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ABSTRACT

Toroidal rotation has become a topic of wide interest experimentally and theoretically
because of the recognition that it is important for confinement, stability, and even access
to the H-mode confinement regime. The inception of ITER has generated a focus upon
developing a prediction for rotation in burning plasmas where auxiliary injected torque
will be relatively small. We will describe experimental results and cite theory, organized
by sources of toroidal momentum, transport of this momentum, and sinks for momentum,
including the effects of some loss of toroidal axisymmetry (AS). We will also describe
so-called “intrinsic rotation” where rotation under AS conditions is observed in the
absence of any auxiliary momentum source, presumably due to effects such as
off-diagonal transport elements, or turbulent stresses, and others. We describe how
rotation is measured, and specific areas where the importance of rotation has been
established. The predominant source of rotation generation in present devices is the
toroidal torque from neutral beam injection. Experiments verify the accuracy of
neoclassical (NC) models to describe the torque deposition process in AS conditions.
Applied electromagnetic wave power is also found to generate rotation. The radial
transport of momentum is found to be much larger than predicted by standard NC theory,
having transport rates similar to that of ion thermal energy. Experiments have also
verified the existence of a pinch term in the momentum transport, which could generate
the interior rotation gradient often observed with intrinsic rotation. The ambient or
purposely imposed non-axisymmetric magnetic fields can provide an interior sink for
momentum, and that may also drag the rotation to a nonzero offset value. The rotation
itself tends to shield out resonant perturbations. Nonresonant perturbations from toroidal
field ripple have long been considered, and the area of nonresonant perturbations has
taken on new import for the fields generated by perturbation coils for mitigation of
edge-localized modes. We consider some of these effects in relation to what might be
extrapolated to ITER, but continued experimental and theoretical efforts are required.
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l. INTRODUCTION

The pervasive importance of toroidal rotation in the tokamak has been recognized
relatively recently, in comparison with issues regarding the plasma particle and energy
transport. Tokamak plasmas can exist without toroidal rotation, but not without sufficient
particle number or energy content. However, it is now known that sufficient toroidal
rotation improves tokamak performance and provides resilience against certain
magnetohydrodynamic (MHD) instabilities. This has generated an effort to understand
and project toroidal rotation to burning plasmas where the present dominant source of
toroidal torque, neutral beam injection (NBI), will be relatively minimal [1], or
completely absent.

The role of so-called E x B rotation shear in enhancing energy confinement is now
well established theoretically [2] and experimentally [3]. More recently it has been
recognized that rotation, or its shear, has a role in stabilizing MHD instabilities that
otherwise limit the achievable {3, the plasma energy density normalized to the magnetic
energy density. Both the resistive wall mode (RWM) [4] and the neoclassical tearing
mode (NTM) [5,6] are ameliorated with toroidal rotation. There is also a role of edge
rotation shear in stabilizing the edge localized mode (ELM) phenomenon [7]. Systems
are planned for ITER to guard against the degradation due to such potential MHD activity
[8]. Knowing the level of rotation that will exist in ITER will impact the ultimate design
of such stabilizing systems.

Here we briefly provide an overview of experimental toroidal rotation results in
tokamaks, organized roughly according to sources, transport, and sinks of momentum.
For this we make reference to early experiments and to some very recent ones. We also
make reference to theoretical work on rotation, which has greatly increased in quantity
with the realization of the practical import of the topic. We do not have space to give
credit to, or cite all the relevant work that has been done, but do try to point to relatively
recent publications from which one can start to track backwards through the history of a
topic.

We consider a tokamak that is toroidally axisymmetric, or nearly so, to the extent that
one can be practically constructed. The application of magnetic perturbation coils has
been found advantageous for suppressing ELMs [9], or even actually generating a
toroidal rotation [10], yet this breaking of symmetry is still relatively weak in an absolute
sense, with 6b/B ~0(107*), where 8b is the applied vacuum-field perturbation and B
the total magnetic field.

Compared with energy, a unique aspect of the topic of momentum is the experimental
observation that toroidal rotation exists with no known auxiliary torque injection. This
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has been referred to as “spontaneous” rotation [11,12] and “intrinsic” rotation [13,14].
Related is the recent experimental consensus that there exists a pinch term for momentum
transport [15-20], just as a particle pinch has been established to provide a peaked
density profile with only a boundary source of particles [21-23].

