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Abstract
An alternative experimental spectroscopic measurement of poloidal plasma rotation in toroidally confined plasmas
is proven effective in the TCV tokamak. Charge exchange recombination measurements of the toroidal rotation
profile over the full mid-plane plasma diameter are used to infer the complete bi-dimensional flow structure of the
intrinsic C6+ impurity, which includes its poloidal component. For divergence free flows, the difference between
the toroidal rotation frequency ft = ut/R at the inboard and outboard locations on the same flux surface is
proportional to the poloidal rotation. This indirect measurement provides increased accuracy as the measured
quantity ft,in − ft,out ≈ 4qup/Raxis (q is the local safety factor) is larger than the intrinsic uncertainties of a direct
spectroscopic measurement of poloidal velocity. The method is applied in a variety of TCV ohmic and electron
cyclotron heated L-mode plasmas in the banana-plateau collisionality regime (0.2 < ν∗

ii < 2.4). In the radial range
of normalized poloidal flux ρψ < 0.8, an impurity poloidal velocity of up = 0.5–2.5 km s−1 is observed, always in
the electron diamagnetic drift direction. The measurements are compared with neoclassical calculations and they
agree in magnitude and sign to within <1 km s−1.

(Some figures may appear in colour only in the online journal)

1. Introduction

Poloidal plasma rotation is thought to be a key player for many
aspects of magnetically confined plasmas. It is, by example,
predicted to induce transitions in magnetohydrodynamic
(MHD) equilibrium [1, 2] and to affect the stability of different
types of MHD modes [3–6]. More generally, poloidal rotation
enters the radial force balance equation, which is used to
determine experimentally the radial electric field, an essential
element in the physics of microinstability and turbulent
transport [7]. Accurate measurements and predictions of

4 Present address: Department of Nuclear Engineering, University of
Tennessee, Knoxville, TN, USA.
5 Present address: Princeton Plasma Physics Laboratory, PO Box 451, MS34,
Princeton, NJ 08543-0451, USA.

poloidal velocity are, thus, highly desirable in present and
future tokamak devices.

The majority of velocity measurements are obtained using
spectroscopic diagnostics, which measure the Doppler shift
of known emission lines. At present, velocities of the order
of 10–100 km s−1 may be accurately measured but, in most
experiments, the poloidal rotation is typically predicted and
observed to be a few km s−1. The associated Doppler shift
is only a small fraction of the thermal line broadening and
of the order of the best measurement accuracy available,
≈1 km s−1 [8].

Measurements at this level are further complicated by
systematic issues. For diagnostics exploiting passive line
emission, the integration of the emissivity along the line of
sight may easily dominate the measured line shapes. Abel
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inversion techniques can, in principle, be used to localize the
measurement [9], but usually at the cost of larger uncertainties.

Diagnostics relying on active charge exchange (CX)
recombination [10, 11] have the benefit of localized
measurements, but, for instance, the energy dependence of
the CX cross sections and the dependence of the rotation-
free wavelength on plasma parameters can give rise to
apparent velocity contributions that are difficult to compensate
even with extensive modelling and/or costly diagnostic
configurations [8, 12].

For many cases of interest, direct measurements often
struggle to attain the accuracy required to obtain experimental
conclusions about the poloidal rotation amplitude or even
direction, inhibiting comparison with theoretical predictions
(e.g. from neoclassical or turbulent models).

Despite these difficulties, the experimental study of
poloidal rotation and its comparison with the neoclassical
theory remains an active field of research. Poloidal velocities
of light impurities (C,O) have been reported that are consistent
with neoclassical predictions [8, 13–17]. In often more
extreme situations, others note departures from neoclassical
predictions [18–20] and the search for mechanisms able to
drive poloidal rotation beyond the limit set by neoclassical
damping remains actively debated.

This paper reports a novel measurement technique to
demonstrate that the structure of plasma flows on a flux
surface can be exploited effectively to obtain an indirect
measurement of poloidal rotation, with an accuracy sufficient
to test neoclassical predictions to the order of 2 km s−1.

For toroidally confined plasmas, characterized by
incompressible flows, the toroidal rotation frequency ft =
ut/R varies on a flux surface by an amount proportional to the
poloidal rotation (ut is the toroidal velocity and R is the major
radius). From the difference between the toroidal frequency
measured at the outboard (low-field side, L subscript) and
inboard (high-field side, H subscript) sides of the same flux
surface �ft = ft,H − ft,L an indirect measurement of poloidal
velocity up can be obtained. In the large aspect-ratio limit this
difference scales favourably with the safety factor q:

�ft ≈ 4q

R0
up, (1)

where R0 is the radial location of the magnetic axis and up is
the poloidal rotation at the LFS. Poloidal velocities of km s−1

generate inboard–outboard asymmetries of toroidal frequency
that can easily become larger than the systematic uncertainties
inherent in the direct measurement of up from Doppler shift
spectroscopic lines.

The indirect measurement method, recently outlined
in [21], was critically tested and then extensively used to
measure the poloidal rotation in the tokamak TCV [22], where
CX measurements of toroidal carbon rotation are available
with full minor-diameter coverage. The accuracy achieved
allowed the comparison with the neoclassical theory for
a wide range of low confinement plasma scenarios. The
rest of the paper is organized as follows: in section 2
after establishing the theoretical background, the principle
of the indirect measurement is presented and its domain
of applicability discussed. The experimental configuration,
diagnostic configuration and plasma characteristics are

described in section 3. Examples of indirect poloidal rotation
measurements are presented in detail in section 4. In section 5
the results of indirect measurements on a large dataset of
plasma discharges are compared with the predictions from the
neoclassical theory. The concluding section summarizes the
results and discusses benefits and issues associated with the
indirect measurement of poloidal rotation.

