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Abstract

®

CrossMark

An overview of intrinsic plasma rotation studies in Ohmic L-mode discharges carried out in the
Tokamak Chauffage Alfvén Brésilien (TCABR) tokamak is presented. Measurements of plasma
poloidal and toroidal rotation, and a comparison against neoclassical theory, are presented. The
results show that poloidal rotation is in good agreement with neoclassical theory while toroidal
rotation is found to be anomalous. A new technique that allows for high temporal resolution
measurements of plasma rotation is presented. This technique is used to test two models of
intrinsic toroidal rotation: the so-called Helander model (Helander et al 2003 Physics of
Plasmas 10 4396) and Rozhansky model (Rozhansky 2013 Perpendicular currents and electric
fields in fully and partially ionized magnetized plasma Physics of Plasmas 24 101614). As
TCABR is a relatively small device, the influence of the neutrals that form the basis of this
model is expected to be enhanced. The results indicate that the mechanism proposed by
Helander does not contribute significantly to the intrinsic toroidal rotation in TCABR plasmas.
The measurements, however, indicate that the frictional force proposed by Rozhansky might be
responsible for part of the intrinsic toroidal rotation observed in TCABR plasmas.

Keywords: plasma physics and controlled fusion, spectroscopy, plasma rotation

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

1. Introduction

According to neoclassic theory, the radial (normal to flux
surface) component of the electric field, E;, is expected to
play a significant role in the transport in high temperature,
low collisionality tokamak plasmas. In early studies, the rela-
tion between plasma confinement and E; was investigated via
measurements of the electric potential distribution [1, 2] and
also via spectroscopic measurements of plasma rotation [3].
Since no significant effect of E; on plasma, confinement was
observed, little attention was given to it. However, after the dis-
covery of the so-called high confinement mode (H-mode) of
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operation [4], which is believed to be caused by a spontaneous
bifurcation of the radial electric field, the need for accur-
ate measurements of E;, and, consequently, plasma rotation
became necessary. Nowadays, several studies have shown that
plasma rotation plays an important role in the performance
of tokamak plasmas [5-10]. Several benefits associated to
the plasma rotation have been routinely observed in present-
day tokamaks, such as reduction of growth rates of certain
magnetohydrodynamic (MHD) modes [11-13], or their com-
plete stabilization depending on the plasma conditions, and
improvements on plasma confinement through the suppres-
sion of turbulence via the E x B shear rate [14, 15]. In the
present day tokamaks, neutral beam injection (NBI) has been
used to attain the benefits associated with large plasma toroidal
rotation. In reactor-size machines such as ITER, however, the

© 2021 IOP Publishing Ltd  Printed in the UK
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moment of inertia of the plasma will be significantly larger.
Extrapolations of experimental data from existing machines
to ITER indicate that external momentum (torque) injection
through NBI (about 33 N-m [16]), in addition to the intrinsic
rotation, will not cause the plasma to rotate fast enough toroid-
ally to ensure attaining the associated benefits aforementioned.
Here, by intrinsic rotation is meant the one that arises when
no external momentum is injected into the plasma. Therefore,
predicting how the intrinsic rotation in ITER will depend on
particular discharge features, such as the direction of neutral
gas injection, is a quite a relevant issue. In principle, theoret-
ical models of momentum transport and sources, validated in
present-day tokamaks should be enough to provide meaning-
ful predictions of intrinsic rotation in ITER plasmas. However,
the theoretical understanding of the various relevant mechan-
isms are not yet sufficiently mature to provide reliable predic-
tions. The difficulties arise mainly from the complexity of the
various existing sources of intrinsic torque, such as transfer
of momentum to the edge via ion orbit loss, residual stress,
magnetic field ripple, among other effects. The lack of under-
standing is also, in part, related to the difficulty of performing
accurate measurements of plasma rotation, especially in the
poloidal direction [5-10].

There are many examples of the accurate predictions of
the neoclassical theory for the poloidal rotation, in par-
ticular, in standard tokamak discharges [17-19]. However,
there are examples of poor agreement, especially in dis-
charges with internal transport barriers and other non-standard
characteristics [20-23]. There are also examples in which the
measurements are just partially explained by neoclassical the-
ory [24-26]. Furthermore, neoclassical theory typically fails in
predicting plasma rotation in the toroidal direction. A compar-
ison between toroidal rotation measurements from different
machines shows that, not only the rotation speed can be signi-
ficantly different, but also the direction of the intrinsic rotation,
table 1. Note, however, that toroidal rotation reversal has been
observed in several machines during plasma density scans—
see [9, 27-29] including references in [9]. Table 1 shows the
intrinsic toroidal rotation in the plasma core of different toka-
maks. In the Tokamak Chauffage Alfvén Brésilien (TCABR)
tokamak, toroidal rotation measurements taken during limited
Ohmic L-mode plasmas show that, as observed in other toka-
maks [30-32], the plasma core rotates in the counter-current
direction, while the plasma edge rotates in the co-current dir-
ection [33]. The measured toroidal rotation in the plasma core
is approximately 20 km s~! and is in reasonable agreement
with the model proposed in [34].