Relative to energy projection scaling, one for toroidal momentum is more difficult
due to the vector nature of momentum. Regions of positive and negative toroidal
momentum can and do appear within a radial profile, unlike energy and particle density
that are positive definite scalars. The pressure profile is further constrained by
equilibrium, while the low Mach number toroidal rotations experienced and expected
have relatively much less impact upon equilibrium. Strongly driven rotation by neutral
beam injection may remove some of this profile ambiguity by being uni-directed.
However, with the lesser intrinsic rotation, for example, it may be misleading to use a
scalar global momentum to represent the plasma state and we will discuss this in Sec. 5.
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Il. MEASUREMENT TECHNIQUES

The general tokamak geometry is shown in Fig. 1. The toroidal, V;,, and poloidal, Vj,
fluid velocities are the Vv moment of the distribution function for a particular species
projected onto these directions. For mechanical momentum the electron momentum is
neglected, owing to the small relative mass.

FIG. 1. Toroidal geometry with field directions and toroidal and poloidal directions
indicated.

Typically, My =V /V «1. The toroidal rotation at this level in a tokamak, and larger
values, is considered to be a constant on a magnetic surface of flux vy, wy=Vy/R,
wy =w () [24]. Here, V =+Ti/ M;, T; and M; the ion temperature, and mass. The
importance of this is that a poloidally localized measurement of V;, can be extended to
the entire surface. There are some experimental data showing that w,, is constant on a 1
surface [25,26]. Hence, toroidal velocity and toroidal rotation are of habit used
interchangeably. Neoclassical theory predicts that Vy is strongly damped due to the 1/R
variation of the magnetic field [27]. Only poloidally passing, untrapped ions carry
poloidal momentum and such a Vj is damped by friction with the trapped ions. A
relatively small NC Vjy survives in a 7; gradient because the trapped ion friction is then
asymmetric in the poloidal direction [27].

Ion velocity, and temperature, are measured spectroscopically. For low- Z; ions which
are fully stripped in typical tokamak conditions, a radiating electron is transiently
supplied by NBI, so-called charge-exchange spectroscopy [28] that goes by various
acronyms, such as CER. High- Z; impurity ions are not fully stripped and do not require
NBI. X-ray spectrometers are required and the high- Z; ion must usually be injected for
this purpose [29]. Other techniques are used, often to corroborate the spectroscopic
measurements. Mach probes can be used in the periphery [30]. The frequency of MHD
modes measured with external magnetic probes gives another measure of the toroidal
velocity because the mode location can be determined using equilibrium reconstruction,
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or temperature fluctuation measurements [31]. This velocity is generally taken to be that
of the main, or bulk ion, rather than the low- or high- Z; minority constituent [31]. One
important ongoing research activity is to better understand the relation between the
velocities of the various ion constituents in a discharge [32].

The lowest order radial force balance equation is typically used to relate the minority
ion velocity measurements to the velocity of the bulk ion [33]. This equation is “radial”
in the coordinate normal to the flux surfaces and states (E + ‘71 x B — §pi | Zien;)® ﬁlp =0,
for the i" ion species, where p; is the ion pressure, n; the density, and E the electric
field. The minority and bulk ion pressures can be measured as well as the two velocity
components for the minority ion (the radial velocity is much smaller). Eliminating the
common electric field leaves one equation with two unknowns, the bulk ion V;, and Vj.
A standard procedure is to use NC theory to compute the poloidal velocity and then
determine V,,. However, experiments do not always agree with the standard NC result
[34], making the usefulness of this approach unclear. Understanding the details of the
relatively small tokamak poloidal velocity is another area of ongoing research that
impacts a number of intersections between theory and experiment [32].

