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Bulk plasma toroidal rotation is observed to invert spontaneously from counter to co-current
direction in TCV ohmically heated discharges in low confinement mode, without momentum input.
The inversion occurs in high current discharges, when the plasma electron density exceeds a well
defined threshold. The transition between the two rotational regimes has been studied by means of
density ramps. The results provide evidence of a change of the balance of non diffusive momentum
fluxes in the core of a plasma without an external drive.

PACS numbers: 52.55.Fa, 52.30.-q, 52.25.Fi

Considerable effort has been expended in the exper-
imental study of momentum transport in magnetically
confined Tokamak plasmas, since the rotation state of
the plasma is found to have a direct impact on the global
energy and/or particle confinement. Well known exam-
ples are the stabilisation of resistive wall modes in rotat-
ing plasmas [1, 2] and the enhanced confinement regimes,
where the radial shear of plasma flows can lead to tur-
bulence suppression, observed when the plasma config-
uration transits from low (L-mode) to high confinement
regime (H-mode), or at the formation of internal trans-
port barriers (ITBs) [3–5]. In many present-day fusion
devices, plasma momentum is supplied externally by the
tangential injection of heating neutral beams. The pres-
ence of a substantial intrinsic toroidal rotation has also
been observed in plasmas with no externally applied
torque [6], which could determine a possibility of sus-
taining the rotation profile in next step devices, where
the toroidal momentum driven by auxiliary heating sys-
tems may not dominate that generated by the plasma it-
self [7]. To date, the physical mechanisms generating the
angular momentum, within the plasma, remain an open
issue with, in particular, a strong debate as to whether
the momentum source is mostly localised in the plasma
core or at the edge. For the relatively simple ohmically
heated L-mode configurations, previous studies indicate
that particle flows outside the last closed magnetic sur-
face can drive a net contribution to core plasma rotation
[8], whereas recent measurements of edge rotation pro-
files, that approach zero values at the plasma edge [9],
suggest a negligible momentum transfer from the edge.

This Letter reports toroidal rotation measurements
of tokamak plasmas in limited L-mode configuration,
with negligible external momentum input, supporting the
presence of non-diffusive momentum fluxes located in the
core of the plasma (internal momentum sources). In this
configuration, we first observed a spontaneous transition
of plasma rotation from counter current to co-current di-
rection when the plasma density exceeded a well defined
threshold (Fig 1). Transition between these two regimes
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FIG. 1: Electronic density (a), electron and carbon tempera-
tures (b) and angular velocity (c) profiles, below (solid) and
above (dashed) the electron density threshold.

was studied by ramping the plasma density across this
threshold, directly investigating the internal momentum
balance. The experiments were conducted in TCV (Toka-
mak à Configuration Variable), a medium sized tokamak
(R = 0.88 m, a = 0.25 m, Bt = 1.45 T, Ip < 1 MA), with
an elongated (κ = 3) vacuum vessel and a flexible con-
trol system, that can generate a wide variety of plasma
shapes [10]. Momentum transport is studied using tem-
porally resolved velocity profiles provided by the TCV
Charge eXchange Recombination Spectroscopy (CXRS)
diagnostic [11]. Toroidal velocity is measured from the
Doppler shift of the 529.1 nm charge exchange emission
from the interaction of carbon impurity ions with the
TCV Diagnostic Neutral Beam (DNBI) [12]. In the used
configuration, 8 local measurements along the plasma mi-
nor radius are acquired with a sample frequency of 10-
20 Hz with an integration time of 15-30 ms. It is to be
stressed that the rotation induced by the DNBI beam (es-
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timated ≈ 1 km/s) is small compared to values typically
measured, due to a combination of quasi orthogonal in-
jection angle (11◦) and modest deposited power (20 kW).
No other external momentum input is present in TCV.