In this work, an overview of intrinsic plasma rotation stud-
ies carried out on the TCABR tokamak is presented. Although
TCABR is a small device, the results obtained in this tokamak
give an integrated and comprehensive view of plasma rota-
tion behavior in discharges with a poloidal limiter and in the
collisional regime. Therefore, these measurements provide an
important baseline for comparisons with other machines and
also for modeling studies as shown in [33, 45, 50, 51]. This
overview is organized as follows: in section 2, the main para-
meters of the TCABR tokamak are given. In section 3, pol-
oidal rotation measurements are compared with neoclassical

theory predictions. In section 4, a new technique that allows
for high temporal resolution measurements of plasma rota-
tion is presented. Toroidal rotation measurements obtained
with this technique are compared with predictions from the
Helander and Rozhansky models. The results are summarized
in section 5.

2. The TCABR tokamak

The measurements of plasma poloidal and toroidal rotation of
carbon impurities presented in this work were carried out in
the TCABR tokamak. TCABR is a small size tokamak with
major radius Ry = 0.61 m, plasma minor radius @ = 0.18 m,
and maximum discharge duration of 100 ms. The measure-
ments were taken during Ohmic discharges of circular cross
section, in the low confinement mode (L-mode), limited by
a poloidal limiter made of graphite, and in the collisional
(Pfirsch-Schliiter) transport regime. The global plasma para-
meters in these discharges were: a = (0.18 £ 0.01) m, edge
safety factor gedge = (4.1 £ 0.5), Ohmic heating power Pop, =
(230 £+ 50)kW, plasma current I, = (90 + 15)kA and tor-
oidal magnetic field, measured at Ry, By = (1.1 £ 0.05)T.
Radial profiles of electron temperature, 7., and density, 7.,
were measured using a Thomson scattering system [52] and
C>* carbon impurity temperature, 7;, and density, 1y, were
measured via spectroscopy. Rotation velocity in both poloidal,
V1,6, and toroidal, Vi 4 directions were also measured via spec-
troscopy [53]. The effective ion charge was measured dur-
ing typical TCABR discharges using the excitation of global
Alfvén modes [54], by an external antenna, and was found to
be Zeff =~ 3.

3. Plasma poloidal rotation studies

3.1 General background

Neoclassical transport theory predicts that magnetically con-
fined plasmas in toroidal geometry must rotate in both poloidal
and toroidal directions with velocities approximately given
by kgT;/ eBga (<10 km s~ in the poloidal direction and
kpT;/eBga (10 — 100 km s~1) in the toroidal direction. Neo-
classical plasma poloidal rotation can be estimated from the
flux surface average of the plasma parallel momentum balance
equation, i.e.

<minB' [?:+(uV)u]>: (B-(J xB))

—(B-Vp)—(B-(V-1I)).
€0

Here, m; is the main ion mass, n is the plasma density, p is
the total plasma pressure, J is the plasma current density, I1
is the plasma stress tensor and () denotes flux surface aver-
age. Rosenbluth, Hazeltine, and Hinton were the first to work
out this equation to provide an expression for the steady-state,
neoclassical plasma poloidal rotation velocity [55-57],
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Table 1. Intrinsic toroidal rotation, in km s’l, in the plasma core of different tokamaks. Positive values correspond to the co-current

rotation. Dataset extracted from [35] and extended.

Machine ur,¢ Ry (m) a (m) By (T) Ip (KA) Refs
LT-3 +5 0.4 0.1 1.0 33 [3]
PLT —15 1.32 0.4 3.0 600 [36]
JFT-2 —13 0.9 0.25 1.8 230 [37]
Torus 2 +16 0.3 0.2 0.67 250 [38]
PDX <3 1.40 0.45 2.5 600 [39]
TM-4 —7 0.53 0.085 1.5 25 [40]
ISX ~0 0.92 0.26 1.8 220 [41]
DIII-D -25 1.6 0.56 2.2 2000 [42]
JET —24 2.96 1.25 2.7 2500 [43]
TCA —40+40 0.61 0.18 1.5 100 [44]
TCABR —-20 0.61 0.18 1.1 100 [45]
Alcator C-Mod —60 0.68 0.22 5.4 800 [46]
TCV —40 0.88 0.25 1.44 180 [47]
Tore Supra —25 2.5 0.50 3.6 1000 [48]
Aditya-U —20+15 0.75 0.25 1.0 100 [49]

neo ky,F(4)Bo @ 2) o RByT, | 0O (. 0 !

b eZ;(B*) dy L= T 7B, |y n(n;) 700 n(ny)

Here, F(y)) = RB,, with B, being the toroidal component of
the equilibrium magnetic field, and &, is an adimensional para-
meter that depends on the transport regime: k, = —2.1 for
the Pfirsch-Schliiter regime, k,, = —0.5 for the plateau regime
and k,, = 1.17 for the banana regime. The main result of this
theory is that the neoclassical poloidal rotation of the main
ion, Vi, is proportional to the ion temperature gradient.
Subsequently, Mikhailovskii and Tsypin [58], using a kinetic
approach, found a more precise value for k, in the Pfirsch-
Schliiter regime (k, = —1.83), which has been confirmed by
other works [59, 60]. The main ion poloidal rotation, however,
is expected to be different from that of impurity ions of dif-
ferent charge states. Since measurements of spectral lines of
impurity ions are usually used to estimate the poloidal rotation
of the main ions, an expression relating the rotation of these
two species must be used. The rotation of the different species
that compose a plasma is regulated by the radial component of
the plasma internal electric field, which can be estimated from
the main ion momentum balance equation [61, 62],

R By dp;
eZi ny d¢’

E. = Vi 4By — VigBy+ 3)

where Z; is the main ion charge and n; is the ion density.
Equation (3) was first used in [30] to estimate how accurate
neoclassical transport theory can predict plasma rotation. The
radial electric field can also be estimated from the impurity ion
momentum balance equation,

RBy d

— (mTh). (€]

E, = Vi 4By — VIB
= VigBo — Vg d’+eZIn1dw

By combining equations (2), (3) and (4), and assuming that
T1 =T; and V; ¢ = Vj 4, an expression for the poloidal rotation
of impurity ions is obtained,

In the following section, the neoclassical poloidal rotation of
impurity ions, calculated using equation (5), will be compared
with measurements obtained in the TCABR discharges.