2. Theoretical background and measurement
principle

In this section, the indirect poloidal rotation measurement
method and its applicability conditions are discussed.
The presented material recalls the essential results of the
neoclassical theory with more details available in the literature
(e.g. [23, 24]). Some of the formulae depend explicitly
on the conventions adopted for the coordinate system.
General expressions applicable in any convention system are
provided in appendix B, based on the COCOS formalism
introduced in [25].

In the following derivation, a right-handed coordinate
system is taken (ψ, θ, ϕ) with ψ the poloidal magnetic flux
(minimum on axis), θ a poloidal angle (zero at LFS mid-plane,
increasing towards the top of the torus) and ϕ the toroidal angle
(clockwise when viewed from above).

The magnetic field may be written as

B = sbF∇ϕ + sj∇ϕ × ∇ψ (2)

where sb and sj indicate the direction of the magnetic field and
plasma current with respect to the toroidal direction ∇ϕ and
F = RBt > 0 with Bt the toroidal magnetic field.

To first order in ρ∗
p (the poloidal Larmor radius normalized

to the perpendicular scale length) the fluid velocity of the
considered species is

u = u‖b +
b × ∇φ

B
+

b × ∇p

nZeB
, (3)

where u‖ is the component of the velocity along the
magnetic field, b = B/|B|, φ is the electrostatic potential,
e is the electron charge and n, p, Z are, respectively,
the species density, pressure and charge number. The
second and third terms on the right-hand side correspond to
the perpendicular velocity, separated into electrostatic and
diamagnetic components. Algebraic manipulations with the
use of the relation

R2∇ϕ = sbF
B

B2
+ sj

∇ψ × B

B2
, (4)

allow the expression of the flow of the selected species in the
form

u = ûB + ω̂Reϕ, (5)

where eϕ = R∇ϕ and

û(ψ, θ) = u · ∇θ

B · ∇θ
, (6)

ω̂(ψ, θ) = −sj

[
∂φ

∂ψ
+

1

Zen

∂p

∂ψ

]
. (7)

Note that, at this stage, û and ω̂ retain a possible dependence
on the poloidal angle. The continuity and momentum balance
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equations will put additional constraints on the first-order flow.
The continuity equation may be written as

∂n

∂t
+ ∇ · (nu) = Sn, (8)

where u and Sn are the fluid velocity and the particle source of
the considered species, respectively. Assuming axisymmetry,
the divergence of the particle flux is

∇ · (nu) = Bθ

[
∂

∂ψ

(
nuψ

Bθ

)
+

∂

∂θ

(
nuθ

Bθ

)]
, (9)

where the upperscript indicates the contravariant component
(i.e. uθ = u · ∇θ ). Inserting this expression into equation (8)
and integrating over the poloidal angle yields

nû(θ) − nû(0) =
∫ θ

0

d θ

Bθ

[
Sn − ∂n

∂t
− Bθ ∂

∂ψ

(
nuψ

Bθ

)]
.

(10)

Assuming a stationary density, no particle source (for the
considered species) and a negligible radial derivative of the
radial particle flux at all poloidal angles, the quantity nû is
constant over a flux surface so

û(ψ, θ) = K(ψ)

n(ψ, θ)
. (11)

If the density is not a flux function, û depends on the
poloidal angle. This may indeed occur in strongly rotating
plasmas (or even at moderate rotation for heavy impurities)
where the centrifugal force induces poloidal asymmetries in
the density and electrostatic potential [26]. At the plasma
edge, the poloidal variation of the parallel friction between
the bulk ions and impurities may also engender density
asymmetries [27, 28].

In the plasmas considered in this study, the centrifugal
effect on carbon impurities remains modest mCu2

C/(2TC) <

0.25 with a negligible predicted density asymmetry between
HFS and LFS for carbon (0.96 < nC,H/nC,L < 1 [26])
and an even weaker effect for deuterium. The effect of
inertial forces on the electrostatic potential and poloidal density
asymmetries of both species will thus be neglected (note:
this does not necessarily imply that the impact of inertial
forces on turbulent transport can be neglected). Furthermore,
the plasma collisionality is sufficiently low that the effect of
parallel friction on the impurities may also be neglected. The
poloidal modulation of impurity density due to parallel friction
can be assessed by equating the impurity pressure gradient and
friction in the parallel force balance. The poloidal impurity
density modulation is then found to be characterized by the
parameter�defined in equation (8) of [27] which quantifies the
ability of the friction force to drive a parallel density gradient.
In the plasmas considered here, � is less than 2% for carbon.

The plasma density and (first order) electrostatic potential
are therefore taken to be flux functions. Here, the first-order
fluid velocity of each plasma species lies entirely on flux
surfaces and can be expressed as the sum of a toroidal rigid-
body component and a component parallel to the magnetic
field [24], fully specified by flux constant quantities ω̂(ψ) and
û(ψ):

u = ω̂(ψ)Reϕ + û(ψ)B. (12)

Equation (12), projected onto toroidal (along ∇ϕ) and poloidal
(along ∇ϕ × ∇ψ) direction, may be written as

ut = ω̂(ψ)R + sbû(ψ)F (ψ)/R, (13)

up = sj û(ψ)Bp (14)

with Bp = |∇ϕ × ∇ψ | the norm of the poloidal magnetic
field. In the absence of poloidal rotation up = û(ψ) = 0
and each plasma surface rotates toroidally as a rigid body
at a rotation frequency ft = ut/R = ω̂(ψ). Conversely, a
finite up is associated with a contribution û(ψ)F (ψ)/R2 to
the local toroidal frequency that varies on the flux surface. A
measurement of the difference �ft = ft,H − ft,L ∝ û(ψ) is
thus equivalent to a measurement of up.