The validity of the radial force balance equation has been checked in DIII-D by
comparing the E field determined from this equation with that due to direct
measurement using the motional Stark effect (MSE) diagnostic [35]. In addition,
millimeter-wave scattering from turbulent electron density fluctuations gives agreement
between the changing E field determined by a changing Doppler shift with that
computed from force balance and velocity measurements [36]. Furthermore, Ida has
made detailed comparison with E from a heavy ion beam probe in CHS [33].
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lll. IMPORTANCE OF TOROIDAL ROTATION

In Fig. 2 we show time traces from a DIII-D discharge of the ITER hybrid scenario
type [6] that illustrate some points related to the effect of rotation. This is an ELMing
H-mode in an upper single null discharge (X-point away from the ion curvature drift).
Two of the seven NB sources in DIII-D have been configured to inject toroidally opposite
to the others for use in controlled rotation experiments [37]. At ¢=3600 ms (vertical
line) these beams are switched in for others in order to greatly reduce the toroidal
velocity, Fig. 2(a), measured for carbon. Our sign convention is that positive Vy, is in the
direction of the plasma current, /. The total NBI power is under feedback control to
keep the normalized beta, BN =P aB/ I, constant in Fig. 2(b), where the minor radius is
a. The total NBI delivered torque is shown in Fig. 2(c) along with the total injected
power, Pjy;. The increase in Py, to maintain constant y is necessary because the energy
confinement time is reduced at lower rotation, with the Hggp energy confinement factor
[38] shown in Fig. 2(b). Hggp =2 is standard H-mode confinement. At higher velocity
(t <3600 ms) the energy confinement exceeded this standard. There is a concomitant
reduction in the toroidal momentum confinement as well, as deduced from TRANSP
modeling [39,40]. Although the net torque is effectively zero for ¢> 3600 ms, there
remains a co-/,, rotation due in part to the intrinsic rotation. The amplitude of a NTM
with m=3/n=2 is seen to increase at lower rotation in Fig. 2(e) [ b ~ exp(im8 + in¢)].
Lastly, Fig. 2(d) shows the agreement of the measured frequency for 0B of this NTM
with the n =2 rotational frequency at the g =3/2 surface as measured with CER for the
C 6+ velocity, where 2m/g is the rotational transform of a flux surface. For the
importance of rotation, we take a closer look at the effects seen in Fig. 2 and others.

Experiments have shown that the By threshold for the NTM instability depends upon
rotation [5]; higher co-rotation is clearly more stable. An electron cyclotron current drive
(ECCD) system is planned for ITER to suppress NTMs [41]. A system of feedback-
driven coils is planned for ITER to suppress the RWM instability, an issue for the broad
toroidal current profiles ultimately anticipated for steady-state, CD operation [4]. Again,
rotation provides resilience against the RWM [4]. Another issue for ITER is the transient
heat load due to ELMs. In DIII-D an H-mode free of ELMs is being pursued, the
QH-mode [42]. Theoretical work indicates that a necessary condition for entering the QH
regime may be high toroidal rotation, or rotation shear, near the H-mode pedestal [42].
The power threshold for the L-H transition has also been found to depend upon rotation
in controlled DIII-D experiments with torque control [43]; higher co-rotation clearly
requires more power for the transition. Understanding this rotation effect may lead to
understanding the details of the H-mode transition bifurcation itself.
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FIG. 2. ELMing hybrid H-mode in DIII-D with a step down in net NBI torque at the time
slice marked. (a) Core toroidal velocity (C6+), (b) By and Hggp factors. Standard
H-mode has Hggp =2. (c) Total NBI power, Pygp, and total NBI torque, Nygp
(d) Externally measured amplitude of m = 3/n =2 tearing mode, (e) Externally measured
mode frequency, f,_,, and n =2 rotation frequency computed from the C% measured
velocity at the g =3/2 surface.

An early recognition of the importance of rotation came with the understanding that
shear in E causes a shear in the E x B drift motion which elongates and narrows the
turbulent eddies that enhance radial energy transport [3]. In the past 20 years a great deal
of effort has been devoted to this effect [2]. Apart from a detailed analysis, such an
enhancement in confinement would be expected to cause the increased H factor seen in
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the high velocity phase of the discharge shown in Fig. 2, due to the V x B contribution to
E. The H-mode edge energy transport barrier is believed to exist due to this effect [44],
and the plasma velocity is believed to play a role in the bifurcation between the L-mode
and the H-mode states [44].