Figure 1 shows the radial profiles of density (ne), tem-
perature (Te) and toroidal rotation (ωφ), measured in a
deuterium discharge, with plasma current Ip = 340 kA,
for two central density values. The radial coordinate
corresponds to the square root of normalized poloidal
flux, ρ =

√
ψ/ψa. For ne0 ∼ 5.2 × 1019 m−3 (solid

curves) the plasma rotates toroidally in the counter di-
rection with respect to the plasma current (electron dia-
magnetic drift direction, negative values), as often mea-
sured in other tokamaks in this regime [8]. The ro-
tation profile (c) is flat, or slightly hollow, inside the
sawtooth inversion radius (q = 1 at ρ ≈ 0.5), with
central values of ωφ ∼ −10 krad/s, corresponding to
vφ = ωφR = −11.4 km/s. The toroidal rotation am-
plitude decreases away from the center approaching zero
in the plasma edge region (ρ > 0.9). These general fea-
tures are similar for a large range of TCV plasmas with
plasma currents ranging from 100 to 350 kA and cen-
tral electron densities up to 6 × 1019 m−3 [9]. In this
counter current rotation regime, the maximum absolute
rotation depends approximately linearly on the ion tem-
perature, as summarized by a scaling law proposed in [9],
vφ,Max [km/s] = −12.5TC0/Ip [eV/kA] where vφ,Max is
the maximum toroidal velocity along the profile, TC0 the
central ion (carbon) temperature.

This behavior changes when high density (ne0 > 6 ×
1019 m−3) and high current (Ip > 290 kA) are simultane-
ously attained. Here a different regime occurs, with the
central toroidal rotation now directed with the plasma
current (ion diamagnetic drift direction). The dashed
curve in Fig. 1c shows the angular velocity profile mea-
sured, after increasing the density to ne0 ∼ 6.4×1019 m−3

within the same discharge. The plasma core now ro-
tates in the ion diamagnetic direction up to ρ ∼ 0.7
with a flat or slightly centrally peaked profile, and a cen-
tral velocity of ωφ ∼ 12 krad/s. The outermost CXRS
measurements indicate that the rotation in the exter-
nal region is still counter current. The two rotational
states occur for similar temperature and density profiles
(Fig. 1a, b), that are both flat inside the sawtooth in-
version radius. In the central region ne has increased
from 5.2 to 6.4 × 1019 m−3 whereas Te has only slightly
decreased. In particular the Ti profile is constant across
the transition, to within the measurement uncertainty.
Time traces of the main plasma parameters are shown
in Fig. 2 for the same discharge. The current flat top
starts at 0.4 s; from t = 0.5 s to t = 1.5 s the central
electron density is ramped up from 3 to 7 × 1019 m−3.
During the ramp, Te decreases from 1 to 0.8 keV, with TC

increasing from 450 to 600 eV due to the increased colli-
sional heat exchange between electrons and carbon ions.
At the start of the density ramp (t = 0.5 s), the cen-
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FIG. 2: Characteristic time traces of discharge parameters,
from top to bottom: plasma current, central electron den-
sity, central electron and carbon temperature, central car-
bon toroidal rotation and total angular momentum. Pos-
itive values indicate flows in the ion diamagnetic direction
(co-current).

tral toroidal rotation is approximately zero. A counter
current acceleration follows, as TC increases. This be-
havior ceases at t = 1.1 s, when the plasma core velocity
changes rapidly from -14 to +10 krad/s, within 100 ms,
to flow in the co-current direction. After this transition,
the toroidal velocity and TC are maintained until the dis-
charge termination, although the density ramp continues.
The timescale for the transition (τinv ≈ 0.1 s) is consider-
ably faster than that of any global variation in the main
plasma parameters, as seen in Fig 2. Nevertheless, in this
100 ms time window, the total angular momentum of the
plasma column carried by the carbon plasma component
(nC profile measured by CXSR) evolves from negative
value of −10 × 10−5 to positive value of 1 × 10−5 J s: a
net increment of 11× 10−5 J s (Fig. 2d).