By evaluating equation (13) at the HFS and LFS mid-
plane, explicit expressions for the flux functions ω̂(ψ) and
û(ψ) are obtained:

ω̂(ψ) = (
ut,HRH − ut,LRL

) × (
R2

H − R2
L

)−1
, (15)

û(ψ) = sb

F

(
ut,H

RH
− ut,L

RL

)
×

(
1

R2
H

− 1

R2
L

)−1

. (16)

Thus, provided the magnetic equilibrium is known to the
required accuracy, a combined measurement of HFS and LFS
toroidal rotation profiles is sufficient to deduce completely
the bi-dimensional pattern of toroidal and poloidal flows.
Moreover, evaluating equation (7) along the plasma mid-plane,
provides an expression for the radial electric field showing that
it is determined only by the rigid body portion of the toroidal
rotation (combining equation (13) with the radial force balance
equation leads to the same result):

ER = 1

nZe

∂p

∂R
+ sj ω̂(ψ)RBp. (17)

Since the quantity ω̂(ψ) can be obtained experimentally from
equation (15), from a measurement of the inboard–outboard
asymmetry of ft one can, in principle, accurately deduce the
radial electric field, using only toroidal viewed measurements.

If the electrostatic potential is a flux function,
equations (5), (6) and (7) can be simply combined to obtain
a variant of equation (16) accounting for arbitrary poloidal
density variations. This would be the case if the impurity
concentration is small and the inertial effects are negligible for
the main ions. The electrostatic potential is then still expected
to be constant on a flux surface, as is the main ion density (from
the lowest order parallel force balance b · ∇pi = −enib · ∇φ,
where pi the main ion pressure). For the impurities, assuming
that the temperature is a flux function, equation (16) becomes

K(ψ) = sb

F

(
ut,H

RH
− ut,L

RL
− sj

T

Ze

∂ ln nH/nL

∂ψ

)

×
(

1

nHR2
H

− 1

nLR2
L

)−1

(18)

with nû = K(ψ) and nH, nL the impurity density at the high-
and low-field sides, respectively. The origin of any impurity
asymmetry is left unspecified. The above equation will be
used in section 4 to test the impact of observed carbon density
asymmetries on the indirect poloidal rotation measurement.

In this section, we have showed that, under rather general
conditions, the asymmetry of toroidal frequency can be
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interpreted as an indirect measurement of poloidal velocity up.
From an experimental perspective, the indirect measurement
has also an interesting potential for improved precision and
accuracy. This is qualitatively understood from the 4q

amplification factor in equation (1). To address the question
quantitatively, we rewrite equation (1) to express the poloidal
rotation as a function of the toroidal rotation measured at LFS
and HFS locations (L and H subscripts respectively) of the
same flux surface:

up ≈ 1

4q
(�ut + 2εūt), (19)

where �ut = ut,H − ut,L, ūt = (ut,H − ut,L)/2, ε = r/R0

is the local inverse aspect ratio and up the poloidal rotation at
the LFS. The term 2εūt at the right-hand side represents the
part of toroidal velocity asymmetry associated with toroidicity
(RH < RL).

If the measurements ut,H, and ut,L are affected by random
errors σt,L ≈ σt,H ≈ σt , this uncertainty will propagate to a
poloidal velocity error σp ≈ σt/(q

√
2). At the same time,

systematic errors δut,L ≈ δut,H ≈ δut , for example those
associated with the wavelength calibration or the value of
the wavelength at rest, will partially cancel algebraically in
equation (19), and, as a result, the indirect measurement of
poloidal rotation will be affected by an off-set error δup ≈
δutε/(2q). For magnetic configurations typical of TCV,
this factor is easily lower than 0.05, making the indirect
measurement extremely robust against off-set type of errors.

This error analysis only considers uncertainties associated
with toroidal rotation measurements. Other error sources
specific of the indirect measurement can degrade the accuracy
and precision of the method, for example those descending
from the approximate knowledge of the magnetic equilibrium.
A detailed description of error analysis on experimental cases
will be provided in section 4.

3. Experimental setup

Although the link between poloidal rotation and toroidal
rotation was recognized in early theoretical studies, (e.g. [29],
where the importance of the asymmetrical part of toroidal
frequency in the edge region was emphasized), measurement
of rotation over the inboard region of a tokamak plasma
is uncommon. This can be mostly ascribed to practical
considerations such as limited diagnostic access to the inboard
side, constrained by the presence of the central solenoid.

Active CX measurements require a neutral donor
population, usually provided by heating or diagnostic beams;
in many devices, these beams do not reach the inboard
region, either as they are aligned tangentially or due to strong
attenuation when traversing the plasma core.

Following a growing interest in the inboard plasma flow,
the situation is progressively changing. Gas puff techniques
from central column injectors are used for inboard CX
measurements, but the spatial coverage remains restricted to
the extreme plasma periphery as the donor cloud penetrates
only a short distance into the confined plasma region [13, 30].
Alternatively, the neutral beam geometry and energy can be
optimized for radial penetration, as on the TCV tokamak,
where a diagnostic neutral beam (DNB) was used to obtain
the first spatially and temporally resolved measurements of

toroidal rotation across the full plasma diameter [31], and
address the structure of first-order plasma flows. Recently,
similar measurements were also reported from the DIII-D
tokamak [21].

TCV is a medium sized tokamak (R0 = 0.88 m, a =
0.25 m, Bt = 1.45 T, Ip < 1 MA), with an elongated
vacuum vessel and a flexible control system that can generate
a wide variety of plasma shapes [22]. Up to 4.5 MW of
auxiliary electron cyclotron heating (ECH) is available from
nine gyrotron sources. No auxiliary ion heating was used for
the experiments reported herein. Plasma rotation is measured
by the CXRS diagnostic [31–33] from the Doppler-shifted
active CX emission of carbon impurities (optimized for CVI
(n = 8 → 7), 529.1 nm).