3.2. Comparison of poloidal rotation measurements with
neoclassical theory

In TCABR, the plasma rotation has been measured through
the Doppler shift of the line emission of both C2* and C>*
ions, with wavelengths \y = 464.74 nm and Ay = 529.05 nm,
respectively [33, 53]. This technique is usually quite challen-
ging, requiring highly accurate measurements due to the small
displacement of the spectral lines (AX < 0.01 nm). Figure 1
shows a schematic representation of the experimental arrange-
ment used to measure the poloidal rotation velocity of carbon
impurities. In this series of measurements, the lens located
in position 1 or 2 focuses the light from the plasma column
onto the optical fiber, transmits it to a second collimating lens.
Between the second lens and the entrance slit, a semi-mirror
is used to focus the light from the xeon lamp on the entrance
slit. During the tokamak discharge, the diffraction grating is
set to rotate, in order to scan both the spectral line of the car-
bon impurity and that from Xe lamp. If the time position of
both lines and the speed of the diffraction grating are known
with enough precision, then it is possible to determine the
wavelength of the carbon line. To obtain the rotation speed
of the diffraction grating and the number of shots necessary
to measure carbon impurity velocity with an uncertainty of no
more than 1 km s~!, the spectral lines Nel (533.07 775 nm),
Nel (534.10938 nm), and Nel (534.32 834 nm) of the Ne cal-
ibration lamp were scanned. Once the theoretical wavelength
of the spectral lines and the time interval between them are
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Figure 1. Schematic of the experimental setup used for poloidal
rotation measurements in the TCABR tokamak. Reproduced from
[53], with the permission of AIP Publishing.
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Figure 2. Temporal evolution of the C?7 and Xe (reference)
spectral lines used to measure the Doppler shift of the C2 ¥ spectral
line. Reproduced from [53], with the permission of AIP Publishing.

known, it is possible to calculate the speed of the diffrac-
tion grating. The results showed that the grating rotates with a
speed of 6891+ 0.007 nm s~1. On the other hand, to estim-
ate the required number of shots for meaningful statistics,
the wavelength of the third spectral line (534.32 834 nm) was
experimentally determined from the knowledge of the rotation
speed of the grating. This calibration procedure indicated that
10 shots were needed to obtain an uncertainty of 0.001 nm
in the wavelength of the third line. As an example, figure 2
shows the temporal evolution of the C>* and neutral xenon
spectral lines, at the two vertical chords indicated in figure 1.
Using this technique, it was demonstrated in [33] that the pol-
oidal rotation in TCABR plasmas is in the electron diamag-
netic direction.

The results for C’* impurities are shown in figures 3(b)
and (c), for the poloidal and toroidal rotation velocities. Pan-
els (a) and (b) show the results obtained for the poloidal rota-
tion velocity together with that predicted by the neoclassical
theory, equation (5). The required electron density and tem-
perature profiles for hydrogen and carbon were determined by
Thomson scattering [52] and spectroscopy [53], respectively,
and are shown in panels (d)—(f). The density profile of C3*
was determined from Abel inversion of line-integrated radi-
ation measurements and scaled to the electron density profile
so that it reaches a maximum of 2% of the electron density at
the same radial location. In fact, the actual value of the max-
imum value of the C°>* density is not relevant to calculate
the poloidal rotation velocity, since only logarithm derivatives

enter in equation (5). To calculate the plasma (hydrogen) ion
density profile, an effective ion charge Z.¢ = 3 was assumed
[54]. From quasi-neutrality, the definition of Z.y, and C>+
measurements, the C°* concentration in the plasma center
was estimated, thus providing an assessment of the radial pro-
file of the main ion density, which was required for the cal-
culated poloidal rotation from equation (5). The equilibrium
reconstruction was carried out with EFIT [63].

These results clearly indicate that, in the collisional regime
of TCABR Ohmic discharges, with a graphite limiter, the
value of the poloidal rotation velocity of impurity ions is rather
well predicted by the neoclassical theory. The relevance of
this result has been recognized by the ITER Physics Basis
group [64].

The interplay between magnetic islands and plasma rota-
tion has also been studied in TCABR. Depending on their
rotation velocity, magnetic islands can interact with conduct-
ing structures outside the plasma and the machine-specific
intrinsic error magnetic field. This interaction might affect the
mode rotation velocity and also the plasma rotation. Further-
more, depending on their width, neighboring magnetic islands
can overlap, causing stochastic regions that affect plasma rota-
tion through the stochastic electric field. This effect, among
others, makes the interplay between magnetic islands and
plasma rotation an important mechanism that can contribute to
the strength of intrinsic rotation. In TCABR, magnetic island
rotation velocities, measured by magnetic probes, were com-
pared with measurements of plasma rotation based on the tech-
nique described above. Analysis of the magnetic fluctuation
measurements indicated the presence of a rotating m/n = 3/1
saturated magnetic island in the plasma edge, with poloidal
rotation velocity of about 5 km s~'. This value coincided with
the measured plasma poloidal rotation at the mode location,
i.e. at the ¢ = 3 flux surface [65].