Transport barriers are also found to exist well inside the boundary of a discharge and
are called internal transport barriers (ITBs). The toroidal velocity, or shear, can also be a
critical feature of an ITB [45]. Recent ITB experiments on JET have shown that high
rotation shear is not a necessary condition to trigger an ITB, but the magnitude and
temporal resilience of the ITB increase with rotation, or possibly the shear [46]. Figure 3
shows two V,, profiles at the time of ITB formation in these JET experiments,
demonstrating the ability to obtain an ITB at relatively low rotation and shear. However,
the subsequent ITB in the high velocity condition was twice as steep [46]. The velocity
profile is varied here by varying the rotation with the mix of NBI and radio frequency (rf)
power. The toroidal field (TF) ripple strength was used to vary the rotation (see Sec. 7) in
other JET ITB experiments [46].

500
—— Pulse No: 52881 Pyg, = 12MW + Py (H) = 3.7MW
450 — —— Pulse No: 69414 Pyg, = 7.1MW + Pcgy (Ho) = 6.1MW

400 —
350 -
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FIG. 3. Toroidal rotation profiles measured at the time of ITB triggering for two
discharges in JET [46].
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IV. SOURCES

NBI is the dominant source of momentum injection in present-day tokamaks. Mature
numerical codes, such as TRANSP, are now routinely used to compute the NBI sources
of momentum, energy and particles. One very interesting aspect of NBI momentum
delivery is the so-called prompt torque, or “J¢ x B” torque, where J¢ is the radial current
of the fast NBI ions [47-53]. This torque is delivered to the bulk plasma on the timescale
of a poloidal transit of a fast ion, typically ~10s of microseconds, while the frictional
torque of a fast ion is delivered on the timescale of slowing and scattering from the bulk
plasma, typically many 10s of milliseconds, or longer, in large, high temperature
tokamaks. The radial fast ion current results from the initial orbital separation of a newly
born fast ion from the accompanying electron. In the inertial phase of plasma response, it
is the effect of injecting charge into a dielectric [50,51]. With constant canonical toroidal
momentum F, for the bulk plasma, the bulk ion polarization response generates a
toroidal drift acceleration in the temporally rising E field, absorbing this prompt fast
torque.

In DIII-D this prompt torque has been verified in bulk helium discharges where we
measure the velocity of the bulk ion, so that there is no lingering uncertainty in a
momentum difference due to measuring a minority ion constituent [50]. Measurements of
the change in the toroidal velocity profile across the minor radius agree with the
TRANSP-computed impulse due to the prompt torque over a 10 ms time [50]. In this
inertial phase the drift nature of the acceleration makes all charged particles respond with
equal toroidal velocity change. Measurements show that the prompt velocity change of
the C®" ion in the bulk helium discharge equals that for He™ [50].

Ultimately the prompt acceleration will be balanced by momentum transport, i.e. the
dielectric has finite resistivity, which phenomenologically can be directly related to the
momentum confinement time [54]. The frictional torque from a slowing fast ion enters on
a longer timescale than the prompt torque and is more susceptible to anomalous effects
that modify the fast ion orbits and redistribute the fast ion density profile, such as internal
MHD [18], Alfvén eigenmodes [55], and fast ion-driven modes [56]. It has also recently
been recognized that electrostatic turbulence can cause anomalous fast ion transport [57].
Of course, NBI heating predominantly also takes place on the frictional timescale (there
is some viscous heating due to rotation drive).

An rf wave with nonzero toroidal wave vector also delivers a torque to the bulk
plasma, in some scenarios by creating fast ions that deliver the momentum by a process
related to the prompt torque effect in NBI. The ratio of injected torque to power is
N/P=ny/w, where ny is the toroidal wave number and w the wave frequency. This
ratio is typically down nearly 2 or 3 orders of magnitude from that for NBI, but
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nevertheless the effect has been measured in JET [58]. Rotation profiles of Wy were
measured with fast Alfvén waves launched in the co- and counter-/,, direction. The
co-launch case had more positive wy. The difference in w, between co- and
counter-launch agrees with rf modeling of the wave momentum effect, using a
momentum diffusivity that gives equal momentum and energy confinement times
(Sec. 6). The counter-launch rotation profile was also in the co-/;, direction, indicating
the existence of an intrinsic rotation offset.