The neutral donor population is provided by a quasi-
perpendicular diagnostic neutral beam (DNB) [34], which
injects neutral hydrogen at an angle of 11.25◦ in the counter-
clockwise toroidal direction as viewed from above. The beam
acceleration voltage is VDNB = 50 kV. With a cold cathode arc-
discharge plasma generator and tailored ion optical focusing,
proton (H+) beam fractions of 85% and beam divergence of
0.5◦ are attained, at an equivalent neutral current of IDNB ≈
1.6 A. Typically operated with pulses with a 1 : 2 duty cycle for
spectral background subtraction, the DNB (<80 kW injected
into tokamak) perturbation of energy and momentum balance
may be neglected.

The CXRS diagnostic comprises three separate diagnostic
systems, each constituted by an optical collection system
consisting in a periscope and a focusing lens; a bundle
of 40 optic fibres that transport the collected light to the
measurement instruments; a monochromator that resolves the
spectral features of the observed line; and a CCD camera
working as a multi-channel detection element. Light collected
from each system is analysed by a separate monochromator,
equipped with double slit at the entrance and a demagnifying
element at the exit allowing 40 spectra on the CCD detector
to be imaged simultaneously. The collection systems are
arranged to provide two horizontal views and one vertical view
(figure 1). Each system collects light from two arrays of 20
lines of sight (LOS), aligned so as to sample the same radial
locations along the DNB path, at the vessel mid-plane.

Overall, the HFS and LFS horizontal systems measure
the toroidal rotation over the full plasma diameter with a
slight overlap at the machine centre, with LOS spaced by
≈15 mm at the intersection with the beam. The vertical CXRS
view used for direct poloidal rotation measurements has a
smaller LOS spacing ≈7 mm, but only covers the outer half
of the outboard minor radius (ρψ > 0.4). The diagnostic
temporal resolution is determined by the detector exposure
time which, for these experiments, varied between 12 and
30 ms. A spectroscopic wavelength calibration is performed
using reference spectra from a cold neon tube, automatically
acquired on all spectrometers after each plasma discharge. It
is important to note that, owing to the low ion temperatures
(Ti < 900 eV) and the nearly perpendicular observation of
the beam, the apparent velocity component associated with
the energy dependence of the CX cross section may safely
be neglected particularly as the full energy beam component
dominates the CVI (n = 8 → 7) spectral line intensity [31].

In the reported experiments, unless stated otherwise,
deuterium plasmas were in the L-mode confinement regime,
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( (

Figure 1. Horizontal (a) and vertical (b) sections of the TCV device. Schematic of the DNB footprint and the observation geometry of the
CXRS diagnostic systems are shown (for each system, only 4 of the 40 chords are displayed). Sign conventions for the toroidally and
poloidally directed quantities are indicated.

with the central column acting as limiter. The direction of
Ip and Bt were changed independently. As in section 2, ut ,
Ip and Bt are positive if clockwise from the top; up and Bp

are positive if upward at the outboard mid-plane (figure 1)
(opposite to usual TCV convention). The normalized poloidal
flux ρψ = √

(ψ − ψ0)/(ψa − ψ0) is used as the radial flux
coordinate, with the subscript 0 indicating the magnetic axis
and a is the plasma boundary.

4. Examples of indirect poloidal measurements

A detailed analysis for TCV 45142 (Ip = +160 kA, Bt =
+1.42 T), where second harmonic ECH was used to modify
the plasma rotation, is first presented and figure 2 shows
the temporal evolution of selected plasma parameters. An
initial ohmic phase is followed by two periods of increasing
ECH from up to two gyrotrons, PECH = 0.5 MW at 0.75 s
and PECH = 1.0 MW at t = 1.4 s. The ECH power is
deposited off-axis (0.5 < ρψ < 0.75), with ≈95% absorption.
The plasma stored energy, measured by a diamagnetic loop,
remains in the range 4–5.5 kJ. During the 1.8 s duration flat
top, the main plasma parameters such as plasma current Ip =
160 kA, electron density ne ≈ 3 × 1019 m−3, Bt = 1.4 T
and edge safety factor qe = 7.5 vary by <5%, permitting the
analysis of extended time windows (∼100 ms) to increase the
measurement statistics. During the ohmic phase, the plasma
exhibits a sawtoothing instability with a small inversion radius
ρψ = 0.1 and a period of 3 ms, considerably shorter than the
12 ms exposure time of the CXRS diagnostic. The off-axis
ECH then stabilizes the sawteeth after t = 0.75 s.

At these intermediate densities ne ≈ 3 × 1019 m−3, the
full energy beam current density at the HFS edge, integrated
along observation chords, is about 60% of that at the LFS,
due to beam divergence and plasma attenuation. Figure 2(d)
illustrates the intensity of the CX carbon line for two channels
at R = 0.76 m and R = 1.00 m, which lie on the same

normalized poloidal flux surface ρψ = 0.6. The small intensity
increases coincident with the DNB pulses, demonstrate the
relatively low active to passive ratio of A/P ∼ 5–10%.
Figures 2(f ) and (g) show, for the same channels, the carbon
spectra after subtraction of background emission, averaged
over the time interval 0.85 < t < 1.35 s (first ECH phase).
Typical values of S/N ∼ 5–10 allow statistic uncertainties
in the deduced rotation of the order of 5 km s−1 where poor
photon statistics is the main source of uncertainty. CXRS
intensities depend linearly on the carbon content and, with
such a weak beam, the performance depends strongly on the
background emission level. The latter can change substantially
throughout the experimental campaign following the quality of
wall conditioning.

The toroidal rotation velocity for the two selected channels
is plotted in figure 2(e). Error bars include uncertainties
associated with the spectral fit, wavelength calibration and
background subtraction. In the ohmic phase, the plasma
rotates in the counter-current direction (negative values) at
both locations, with values of 25 and 10 km s−1. As the ECH
input is increased, the rotation at the LFS and HFS increases
towards positive values with an approximately constant offset
of ≈10 ± 2 km s−1.