4. Plasma toroidal rotation studies

Intrinsic plasma toroidal rotation has been measured in nearly
every tokamak, ranging from small devices, such as TCABR
[33], to the largest machine—the Joint European Torus (JET)
[43]. In small machines, intrinsic toroidal rotation can be as
high as 130 km s~ ! ([66]) while, in JET, intrinsic rotation can
be as low as 30 km s~! ([43]). To provide an improved under-
standing of how intrinsic toroidal rotation scales with plasma
parameters and machine size, a simple scaling law based on
theoretical arguments was constructed using data from sev-
eral machines [50], including data from TCABR. This scal-
ing suggests that the toroidal rotation in the plasma core is
directly proportional to the so-called ion temperature differ-
ence and inversely proportional to the plasma current, with the
constant of proportionality being about 10 km MA s~ keV~!.
The ion temperature difference is defined as the difference
between the ion temperature at the magnetic axis and that
at the top of the pedestal, for H-mode plasmas, or that
at the point that is closer to the separatrix, for L-mode
plasmas. Interestingly, no dependence on machine size was
found.
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Figure 3. (a) TCABR cross-section showing the equilibrium reconstruction and the calculated poloidal rotation of C** impurity ions based
on equation (5). (b) Measured and calculated radial profile, along the outboard midplane, of poloidal rotation of C>* impurity ions.

(c) Measured radial profile, along the outboard midplane, of toroidal rotation of C>+ impurity ions (positive values correspond to
counter-current rotation). (d) Radial profiles of electron and C37 ion temperatures. (¢) Radial profiles of measured electron density and

estimated hydrogen, C3+ and C®* densities. (f) Line-integrated C> *

Several models have been proposed to explain the various
observations from different machines. In [67, 68], neoclas-
sical torque was estimated for plasmas in the Pfirsch-Schliiter
regime. In [69, 70], plasma viscosity due to the interaction with
the neutral gas was included in a neoclassical model to explain
toroidal rotation. However, since toroidal momentum is usu-
ally observed to be transported radially at rates similar to those
of particles and energy, neoclassical theory alone is not expec-
ted to be enough to explain the routinely observed intrinsic
toroidal rotation. In the so-called Helander model [70], the
effect of a poloidally localized neutral source on plasma tor-
oidal rotation was studied. Based on the Rozhansky works
[71, 72], the influence of the direction of neutral gas injec-
tion was investigated. In the following section, intrinsic tor-
oidal rotation measurements will be compared with predic-
tions based on the Helander model. Also in this section, the
Rozhansky model for radial currents is used to interpret the
TCABR results.

radiance, emissivity (from Abel inversion) and C>* ion density.

4.1. Comparison of toroidal rotation measurements with
Helander model

On TCABR, the model proposed by Helander was tested. This
model relies on the effect of the interaction of the plasma with
the neutral gas and, as TCABR is a relatively small device, the
influence of neutrals and ionization sources that form the basis
of this model is expected to be enhanced. These tests were car-
ried out by using toroidal rotation measurements obtained with
a new technique [45] developed at the Plasma Physics Labor-
atory of the University of Sao Paulo. This technique allows
for measurements of the plasma rotation with the high tem-
poral resolution, up to 10 kHz. The technique is based on the
ratio of two different portions of the same spectral line, as rep-
resented in figure 4. The light from the plasma is collected
and transmitted to a monochromator where a semi-transparent
mirror is used to split the light into two beams that are dir-
ected to two different photomultipliers, as shown in figure 5.
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Figure 4. Schematic showing a Gaussian spectral line of 2+

(Ao = 464.74 nm) with the two regions of the spectrum, Ar. and Ax,
used to measure plasma rotation with a high temporal resolution.
Reproduced courtesy of IAEA. Figure from [51]. Copyright 2015
TAEA.
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Figure 5. Experimental setup used for the high temporal resolution
measurements of plasma in the TCABR tokamak. Reproduced
courtesy of IAEA. Figure from [33]. Copyright 2003 IAEA.

The lateral photomultiplier integrates the spectrum on the left
of the selected spectral line (area Ar, in figure 4) while the
axial photomultiplier integrates the spectrum on the right of
the selected spectral line (area A, in figure 4). Therefore, as
the plasma rotates, the center of the spectral line will shift and
its wavelength will be displaced to the right or to the left, chan-
ging the signal ratio R(A)g) = AL/Aa. Here, AX =X — Ay is
the difference between the wavelength of the selected spectral
line and the Doppler-shifted one.

Using this new technique, high temporal resolution meas-
urements of plasma toroidal rotation were taken in TCABR
[45], which allowed for testing of the Helander model. Accord-
ing to this model, the viscosity of the neutral gas depends not
only on the plasma toroidal rotation but also on the toroidal
component of the heat flux, which in turn acts as a drive for a
rotation that, in the Pfirsch-Schliiter regime, is given by [70]:

2¢ dT;

Vie= —
¢ eBy dr

f(Zes) — 1] cos (6p) }
(6)
Here, ¢ = r/Ry is the plasma inverse aspect ratio, 6 and 6
are the poloidal angle coordinate and the poloidal location of
the neutral gas injection valve, and f{Zer) = 5/2 — 0.7/Zcsy,
with Z.i = 3. To verify the dependence of toroidal rotation
on the poloidal location of the neutral gas injection, three gas
injection valves were installed on TCABR at three different
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Figure 6. Temporal evolution of C>* (Ao = 529.05 nm) toroidal
rotation measured at » = 12 cm for three gas injection locations:
outboard mid-plane (green), top (red) and inboard mid-plane
(black). Insert: schematic showing the three poloidal locations used
for gas puffing in TCABR. Reproduced courtesy of IAEA. Figure
from [45]. Copyright 2009 IAEA.
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Figure 7. Ratio between toroidal rotation with inboard and outboard
gas injection (red) and calculated from equation (6) (green) at
different radial locations. Reproduced courtesy of IAEA. Figure
from [45]. Copyright 2009 IAEA.

poloidal locations: 6§y = 0 (outboard mid-plane), 6y = 7/2 (top)
and 0y = 7 (inboard mid-plane), see insert in figure 6.