Two other novel rf effects have recently been observed to generate, or modify
rotation in C-Mod. One results from mode conversion to ion cyclotron waves, called
mode conversion flow drive (MCFD) [59], and the other is due to lower hybrid current
drive (LHCD) [60]. In both cases explanations are advanced that are based in wave
momentum, and particle canonical momentum considerations. These effects will
certainly be pursued experimentally and theoretically.
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V. INTRINSIC ROTATION

We now turn to intrinsic rotation, observed to exist with no known source of toroidal
momentum. It can be closely connected with momentum transport, discussed in the next
section, through the momentum pinch effect and off-diagonal elements in the transport
matrix.

Intrinsic rotation has been measured experimentally for over 20 years [61], and
predicted theoretically nearly as far back [62], but was relatively recently brought to
general attention by the work of J.E. Rice and co-workers at C-Mod [63,64]. In a series of
experiments Rice organized the intrinsic rotation data by what has become known as Rice
scaling [14,63,64], showing that AVy o« AW, /1, where Wp is the total plasma kinetic
energy. The A is used to indicate the difference from some initial value. The effect spans
Ohmic and ICRF H-mode discharges, and the velocity is in the co-/,, direction, a general
result for H-mode conditions. Ohmic and L-mode discharges exhibit much greater variety
of intrinsic rotation profiles. For example, in TCV Ohmic discharges the toroidal rotation
is observed to reverse direction with an increase in the electron density [65]. Yet, limited
L-mode discharges in Tore-Supra do exhibit a scaling similar to Rice’s [66].

In the early C-Mod intrinsic rotation experiments the velocity measurements were
located in the core region in minor radius [67,68]. The peak core velocity was used in the
scaling. Here we confront the utility of using the velocity from a single spatial location,
or alternatively a scalar global total toroidal momentum, to define the rotational state of
the discharge. If the dominant source of toroidal momentum is near the edge of the
plasma and transport is via diffusion only, then the momentum profile will be flat
internally, and there is no ambiguity. This may describe intrinsic rotation in Ohmic
H-modes in DIII-D [69] and so-called enhanced- D,, discharges in C-Mod [68]. With a
momentum pinch term added to the transport, the momentum profile can be peaked, or
even hollow going toward the magnetic axis. If even relatively small amounts of internal
momentum stress are present, especially in the relatively small volume of the core, then
virtually any momentum profile can be constructed with the freedom to specify the
diffusivity and pinch velocity profiles [70], constrained by a boundary condition. Thus,
the physical process under consideration that makes rotation important, for stability or
confinement, determines the spatial region of interest.

Focusing intrinsic rotation scaling experiments on H-mode conditions, under
dominantly axisymmetric conditions, provides a basis for cross-machine comparisons.
Commonly observed is the generation of an increased intrinsic co- V¢, with increased W,
as with a transition to H-mode [71]. The Rice scaling is then a natural comparison metric.
Additionally, H-mode operation is relevant for burning plasma operation [72]. And it is
reasonable to suspect that the strong gradients in the H-mode pedestal play a role in
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momentum generation, limiting the source to the edge region. In DIII-D the Rice scaling
has been clearly observed, but due to momentum profile effects in rf H-modes, it is only
seen in the outer region, inside the pedestal.

In DIII-D experiments on intrinsic rotation in Ohmic and ECH H-modes it is found
that the rotation profile is always in the co-/;, direction in the outer region of minor
radius, p>0.5, but may be co- or counter-/, inside depending upon the deposition
profile of the ECH [14]. The radial coordinate p is the normalized square root of the
toroidal flux. In analyzing the common co-I, rotation in the range 0.76<p<0.81
(determined by CER measurement channels) the Rice scaling emerged, albeit with a
different slope than in C-Mod [14]. These DIII-D data are plotted in Fig. 4(a). In Fig. 4(b)
we show a better empirical correlation for these data that includes the ratio of the core
region T, to T;, where T, is the electron temperature. These core temperatures may
simply be representative of the global temperature gradients. In DIII-D the total V;, is
used, not a difference.
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FIG. 4. (a) Rice scaling as found in DIII-D [14] and (b) a modified Rice scaling as found
in DIII-D [14]. The large circles are added to the original DIII-D scaling data from
Bn ~ 2 balanced NBI discharges; By =1.85 (132797.2750) and 1.95 (132797.4600).
The large squares from discharges with Sy =1.0, (132073.1800) ECH only, and
1.2 (132073.2750) ECH + NBIL.