Figure 3 shows the toroidal rotation velocity and rotation
frequency, measured over ohmic (t = 0.55–0.74 s) and 1 MW
ECH (t = 1.51–1.76 s) time windows. The figure combines
measurements from the two diagnostic spectroscopic systems,
for the HFS (red) and LFS (blue). As expected for this low
density ohmic L-mode discharge [35–37], the plasma rotates
in the counter-current direction (ut < 0) with central velocities
≈30 km s−1, smaller towards the edge. The flattening of the
central region R = 0.80–0.93 m is associated with the periodic
sawtooth relaxations. Within the uncertainties, the profiles
match at the magnetic axis (Raxis = 0.88 m), confirming
the relative wavelength calibration. Towards the plasma
edge a strong asymmetry of ut develops: the HFS profile
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Figure 2. Evolution of discharge parameters for TCV discharge 45142: (a) plasma current Ip, ohmic and ECH power Pohm, PECH; (b) on
axis and edge safety factor; (c) electron density and DNB neutral equivalent current; (d) CX intensity for two selected CXRS toroidal
chords; (e) toroidal rotation obseved by the same chords. CXRS spectra for two channels observing the same poloidal flux surface for the
inboard (f ) and outboard (g) regions. The spectra are averaged over the first ECH phase, 0.8 < t < 1.35 s.

shows a steeper radial gradient so that for R < 0.73 m, ut

becomes positive, indicative of reversed rotation direction (co-
current). In the ECH phase, for the lower core velocity,
this transition occurs further into the plasma at R = 0.78 m
(figures 3(c) and (d)).

In figures 3(b) and (d), the profiles of ft are mapped to
the flux label ρψ , showing that the difference of HFS and LFS
rotation increases radially, reaching values of �ft ≈ 15 kHz

at ρψ ≈ 0.85. Interestingly, on some flux surfaces, the plasma
rotates toroidally in the opposite direction at the HFS and LFS.
This is clearly not compatible with a rigid body rotation but
can be explained if the poloidal rotation is finite. In fact, the
toroidal frequency asymmetries are consistent with a poloidal
flow in the electron diamagnetic direction, generating a finite
û(ψ)Bt ∼ 10 km s−1 contribution to the toroidal flow, in the
co-current direction.
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Figure 3. Profiles of toroidal rotation velocity ut measured during ohmic (a) and ECH (c) phases of TCV 45142 plasma discharge, with the
corresponding toroidal rotation frequency ft = ut/R, at the HFS and LFS, plotted as a function of the flux label ρψ (b), (d).

The HFS and LFS measurements are now used to calculate
the flux functions ω̂ and û that fully characterize the plasma
flow through equation (5). First, the HFS and LFS profiles of
ut(ψ) are separately fitted with cubic spline curves as shown
in figure 3; then equations (15) and (16) are used to compute
ω̂ and û(ψ) from the fit curves. The results obtained for the
ohmic phase are illustrated in figure 4(a). The rigid body
component of the flow ω̂ is negative with a central frequency
peaking at −60 kHz and the edge frequency around −20 kHz.
The flux function û is almost constant across the minor radius
and about 10 km s−1 T−1. This implies that the total toroidal
rotation frequency ut/R is always more positive than its rigid
body component ω̂, as can be checked by comparing with the
ut/R profiles at HFS and LFS of figure 3. Once û(ψ) is known,
it is easy to calculate the poloidal rotation at any location using
up = sj û(ψ)Bp. The dependence of up on the poloidal angle
is shown in figure 4(b) for three radial locations and simply
reflects the poloidal variation of Bp. As Bp decreases to zero
towards the magnetic axis while û does not vary much, up is
found decreasing with decreasing ρψ .

The calculation of ω̂ and û depends critically on the
accurate knowledge of the mapping functions RH(ψ) and
RL(ψ) and the magnetic field components. To examine the
accuracy of the equilibrium reconstruction the ion temperature
profile Ti(ψ) obtained from the HFS and LFS systems

are compared in figure 5(a). The profiles overlap within
the measurement uncertainty, supporting the equilibrium
reconstruction and the assumption that Tc is constant on a
flux surface. The carbon density also appears to be in–out
symmetric although there is some indication, at the limit of
the measurement accuracy, of higher density at the LFS. In
our analysis, we consider these quantities as poloidal flux
functions and expect the plasma flows to be structured as
described in equation (5). The impact of density asymmetries
on the measurement will be assessed a posteriori in
section 5.

Uncertainties in the indirect up estimation arise from
uncertainties in the Doppler-shift rotation measurements, the
magnetic reconstruction mapping and the local magnetic field
value. The total uncertainty of the up profile is determined
using a Monte Carlo method, described in detail in appendix A.
A statistically relevant ensemble of M = 1000 of up

profiles is computed from the experimental input profiles
of ut(R) and Bt(R), accounting for the uncertainties of the
rotation values, the measurement locations and the equilibrium
reconstruction. To estimate the uncertainties in the RH(ψ) and
RL(ψ) mapping, a standard deviation of 0.5 cm is assigned
to the equilibrium position, i.e. ∼2% of the minor radius.
The average profile over the ensemble is taken as the indirect
measurement of up and one standard deviation its uncertainty
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Figure 6. Top panels: comparison between poloidal rotation profiles determined by the indirect measurement, direct measurement and
neoclassical prediction. Bottom panels: electric field calculated at the LFS mid-plane, using the force balance equation and the HFS-LFS
asymmetry of toroidal frequency.

(i.e. the error bar indicates the conventional 68% confidence
level).

Figure 6 shows the up profile evaluated at the outboard
mid-plane, for the time windows 0.55–0.74 s (ohmic) and
1.51–1.66 s (1 MW ECH). The combined uncertainty of
±1 km s−1 unequivocally implies that the plasma rotates
poloidally in the electron diamagnetic direction (positive
values), with velocities of ≈2 km s−1 at mid-radius, decreasing
to zero towards the magnetic axis (where Bp = 0).