The rotation inversion was reproduced for a number of
similar discharges: delaying (or advancing) the density
ramp resulted in a later (earlier) inversion, at a density
threshold of ne0 ∼ 6 × 1019 m−3, at Ip = 340 kA. In
discharges with higher Ip the inversion occurs at slightly
lower density (ne0,thr ≈ 5.8×1019 m−3 for Ip = 380 kA).
No inversion was observed in discharges for Ip < 290 kA.
The rapid change in the rotational state of the plasma
was confirmed by soft X-ray and magnetic measurements,
in discharges where sawteeth precursor oscillations were
present. Figure 3 shows the spectrogram of the SXR
emissivity at the radial position of the mode (ρ = 0.6),
during a density ramp up discharge at Ip = 320 kA. Pre-
cursor oscillations, whose frequency provides an estimate
of plasma rotation, are visible as narrow vertical bands
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rotation frequency (solid curve) at the position of sawtooth
precursor mode.
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FIG. 4: (a) Temporal evolution of central density (solid) and
central toroidal rotation (dashed) for a discharge featuring
a density ramp up followed by a density ramp down . The
locus of ne0 and ωφ0 (b) indicates hysteresis on the electronic
density parameter.

before each sawtooth crash. The frequency correspond-
ing to carbon rotation measured by the CXRS (ωφ/2π)
is also shown for comparison. The time evolution of the
precursor frequency agrees well with the CXRS measure-
ments (the discrepancy in the absolute values is often ob-
served in TCV for small MHD instabilities and decreases
for larger MHD modes [14]). In particular, for t > 1.3 s
the precursor frequency drops from 5 kHz to approxi-
mately zero, simultaneously with the rotation inversion,
providing an independent measurement of the decelera-
tion of the plasma column. Later in the discharge, the
precursor is no longer detectable.

The transition was found to be reversible. Figure 4a
shows the time evolution of central electron density
and carbon toroidal rotation, for a discharge where
the plasma density was first ramped over the thresh-
old and then reduced by cutting the gas feed, on a
timescale mainly determined by the wall recycling. At
t = 0.9 s, the transition density threshold is reached
(ne0 ≈ 6 × 1019 m−3) and the plasma rotation inverts.
During the subsequent ne decrease, ωφ decreases slowly
(as does Ti , not shown) until the rotation reverses back
to the counter current direction at t = 1.55 s, at a lower
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FIG. 5: Temporal evolution of the core (a) and edge (b) angu-
lar velocity profiles across a toroidal rotation inversion. The
change of rotation affects the central part of the plasma. After
the inversion, ωφ for ρ > 0.85 recovers its former values.

density of ne0 = 4.4×1019 m−3. The locus of ωφ0 against
ne0 (Fig. 4) shows that the central rotation after the
back inversion recovers its pre-inversion values, for the
same central density. The evolution of ne0 and ωφ in-
dicates a hysteresis on the electron density, suggesting
a more complex dependence on plasma parameters. A
similar hysteresis was observed in discharges with con-
stant ne0 > 6.0× 1019 m−3 by ramping Ip > 290kA and
then decreasing the Ip, with the back inversion consis-
tently occurring at lower plasma current. Beyond the ne