According to equation (6), a change in toroidal rotation by
a factor of approximately 2f(Zsr) — 1 ~ 3.5 is expected when
comparing inboard to outboard gas injections. The temporal
evolution of toroidal rotation at r = 12 cm for the three injec-
tion locations were measured and no significant change in the
toroidal rotation was observed, figure 6. The ratio between tor-
oidal rotation during inboard and outboard gas injection across
the plasma radius can be seen in figure 7. The expected ratio
based on equation (6) is also shown. No significant change is
observed when different gas injection locations are used.

One possible explanation for the negligible influence of the
gas injection location on toroidal rotation may be related to
the specific limiter geometry of TCABR, which is a poloidal
graphite limiter. For this geometry, recycling from the limiter
might be dominating over the localized gas injection. Repres-
enting the particle flux injected by the gas valve by I'ipjected, the
inward flux through the last closed flux surface coming from
recycling at walls and limiter by I'y,;, and the outward flux by
["out, an approximate condition for constant plasma density is



Plasma Phys. Control. Fusion 63 (2021) 075001

J HF Severo et al

< Ney > Vp
T ’

Finjected + Dyan = Dow = )

Here, 7, is the particle confinement time, <n, > is the
central line averaged plasma density, and V), is the plasma
volume. Taking 7, = 10ms from previous experiments, V),
= 04 m?, and <n,>=1.5x 10m3, one has oy =
6 x 10% particles/s, while the inward gas puff flux is
Dinjected = 5 % 108 particles/s. Therefore I'oyt >> [injected, SO
that plasma rotation at the edge is determined mainly by
the contribution from the walls, I'y.;. This occurs because
TCABR is not prepared for wall conditioning such as baking
and/or boronization, and the walls end up absorbing significant
amounts of gas, which are then released during the discharge.
This uncontrolled gas flow from the walls can be one and two
orders of magnitude higher than the injected one, which might
be hiding any dependence of the toroidal rotation on the pol-
oidal location of gas injection. Note that, although the isotropic
particle flow (particles per second) from the limiter is signific-
antly larger than the one injected by the gas valve, the surface
area of the limiter, from where the particles come out, is about
three orders of magnitude larger than the gas valve aperture. In
other words, the solid angle at which particles are emitted from
the limiter is much larger than the one of the gas valve. This
leads to an oriented/focused particle flux (particle per second
per surface area) significantly larger in the case of the gas valve
compared to the particle flux from the limiter. Since the effect
predicted by Helander’s model on toroidal rotation depends
on the poloidal asymmetry of the neutral hydrogen density, it
would have a smaller, or negligible, impact due to the low gas
valve flow.

4.2. Comparison of toroidal rotation measurements with
Rozhansky model

Although TCABR data do not show any dependence of tor-
oidal velocity on the poloidal position of the gas injection, the
plasma edge toroidal velocity is found to be quite sensitive to
density variations, figure 8.

Toroidal rotation measurements at » = 17 cm during a dis-
charge in which the plasma density was increased through a
pre-programmed gas puffing using radial injection show that,
regardless of the poloidal location of gas injection, an increase
in plasma edge toroidal rotation is observed. Note that the time
trace of the voltage that controls the gas injection valve was
programmed to cause the rotation to return to about its value
just before the injection.

To further investigate this apparent source of toroidal
momentum in the plasma edge, a series of experiments,
designed based on the Rozhansky work [51], was carried out
on TCABR.

According to the model proposed by Rozhansky, a fric-
tional force acting on particle species j due to interaction with
particle species k, Rjy, causes the j-species to drift in the
R; ;. x B direction. Assuming the injected neutral (H,) gas is
at room temperature, its average velocity is about 1.6 km s !,
while the edge toroidal rotation velocity is about 3.0 km s~!
for radial gas injection, figure 9.
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Figure 8. Temporal evolution of the plasma density (top panel) and
intrinsic toroidal rotation of C2* (Ao = 464.74 nm) at r = 17 cm
(bottom panel) for three gas injection locations. Uncertainties are
about 1.8 km s~ !,
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Figure 9. Toroidal rotation velocity of (top) C2* and (bottom)
neutral hydrogen species at r = 17 cm using radial gas injection.
Uncertainties are show for both measurement, namely 1.8 km s™
for C>* and 0.6 km s~ for neutral hydrogen.