TCV’s vertical CXRS system provides a direct
measurement of up at the outboard mid-plane (figure 1). The
measured profiles, included in figure 6, show up ≈ 0 km s−1

during the ohmic phase, increasing to ≈2 km s−1 in the
ECH phase. During the ECH phase, improved agreement
between the two measurement methods is observed. As the
2 km s−1 uncertainty in the direct measurement corresponds to
one measurement standard deviation, the direct and indirect
measurements may always be considered compatible in the
ohmic and ECH phases. It is clear that, for these conditions,
given the small value of up and the weak S/N and A/P levels,
the direct measurement does not attain the accuracy required
to unambiguously resolve the poloidal rotation direction.

The bottom panels in figure 6 show the radial electric
field calculated from the force balance equation, evaluated
at the LFS mid-plane for C6+ impurity using the indirect
poloidal rotation measurement. The total ER < 0 is of
the order of 4–6 kV m−1, with an uncertainty of ±1 kV m−1,
unequivocally inwards for most of the plasma cross section.

Note that the contribution from poloidal rotation is substantial,
and dominates for the ECH case. The ability of the
indirect measurement to resolve the direction of small poloidal
velocities up (compared with the direct measurement) allows
us to determine the direction of the E × B drift velocity, a key
parameter for the interpretation of microinstabilities studies
and fluctuation measurements.

5. Comparison with neoclassical theory

The indirect measurement of carbon poloidal rotation has been
compared with the neoclassical predictions calculated using
the NEOART code [38] in the limit of a stationary plasma
composed by deuterium main ions and C6+ impurity. This
assumption is supported by the good agreement found between
estimates of the effective charge Zeff obtained assuming
carbon dominant impurity with the value estimated from the
neoclassical conductivity.

The input density and temperature profiles are taken from
Thomson scattering measurements for the electrons and CXRS
carbon impurity measurements for the ions. The deuterium
density is derived from quasi-neutrality nD = ne −6nC and the
ion species are assumed thermalized (TD = TC). This approach
restricts the validity of the calculation to plasma regions where
carbon C6+ is the dominant impurity, which corresponds to
ρψ < 0.8, for the scenarios addressed in this work. The effect
of parallel electric field is included in the calculation, based on
the experimental loop voltage.
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It is of key importance to assign meaningful uncertainties
for the theoretical prediction. This was again accomplished
using a Monte Carlo method (see appendix A), that involved
performing the NEOART computation for an ensemble of
M = 1000 input datasets, and calculating the ensemble
average and standard deviation of each output quantity as the
neoclassical prediction and its corresponding uncertainty.

The impact of H fuelling by the DNB was examined by
repeating the neoclassical simulations with a small amount of
hydrogen in addition to deuterium and C6+ (nH/nD = 0.15).
The resulting change of the predicted poloidal rotation was
found to be negligible and the results shown below ignore
hydrogen.

The neoclassical prediction of C6+ poloidal rotation,
calculated in the ohmic and EHC phases of TCV 45142,
is over plotted in figures 6(a) and (c). In both cases,
excellent agreement between theory and experiment is found
i.e. an electron diamagnetic drift directed up of magnitude
1–2 km s−1. The calculations also indicate that the higher
electron heating does not affect the ion kinetic profiles
sufficiently to induce substantial changes in the neoclassical
flows.

It should be stressed that since equation (13) applies to
each given plasma species separately [29], the impurity species
used for the CX measurement (carbon) and main ion species
(deuterium) can manifest different degrees of asymmetry. As
TCV neoclassical calculations typically yield ûD < ûC, a
smaller asymmetry is expected for main ion toroidal rotation

and a rigid rotor approximation (ut,D ≈ ω̂DR) still provides
a reasonable approximation of the main ion toroidal plasma
flow. To exemplify this, we provide the flow structure for
the main ions, for the ohmic phase of TCV 45142, computed
using the neoclassical prediction for ûD and equation (7) for
ω̂D (figure 7). In this case ûD � 0.2ûC and, as a result, the
asymmetry of deuterium toroidal rotation frequency remains
everywhere below 3 kHz, much smaller than what is observed
for carbon.

Exploiting the inboard–outboard asymmetry of ft , we
determined the structure of carbon flows and, in particular, the
poloidal rotation profile, for a number of plasma discharges
with varying magnetic configurations (central column limited
or diverted with lower single null), heating scheme (from
ohmic up to 1 MW ECH) and plasma current and toroidal field
direction (independently).

Stationary plasma configurations were obtained at central
electron temperature and density of Te = 800–1200 eV, ne =
(1.5–6.5) × 1019 m−3. By changing the inductive current, the
safety factor, taken at 95% of the poloidal flux, was varied
between q95 = 3.5–6.5. For ρψ < 0.8, the ion collisionality
was in the low collisionality banana-plateau regime 0.2 <

ν∗
ii < 2.4, with ν∗

ii = (νiiqR/ε3/2)
√

mi/2Ti. Depending on
the plasma scenario, extremely different (intrinsic) toroidal
rotation profiles were observed, including co- and counter-
current directed cases, with values spanning from ut ∼ −40
(cnt-Ip) to +20 (co-Ip) km s−1. HFS–LFS �ft asymmetries of
the order of 5–10 kHz were consistently observed.
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Figure 8. Toroidal rotation profiles (a), (c) and indirect poloidal rotation measurement (b), (d) for two cases: lower single null, co-current
rotating discharge (TCV 45339, left) and limited cnt-current rotating with negative Bt and Ip (TCV 27098, right). For the second discharge
the HFS CXRS measurement coverage was limited to 0 < ρψ < 0.6.