threshold, the plasma rotation profiles are governed by a
changed balance between components of angular momen-
tum. Figure 5a shows the rotation profile evolution for
a discharge where a slower transition (τinv ≈ 200 ms)
was observed with an increased CXRS sampling rate
(20 Hz). Profiles corresponding to measurements be-
fore, during and after the inversion are shown. The
change of the rotation profile first appears in the cen-
tral part of the plasma column up to ρ ≈ 0.7, whilst the
edge rotation is unchanged, to measurement uncertain-
ties. The next profile corresponds to the plasma core
rotation crossing ωφ = 0 krad/s: the central plasma re-
gion, ρ < 0.6, appears to accelerate rigidly in the co cur-
rent direction. During inversion, the outermost CXRS
chord, ρ = 0.85, shows a transitory increased negative
velocity of ∼ −7 krad/s. This was studied by high spa-
tial edge resolution measurements in discharges where
the plasma axis was vertically displaced, such that the
CXRS diagnostic chords observed the plasma edge. Fig-
ure 5b shows the edge toroidal rotation profiles across
an inversion for a discharge with Ip = 340 kA: rota-
tion inversion takes place at t = 1.15 s and affects the
plasma up to ρ ≈ 0.8; for more external radii, the rota-
tion for the standard (counter) and inverted (co-current)
regimes is always ≈ 0 krad/s. The plasma core decel-
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eration > 10 krad/s was accompanied by an increase
(in the counter direction) of the plasma edge rotation of
∼ 5 krad/s. These observations are not consistent with a
diffusive flux of angular momentum from the edge region
due to plasma viscosity, implying that the plasma has
suffered a change in the balance of internally generated
sources (non diffusive fluxes) of toroidal momentum. The
transient edge acceleration in opposite direction may be
ascribed to total momentum conservation, which is not
observed on timescales longer than ∼ 50 ms, where the
excess momentum is thought to be dissipated on the ves-
sel wall within the resolution of our CXRS diagnostic.

An initial qualitative interpretation may be attempted
from these results. MHD activity appears to play a mi-
nor role in the process: even if MHD modes can strongly
influence the rotation profile [13], in these discharges,
except for sawteeth, very little activity was observed.
In addition, no rapid change in the sawtooth period
(Tst ∼ 6−8 ms), amplitude or inversion radius is observed
across the transition. A possible link between the rota-
tion inversion and the particle/energy transport comes
from the force balance equation for the carbon impurity:

Er =
∇pC

nCZCe
− (vφBθ − vθBφ)

where Er is the radial electric field, ∇pC/ZCe the dia-
magnetic term, with pC = nCTC the carbon pressure,
B is the magnetic field, and v the plasma velocity (φ
and θ indicate the toroidal and poloidal vectorial com-
ponents). Across the transition the diamagnetic term
varies slowly (Fig. 1). If this holds also for vθ (as pre-
dicted by neoclassical theory and observed in preliminary
poloidal CXRS measurements), the inversion of toroidal
rotation directly reflects a change in the Er profile. In
tokamak plasmas the radial electric field is often deter-
mined by the transport regime, which may change during
the performed density ramps. For example with increas-
ing density, the ion neoclassical transport rates (due to
Coulomb collisions) become increasingly important and
possibly comparable to the anomalous electron trans-
port rates, as reported in [15]. At the same time, the
type of turbulence responsible for anomalous transport
may also depend on plasma parameters that vary during
the density ramp: Te, TC , ne, etc. Experiments with
up to 500 kW of centrally deposited second harmonic
Electron Cyclotron Heating were performed to test the
inversion process dependence on Te profile, without af-
fecting TC profile. The density threshold was seen to
increase in presence of higher core Te (Te0 = 1 keV,
ne0,thr = 6.5 × 1019 m−3 for Ip = 340 kA), indicating
that the parameter driving the transition must, at least,
contain terms depending on Te and ne. Collisionality
has been considered, as it strongly influences the particle
and energy transport, especially close to the transition
from Trapped Electron Mode to Ion Temperature Gra-

dient mode dominated turbulence [16–18]. However, at
present stage, this hypothesis lacks clear experimental
vindication.

In conclusion, a change of rotation regime has been ob-
served in relatively simple ohmically heated L-mode con-
figuration TCV tokamak plasmas. The intrinsic toroidal
rotation is seen to invert direction spontaneously, from
co to counter current direction, when the plasma density
exceeds a well defined threshold. The phenomenon is
highly reproducible with a database of many discharges
assembled in which the rotation inversion was obtained
by ramping the plasma density over the threshold. The
transition from co to counter current rotation was faster
than any variation of major plasma profiles and mainly
affected the plasma core. This experimental evidence
proves that there is a rapid change in the balance of non
diffusive fluxes of toroidal momentum in the core of the
plasma. The reported phenomenology extends the exper-
imental domain of bulk rotation in the low confinement
regime and defines a unique test for momentum transport
models of tokamak plasmas.
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