1

For a counter injection, the frictional force due to collisions
between ions and neutral atoms is maximum and therefore the
Ry y, x B drift velocity should be higher. This velocity in turn
produces a current in the radial direction that must accelerate
the plasma in the toroidal direction. In figure 10 is shown the
frictional force Ry ; i, between the neutral particles and the
ions, the drift velocity V, 4 resulting from this frictional force,
the radial current J, resulting from the drift of the ions, and the
force Fy resulting from the cross product of the radial current
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Figure 10. Schematic showing the drift velocity V4 in black, radial
current J, in red and resulting force in the toroidal direction Fg in
green, all due to the frictional force Ry ; i, between ions and neutral
particles in —¢ direction.
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Figure 11. Schematic showing a TCABR gas injection system,
which is composed of three gas injection valves. This system was
installed at the top of TCABR. The injection point is at the outboard
midplane and injection angles are +70°, 0° and —70°, all viewed
from the top. Here, +90° corresponds to injection tangent to the
plasma surface and 0° correspond to purely radial injection.

with the poloidal magnetic field. By assuming an electron tem-
perature of 20 eV and density of 1x 10'® m~3 in the plasma
edge, neutrals are expected to penetrate about 4 cm into the
plasma, which is about the size of the region where this mech-
anism is expected to exist. To further investigate this mechan-
ism, a new gas-injection system, composed by three gas injec-
tion valves, was installed at the top of TCABR, figure 11.
This system allows for gas to be injected in the radial direc-
tion as well as in the toroidal direction, either in co- or counter-
rotation. For this series of experiments, the discharge is ini-
tiated and sustained using only one of the three gas valves
and no perturbative gas puff was used. The gas valve selec-
ted is used to keep the plasma density constant during the
plasma rotation measurements. Also, the number of channels
for measuring plasma rotation was increased to three, allowing

Figure 12. Experimental setup used for the temporal evolution of
the poloidal and toroidal impurity rotation velocities in the TCABR
tokamak. Reproduced courtesy of IAEA. Figure from [51].
Copyright 2015 TAEA.
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Figure 13. Measured line-integrated C>* spectral line radiance and
its associated emissivity obtained through Abel inversion. Both
profiles were normalized to their maximum value.

for simultaneous measurements of the temporal evolution of
both poloidal and toroidal rotation velocities, figure 12.

To test the influence of the direction of the gas injec-
tion on plasma rotation, three parameters were defined: Vg co,
Vg.counter and Vg raq, Which correspond to toroidal rotation
velocities measured at the plasma edge (r = 17 cm) when the
plasma discharge is carried out entirely using a gas injection
in the same direction of the plasma toroidal rotation, in the
opposite direction of the plasma toroidal rotation, and in the
radial direction, respectively. The injection point is at the out-
board midplane and injection angles are +70°, 0° and —70°,
all viewed from the top. Here, £90° corresponds to injec-
tion tangent to the plasma surface and 0° correspond to purely
radial injection. We stress that gas was injected in just one dir-
ection during the discharge, i.e. only one gas valve is used
at a time to sustain the plasma density constant during the
discharge. Due to fluctuations in the toroidal rotation meas-
urements caused by changes in machine wall conditioning
prior to each discharge, several discharges were carried out for
improving the data statistics. Furthermore, since gas injection
in the radial direction is the most frequently used for particle
control in nearly every tokamak, the toroidal rotation meas-
urements Vg co and Vg counter Were normalized to Vi 4, and
also the ratio Vg counter / V,co Was considered, all for the same
spectral line. In addition, line-integrated radiance measure-
ments and emissivity (from Abel inversion) of C>*, figure 13,
show that the maximum of the emissivity is localized at about
r=16.5cm.
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(H,, spectral line) toroidal rotation during radial gas injection. The measurements were taken in the plasma edge (r =17 cm).
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Figure 15. Ratio of the measured C2F ()¢ = 464.74 nm) toroidal rotation during (a) counter-rotation, (b) co-rotation gas injection and
(¢) counter-rotation / co-rotation ratio from several discharges, both normalized to the measured C>* toroidal rotation during radial gas
injection. The measurements were taken at the plasma edge (r =17 cm).

Table 2. Velocity ratios and frequency of events calculated from the
data shown in figures 14 and 15.

Velocity ratios > 1 Neutral hydrogen C** carbon

1.27+ 0.25-84.7%
0.94=+ 0.2047.3%
0.75£ 0.10-1.8%

0.88+ 0.36-36.3%
1.08+ 0.36-53.2%
1.14+£ 0.34-68.3%

Vd),co / V¢,rad
th,counler / Vd:,rad
V¢,caunler / V(b,co

Consequently, the maximum of neutral hydrogen and car-
bon emissivities must also be very close to the limiter, which
is located at r =18 cm. Neutral hydrogen and C?>* toroidal
rotation velocities were measured for these three gas injec-
tion directions. The ratios Vi co/ Vg rads Ve,counter/ Ve rad and
Vg,counter / V.o for both H,, and C2+ canbeseenin figures 14
and 15, respectively. These results are summarized in table 2,
which shows the frequency of events for velocity ratios > 1
calculated from this data set.

The results presented in table 2 show that neutral hydro-
gen and C>7 toroidal rotation velocities have significantly
different responses to the gas injection direction. For neut-
ral hydrogen atoms, the normalized toroidal rotation increases
when gas is injected in the same direction of the plasma tor-
oidal rotation and decreases when the injection is in the oppos-
ite sense, as indicated by the data presented in figure 14 and
summarized in table 2.