Figure 8 details the results obtained for two cases. In
TCV discharge 45339 (Ip = +250 kA, Bt = +1.42 T ne =
4 × 1019 m−3) plasma was confined in diverted lower single
null configuration. As described in previous publications,
for these conditions, a stationary co-current directed ut

profile develops [36], here reaching values 25 km s−1 at the
magnetic axis. A significant asymmetry of ft is observed
for ρψ > 0.4, which is outside the sawtooth inversion
radius, increasing towards the plasma boundary to up to
20 kHz. The associated up of 2 km s−1 for 0.5 < ρψ < 0.9
agrees with the neoclassical prediction. Note that the direct
measurement does not provide the correct sign for up, albeit
large direct statistical uncertainties of the order of 3 km s−1 do
not permit further comparison with the indirect measurement.
However, the indirect measurements favourably compare with
the neoclassical predictions.

TCV discharge 27488 has a limited plasma configuration
with plasma parameters close to that of TCV 45142 shown
in figure 3, but with reversed toroidal magnetic field direction
(Ip = +160 kA, Bt = −1.42 T ne = 4 × 1019 m−3). In this
experiment, only a preliminary arrangement of the toroidal
HFS view was available [31], with nine channels covering the
inboard mid-plane region from the magnetic axis to ρψ ≈ 0.6.
With active to passive signal ratios of ≈50% significantly
better accuracy in the ut measurement was attained. The
toroidal frequency asymmetry develops at inner location, with
ft,H − ft,L > 0, i.e. in the co-current direction, as found for
the Bt > 0 case. This indicates that the flux function û(ψ)

changes sign upon Bt reversal. Consequently, the inferred up

also changes sign, with up ≈ −1 km s−1 inferred at mid-radius.
Poloidal rotation remains directed in the electron diamagnetic
drift, in agreement with the neoclassical predictions.

The results obtained over the entire dataset are
summarized in figure 9, where the indirect measurements of up

are plotted as a function of the neoclassical predictions. Here,
up is evaluated at outboard mid-plane and data are averaged
over radial intervals of �ρψ = 0.1 from ρψ = 0.2 to ρψ =
0.8. Within an accuracy of 1 km s−1, neoclassical prediction
and experimental measurement correlate well. Inclusion
of data from negative Bt experiments populates the graph
with negative values. Data-points marked with black faces
correspond to measurements with central ut in the co-current
direction. Within the error bar, up was always measured and
predicted in the electron diamagnetic drift direction.

Strictly speaking, since NEOART assumes the flow
structure of equation (12), a comparison between experimental
observations and modelling is meaningful only if flows can
be expressed in this form, with equation (16) used to infer
û. In a few cases, a sizeable difference between HFS and
LFS carbon density was measured, with nC,H/nC,L ≈ 0.7
at mid-radius. These observations of poloidal asymmetry
of the carbon density remain, to date, unexplained and will
be the subject of future investigation. Their impact on
the indirect poloidal rotation measurement was estimated
using equation (18) instead of equation (16) to determine
up. At the LFS mid-plane, the poloidal rotation inferred
using equation (18) is systematically lower by about
0.5 km s−1.
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6. Discussion and conclusions

The reported investigations demonstrate that, by exploiting
the poloidal asymmetry of toroidal rotation, the complete
bi-dimensional plasma flow can be obtained, which includes
an accurate indirect measurement of poloidal rotation relevant
for a comparison with theoretical models.

The major advantage of this technique is that any
poloidal velocity is amplified in the difference of toroidal
frequency �ft by a factor ≈4q/R0. In fact, Doppler shifts
associated with the measurement of toroidal rotation generally
exceed the spectroscopic measurement uncertainties, that
often dominate the direct measurement of km s−1 plasma
poloidal velocity. A measurement of the difference between
two Doppler shifts is also less affected by uncertainties
on the calibration wavelength of the spectroscopic line.
Although not yet implemented on TCV, this could be further
improved by using the same spectrometer to measure both
inboard and outboard values where only the stability of the
spectrometer’s dispersion would be pertinent. For an active
CX measurement, this indirect measurement is less vulnerable
to issues associated with the finite lifetime of the excited state
of the emitting impurity [12, 39] that influence observational
views perpendicular to the magnetic field.

On the other hand, uncertainties related to the mapping
of HFS and LFS profiles on a flux variable and increased
error associated with a difference of two measured quantities
can limit the precision of the measurement and, for CX
measurements, obtaining a significant neutral density on the
HFS with LFS injection is probably not viable in large
machines.

In the analyses performed for this paper, which mostly
used existing data, the CX diagnostic did not benefit

from optimal S/N and/or active to passive signal ratios.
Nevertheless, the indirect measurement was successful in
determining a poloidal rotation direction with a high degree
of confidence that equalled and in most cases outperformed
the direct measurement.

The indirect measurement method was applied to L-mode
tokamak plasmas but can be employed for any toroidal axi-
symmetrical confinement configuration, provided that flows
are divergence free on flux surfaces. This requires the
component of the flow perpendicular to the flux surface to be
zero to leading order. In the presence of strong particle sources
or large variation in radial particle transport this condition may
not be satisfied: here the flows cannot be expressed in the form
of equation (12) and asymmetries can arise independently of
the poloidal rotation value [13, 30]. The presence of non-axi-
symmetric magnetic perturbations, such as those associated
with MHD modes or externally applied 3D fields, could also,
in principle, reduce the reliability of this approach.

Although the indirect measurement was tested for a
charge exchange diagnostic, it is applicable for any velocity
measurement technique. For example, in ITER [40], an
appropriate arrangement of a x-ray crystal based diagnostic
[41] could provide a viable way to measure ut , up and Er in
the plasma core, where CX diagnostics will be limited by beam
attenuation.

