
1.53 s; D� for the L-mode portion of this discharge was
0:20 m2=s, with � � 35 ms. From modeling of several
ICRF and Ohmic EDA H-mode plasmas, D� was found to
be in the range from 0.05 to 0:10 m2=s, with vc � 0. The
simulations for the ELM-free discharge from Fig. 2 are
shown in the bottom frame of Fig. 4, which is on the same
time scale as the top frame for comparison. In this in-
stance D� was 0:40 m2=s with vc � 12 m=s, and � �
70 ms. This value of the pinch velocity was necessary to
match the quasisteady peaked profile shape at 0.8 s, with a
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FIG. 4 (color). Comparison of model calculations (solid
lines) with observed rotation time histories for an EDA
H-mode plasma (top frame) and an ELM-free H-mode plasma
(bottom frame).
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‘‘peaking factor,’’ S  avc=2D� � 3:2, along with the
overall rise time of the rotation, with vc � 0.

The model of Eq. (3) cannot be strictly applied to the
ITB case in Fig. 3 because the electron (ion) and argon
density profiles [27] were peaking in the core during the
barrier evolution. However, along with the negative rota-
tion velocity inside of the barrier foot, this implies a
negative momentum density in the core, which would
require an outward momentum convection in the core
during the ITB phase.

In the progression from the L mode to the EDA H mode
to the ELM-free H mode to ITB discharges, the particle
diffusivity steadily drops (particle confinement in-
creases), approaching neoclassical levels in the core in
ITB plasmas. EDA H-mode plasmas have temporally
and spatially constant electron density profiles, ELM-
free H-mode plasmas exhibit steadily rising electron
density profiles which maintain a flat shape, and ITB
discharges show a central peaking of the density profile
[25,27] consistent with the neoclassical Ware pinch ve-
locity. The same sequence of impurity confinement may
be characterized as highly anomalous in the L mode, with
an impurity diffusivity DI � 0:5 m2=s (I � 15–25 ms)
and DI � 0:1–0:3 m2=s in the EDA H mode with I �
50–150 ms [28]. For ELM-free H-mode plasmas, the
impurity confinement is long (I � 1 s) with reduced
DI (�0:05 m2=s) and substantial inward convection
(10–100 m=s) at the edge [28]. In ITB discharges there
is strong core impurity accumulation [27] with
DI (�0:02 m2=s) and vI (�100 ms inward) close to the
neoclassical values in the core plasma. Energy confine-
ment exhibits a somewhat similar progression with �eff

dropping from �1 m2=s in the L mode to �0:5 m2=s in
the H mode [26] and then as far as �0:1 m2=s (near the
neoclassical level) in the core plasma during ITB [27]
operation. Momentum confinement demonstrates some
similarities in behavior; there is a decrease in the mo-
mentum diffusivity from 0:20–0:25 m2=s in the L mode
to the range 0:05–0:10 m2=s in the EDA H mode. Also, in
the ELM-free H mode there is a strong momentum pinch,
with vc � 10 m=s, analogous to the observations of
impurity transport. In ITB discharges, particle, impur-
ity, and energy confinement may be characterized by
transport coefficients with values similar to neoclassical
levels in the core. For these discharges, however, the
momentum seems to be expelled from the plasma center,
rather than having increased confinement. The reason that
the momentum transport in ITB discharges does not
follow the behavior of particle and energy confinement
may be because these plasmas have a negative Er well in
the core and may be influenced by the fact that momen-
tum is an odd moment of the distribution function, hav-
ing directionality.

Following the H-mode transition in Alcator C-Mod
discharges, toroidal momentum is observed to propagate
205003-4
in from the plasma edge, although there is no external
source. The momentum transport has been found to be
anomalous, with momentum diffusivities much larger
than neoclassical levels. In ELM-free plasmas, there is
evidence for an inward momentum pinch, while in ITB
discharges, the momentum is expelled from the core. The
cause of the toroidal rotation, generated in the absence of
a momentum source, as well as the varying velocity
profile shapes, remains unexplained.
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