Since for neutral hydrogen the product Ryy, x B =0,
this result is trivially explained by simple direct momentum

transfer from the neutral hydrogen atoms to the excited ones,
which are dragged along by the main plasma. For the case
of C>* impurity ions, unlike that of neutral gas, the product
Ry, X B#0 and the toroidal rotation is expected to be
affected by toroidal components of the frictional force between
Hy atoms and C2>* ions. Here, Hy and I subscripts represent
neutral hydrogen atoms and impurity ions, respectively. The
frictional force is given by Rym, = —mmuvim, (Vi — Va,),
where vy, is the collision frequency between carbon ions
and neutral hydrogen atoms. The results shown in figure 15,
and summarized in table 2, indicate that, for H, co-rotation
injection, i.e. injection in the sense of the main plasma rota-
tion and opposite to the sense of the plasma current in the
case of TCABR, the value of the toroidal velocity of the cz+
ions is smaller than the values observed for radial injection.
For counter-rotation injection, on the other hand, this value is
slightly higher than one but is statistically comparable to that
obtained for radial injection. The ratio Vg counter / Vg,co also
confirm that of Vi counter > Vg, co-

4.2.1. Radial current estimation. A simple model is pro-
posed to explain the ratio between the observed values of
Vg.couter> Voo and Vg g. We start from the single-fluid
momentum balance equation [62].

dui
p—

d :JXB—V~H—V(pe+p,-)—miniui,Houi

®)
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where p ~ n;m; is the fluid mass density, u; is the ion velocity,
J is the current density, IT is the ion viscosity stress tensor,
Pp.. are the partial pressures for electrons and ions, and d/dt
is the sum of the convective and time partial derivatives. We
remark that this equation is written in a coordinate system
where the velocity of the neutral particles is equal to zero. The
surface averaged toroidal components of equation (8) can then
be written as:

dVip _
d

O (J,)By— ((By/B*) - V -TI) By

min;
—minivig,Vi,e ~ (9)

where V; 4 is the averaged toroidal velocity in the magnetic
surface, 6 = By /B¢ the ratio of the poloidal and the toroidal
magnetic fields. Our interest here is to know what is the
increase in toroidal velocity that can be produced by the radial
current that arises due to the drift of ions that is generated by
the frictional force. Therefore, we will consider only the sta-
tionary case and the convective derivative will also be neg-
lected since the radial flow can be considered small. As can
be shown, the second term on the right side of equation (9) is
equal to zero when there is symmetry in the ¢ direction. In
the case of the TCABR, it can also be neglected. Therefore
equation (9) becomes:

© (/i) Bo = miniv 1, Vi,- (19)

To properly model the results of the velocity ratios, some
estimates have been made and are expressed below:

4.2.2. Velocities.  The average value of the toroidal speed
of the C2* ions were taken from the data set for co-injection
(V; =V;=2.7km s~ "), and the injection speed of the hydro-
gen atoms was considered equal to the thermal speed (Vy, =
1.6kms™).

4.2.3. Density and temperature at plasma edge.  For radial
position » = 17 cm the plasma density of ions and electron was
considered equals and of order 1 x 10'® m~3. The temperature
of ions and electrons also equals and of order 20 eV.

4.2.4. Neutral density.  The density of neutrals was estim-
ated from the condition for constant plasma density (7).

< Ney > Vp

= ng, VHoS
Tp

Finjected + Lyan = Dow =

=6 x 1020particless_1 (1

where Dipjeciea 18 injected flux through gas puff, I'yay is the
inward flux coming from recycling at walls and limiter, I, is
outward flux and S is the Inner chamber area. So from (11) we
estimate ng, =5 X 10'°*m—3. The amount of ions N; involved
in drift can be also estimated from (11) however, now we only
consider the I'jpjecied flux generated by a gas puff. Since the
TCABR tokamak discharge duration is 100 ms, approximately
10" particles are injected in this time interval. Therefore, it
is expected that the amount of particles that participate in the
generation of current is approximately 10'7.

Table 3. Physical quantities used to estimate the speed ratios.

Parameter Symbol Estimated value
Ton mass m; 1.67 x 10~ kg
Electron temperature T. 20eV

(r=17 cm)

Ion density (r =17 cm) n; 1x10% m™3
Neutral density nH, 5%10%m3
Poloidal magnetic field By 89x 1073 T
(r=17 cm)

Toroidal magnetic field By 0.84T

(r=17 cm)

Toroidal magnetic field By 1.07T
(r=0cm)

Amount of ions involved in nj, 1 x 10" particles
the current generation

Ion velocity Vi 27%x10° ms™!
Hydrogen thermal velocity VH, 1.6x10°ms™!
Ion-neutral collisional fre- Vi H, 2000 s~

quency

Charge exchange coefficient < ocxVvi > 4x10" % cm’®s7!
rate

Tonization coefficient rate < OionVi > 2x 1078 em’s™!
Neutral penetration é 4 cm

Table 4. Velocities ratios calculated from the data set showing in
table 3.

Mean velocity and ratio Estimation Experiment
V. counter/ Vg rad 1.07 1.08 +0.36
V,co/ Ve rad 0.93 0.88£0.36
V¢,count€r/v¢,c0 1.14 1.14+£0.34