For the dataset presented, in the region of the plasma
where the indirect measurement is thought reliable (ρψ <

0.8), the poloidal rotation of the carbon C6+ impurity was
found consistently in the electron diamagnetic drift direction
and in quantitative agreement with neoclassical predictions.
Although the parameter space explored was large, without
auxiliary ion heating, only a relatively small range of |up| <

2 km s−1 was sampled, limiting the capability of investigating
the dependence of the measured poloidal rotation on plasma
parameters. In particular, no clear correlation emerged with
the gradients of ion temperature or carbon density (dTi/dR =
0–3.5 kev m−1, dnC/dR = (0.1–2 × 1019 m−3 m−1).
Furthermore, for the dataset included in the study, the ion
collisionality remained in the low collisionality banana-plateau
regime 0.2 < ν∗

ii < 2.4, with ν∗
ii = (νiiqR/ε3/2)

√
mi/2Ti.

More stringent tests of the theoretical predictions could be
performed by operating at reduced toroidal field.

Although no deviation from neoclassical poloidal rotation
emerged from the reported TCV dataset, such conditions may
exist for other plasma scenarios.

Appendix A. Monte Carlo approach to the
evaluation of uncertainties

Even where all experimental quantities are known with
appropriate uncertainties, error propagation for derived
quantities is often complex. This is the case, for example,
when gradients of quantities resulting from fitting procedures
are concerned, or when the derived quantity is the result of
complex numerical computation. In these and other cases, a
practical solution is to adopt a Monte Carlo approach.

Consider a function of multiple variables f (x, y, z . . .),
where x, y, z correspond to quantities that are measured
experimentally. Although not necessary, in this context, it
may be helpful to think x as a space variable (e.g. ρψ ) and y,
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z, etc as extensive quantities evaluated at the x locations (e.g.
Te). The function f can contain an explicit dependence on
the gradients of the variables. For example it may represent
a gradient operator or a complex computation involving non-
linear operations, such as a non-linear fitting optimization.

For each variable, for instance x, the experimental
measurements are represented by a set of N values {xi}i=1,...,N ,
with their uncertainties {δxi}. We assume that the experimental
quantities obey a normal distribution, and that the uncertainties
represent a statistical variance. Our scope is to obtain a
set {fi, δfi}. For each measurement xi a set of M ‘virtual’
measurements {xij }j=1,...,M is generated randomly, following
a normal distribution, in such a way that:

xi = 1

M

∑
j

xij , (A.1)

δx2
i = 1

M

∑
j

(xij − xi)
2. (A.2)

The same expansion is performed for all variables. For each
index j = 1, . . . , M a particular evaluation of the f function
is computed:

fij = f (xij , yij , zij ). (A.3)

The final result is obtained taking the average and standard
deviation over the ensemble {fij }j=1,...,M :

fi = 1

M

∑
k

fij , (A.4)

δf 2
i = 1

M

∑
j

(fij − fi)
2. (A.5)

Note that the final uncertainty conserves the statistical meaning
of variance.

The advantage of this approach is that it does not require
analytic error propagation formulae that in many cases are
difficult to derive and it does not use a linear expansion
typically favoured in error propagation analysis.

In the context of this paper, the method has been applied
for the fitting of the experimental profiles; for the calculation of
the ω̂(ψ) and û(ψ); and in the calculation of the neoclassical
quantities.

Appendix B. Formulation independent of coordinate
conventions

In section 2, the local poloidal and toroidal rotation have been
related to the two flux surface functions ω̂ and û. The latter
can take different signs, and the respective contributions to the
total flow or to the radial electric field might cancel out in some
cases. Therefore, it is important to have the correct signs when
defining a poloidal or toroidal component.

In practice, the task is often complicated by the use of
many different conventions for the direction of increasing
toroidal and poloidal angles, the sign and normalization of
the poloidal flux, etc. The tokamak coordinate convention
scheme (COCOS) proposed in [25] represents a powerful tool
to account explicitly for the sign conventions.

In this section, we present the formulae most relevant
to the indirect measurement of poloidal rotation, expressed
in the COCOS formalism. These expressions contain
the information about the coordinate conventions in a

parametrized form. Once a convention system is specified,
the corresponding formulae are readily obtained.

In the COCOS formalism the magnetic field vector takes
the form

B = F̃∇ϕ + σBp
1

(2π)eBp
∇ϕ × ∇ψ, (B.1)

where F̃ = sign(B · ∇ϕ)F , with F = |RBt| > 0. The
values of the parameters σBp and eBp are uniquely defined
by the COCOS index associated with the conventions (table
I of [25]). For example, the conventions used throughout this
work correspond to the COCOS index 2, for which σBp = 1
and eBp = 0.

The general expressions, independent of coordinate
conventions, for the flux functions ω̂ and û are

ω̂(ψ) = (2π)eBpσBp

(
∂φ

∂ψ
+

1

Zen

∂p

∂ψ

)
, (B.2)

û(ψ) = u‖
B

− (2π)eBpσBp

(
∂φ

∂ψ
+

1

Zen

∂p

∂ψ

)
F̃

B2
. (B.3)

The flux functions ω̂ and û combine to give the toroidal flow
of the given species:

uϕ = ω̂(ψ)R + û(ψ)F̃ /R. (B.4)

The latter equation, evaluated at the inboard and outboard
location of a flux surface, is then used to obtain the flux
functions from the toroidal flow measurement:

ω̂(ψ) = (
ut,HRH − ut,LRL

) × (
R2

H − R2
L

)−1
, (B.5)

û(ψ) = 1

F̃

(
ut,H

RH
− ut,L

RL

)
×

(
1

R2
H

− 1

R2
L

)−1

. (B.6)

Following the COCOS system, the component of the electric
field perpendicular to the flux surface reads

E · ∇ψ

|∇ψ | =
[

1

Zen

∂p

∂ψ
− ω̂(ψ)

σBp

(2π)eBp

]
(2π)eBpRBp, (B.7)

where Bp = |∇ϕ×∇ψ | = |∇ψ |/[(2π)eBpR] is the norm of the
poloidal magnetic field. It is important to note that, depending
on the conventions and the direction of the plasma current,
sign(∇ψ) can be positive or negative. In order to have the
electric field related to an outward radial direction, one needs
to use the same transformation as in equation (24) of [25].
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