4.2.5. Penetration of neutrals.  Since in this section we are
investigating the influence of gas injection on toroidal rota-
tion, it is necessary to estimate how deep the neutral particles
can penetrate in the plasma column. As was pointed out by
Tendler and Reifetz [73] several reactions are important in
the creation of ionized particle sources or sinks in hydrogen
plasmas. The two main processes responsible for the con-
centration of neutral in the plasma column are ionization
of the atomic and molecular hydrogen and charge exchange
[73, 74]. Therefore, the penetration § of neutral particles in
the plasma column can be estimated by the mean free path
of these two processes that we represent by Acx and Ajgy-
According to [73] it can be estimated as 6 = ()\CX.)\ion/Z)l/z
where both mean free path can be evaluated from the coeffi-
cient rate for these two processes. In [75] one can find the cross
sections and the coefficient rates for the main reactions that
happen in hydrogen and helium plasmas. For electron temper-
ature of 20eV, one gets for charge exchange coefficient rate
<oexvi>=4 x 107 8< gexv; >=4 x 1078 cm® s=!'  and
for ionization < gionv; >=2 x 1078 cm? s~!. Cornelis and
others [76] proposes the following expression to calculate the
charge exchange rate {(ocpv;) (cm® s71) = 1073[T;(eV)]%-318.
For a temperature of 20 eV, one gets in the Cornelis’ formula
2.6 x 1078 m3 s~!. So, replacing the values of the mean free
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Figure 16. Schematic of the gas injection (uy,) and edge C?* toroidal rotation (uy) velocities, friction force (R1,1,) and the associated
Ry n, % B drift velocity (uq) for the three injection directions: radial, co-rotation and counter-rotation. Injection angles are 0° and £70°,
viewed from the top, in which £90° corresponds to injection tangent to the plasma surface and 0° correspond to purely radial injection.

path in the expression for penetration we get 6 = 4 cm. There-
fore, considering that the gas is injected in the region close to
the limited (¢ = 18 cm) and that it can penetrate up to 4 cm
then in a range that goes from 18 to 12 cm, one can investigate
the effect of the gas injection on rotation toroidal.

4.2.6. lon-neutral collision frequency.  To calculate the fric-
tion force, R; i, used in our estimations we made use of
the ion-neutral collision frequency v; g, =< ocx,Vi > Ry, =
2000 s~ 1.

In the tables 3 and 4 in the sequel, we summarized all
values that were used in our estimations and velocity ratios
respectively. Finally, in our calculations, it was considered that
Vie=Vie

The good agreement of the experimental results with the
estimated values for the velocity ratios indicates that the small
increase in the toroidal rotation speed produced by the gas
injection in the counter direction is a consequence of the
appearance of a radial current. Current, in turn, is produced
by the drift of the ions in the radial direction that arises due
to the frictional force between neutral atoms and ions. To bet-
ter visualize this effect, in figure 16 the three types of injec-
tion and the current that arise as a result of these injections are
drawn. Since the toroidal velocity is proportional to the cur-
rent, based on the module of the vector Jg, it is possible to visu-
ally verify that the ratio Vi counter/ Vp,rad = 1, Vip.co/Veprad < 1
and Vi counter/ Vg,co > 1, which agrees with the experimental
results. The measurements presented in figure 15(a) indic-
ate that both radial and counter rotation injection have sim-
ilar effects on toroidal rotation. These expected effects are
in qualitative and quantitative agreement with the observed
Vg counter/ Vep,rad > 1 in only 53% of the cases, which means
that Vi counter = Vg rad- The observed Vi .o/ Vg raa < 1 in 64%
of the cases while the observed Vi counter/ Vg, co > 1 in 68% of
the cases. In conclusion, our understanding of this process is
that the frictional force produced by the ions-neutral collisions
produces a drift of the ions in the radial direction that gives

rise to a current in the same direction and consequently causes
the speed of rotation of these ions to increase in the toroidal
direction.

The good agreement of numerical values with experimental
for the ratios indicates that the frictional force between plasma
ions and neutral gas injected can be regarded as a source for
intrinsic plasma rotation.

5. Conclusions

In this work, an overview of intrinsic plasma rotation studies
performed on the TCABR tokamak is presented. The experi-
ments presented here were carried out in Ohmic L-mode plas-
mas of circular cross-section, limited by a poloidal graphite
limiter, and in the Pfirsch-Schliiter transport regime. The tech-
nique based on Doppler shift used for poloidal rotation meas-
urements in TCABR was presented. Using this technique, it
was shown that the poloidal rotation in TCABR plasmas is in
the electron diamagnetic direction, with the measured values
being in good agreement with neoclassical theory. The meas-
urements show that the plasma poloidal rotation at the position
of a m/n = 3/1 magnetic island coincides with the magnetic
island poloidal rotation.

To better understand how intrinsic toroidal rotation scales
with plasma parameters, a scaling law was constructed using
data from several machines [50], including TCABR. The
scaling indicates that toroidal rotation in the plasma center
increases with the ion temperature difference and decreases
with plasma current, with the constant of proportionality being
about 10 kmMA s~ ! keV~!.

A new technique that allows for high temporal resolution
measurements of plasma rotation was also presented. Using
this new technique, plasma toroidal rotation measurements
with temporal resolutions of up to 10 kHz were carried out on
TCABR [45]. This technique was used to test the Helander
model. To investigate the possible dependence of toroidal
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rotation on the poloidal location of injection proposed by
Helander, three gas injection valves were installed on TCABR
at three different poloidal locations. The measurements show
no significant change in the toroidal rotation when different
gas injection locations are used. One possible explanation for
that might be the high recycling caused by the specific lim-
iter geometry of TCABR, which seems to foreclose an invest-
igation on the importance of this mechanism. The high tem-
poral resolution technique was also used to study the influence
of the direction of the gas injection on toroidal rotation. Tor-
oidal rotation measurements suggest that the frictional force
proposed in the Rozhansky works can indeed produce a drift
velocity in the radial direction which in turn produces radial
currents that can be regarded as a source of intrinsic plasma
rotation.
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