Finding the Rice scaling in DIII-D was a key factor in motivating a similarity
experiment between DIII-D and C-Mod. In matching the shape, the value of gg5 (g at
0.95 in normalized 1), and core 3, the value of M, agreed between the two devices [14].
In comparing between the two machines in this experiment, the core M, is used in
C-Mod and the M, value at p~0.8 in DII-D [14]. In order to extract a size scaling,
many more such dimensionally similar [73] inter-machine experiments are needed.

The Rice scaling has been seen on a number of tokamaks, and an organization of the
data in dimensionless parameters has yielded a number of fits [71]. There are limited data
that extend up to ITER scenario PN values, which are at least ~ 1.8, simply because
generally the installed rf power (negligible torque) is less than NBI power in most
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present-day devices. In DIII-D toroidally “balanced” NBI has been used to augment ECH
H-modes, or to replace ECH, in order to raise the Pn value in intrinsic rotation
conditions. Due to the opposite prompt orbit shift of co- and counter-/,, NBI ions (Jf)
the net local NBI torque density during balanced injection is not zero on all minor radii
surfaces, but can be reduced by over an order of magnitude inside the edge region, as
compared with directed NBI [14]. In these experiments, small steps in net torque are
taken around the nominal balanced condition, at fixed power, in order to measure the
response to remnant torque. Values of 35 above 2 have been achieved in this manner.

In Fig. 4(a) we show the plot of the Rice scaling results from discharges in DIII-D
with the toroidal velocity taken in the region p ~ 0.8, Vpk [14], the two added large
circles are two measurements with balanced NBI to achieve By of 1.85 and 1.95. Both of
these points fall below the nominal Rice scaling, Vpox ~W /I, in DII-D which is taken
from Ohmic and ECH H-modes with no NBI torque perturbation and a maximum By of
approximately 1.3, and Vjx =Vy(p=0.8). With higher BN and low rotation, tearing
modes were present in this discharge [5], and it is necessary to include anomalous fast ion
diffusion in TRANSP analyses in order to reduce the computed total neutron rate to that
measured. The large squares in Fig. 3(a) are from conditions with lower fn, no tearing
mode activity, and no anomalous fast ion diffusion required for modeling. These added
Bn values are 1.0 and 1.19, respectively.

Much more data of this type must be obtained, but a reasonable conclusion could be
that the MHD activity, or some type of anomalous transport at the higher $y could be
degrading the achieved co- I}, velocity from the Rice scaling value.

On the other hand, in Fig. 4(b) we plot these same points on the DIII-D modified Rice
scaling that includes the ratio of core T; to core T;, and find that all points fall well into
the original fit [14], independent of Bn. Perhaps MHD activity does not affect intrinsic
rotation foremost via transport, but by modifying the temperature profiles that in some
way cause the intrinsic rotation. The temperature profiles could affect the turbulence
characteristics that underlie the resulting intrinsic rotation as some theories cited in the
next section compute.
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VI. MOMENTUM TRANSPORT

Neoclassical theory predicts a very small radial diffusivity of toroidal momentum,
X¢- as compared with ion thermal energy, y;, because only passing ions carry toroidal
mechanical momentum and these orbits do not have the same radial step size
enhancement as the trapped orbits, which gives the neoclassical enhancement to energy
transport [74.75]. However, experimentally it is well documented that x4 ~ X;
[49,76-78], even in discharges where %; approaches the NC value [77]. Turbulent
transport is assumed to link these two channels [79,80] and it may be that small levels of
turbulence affect momentum transport relatively more than ion energy transport [81]. In
stating Y4 ~ x; we mean this crudely, perhaps differing up to a factor of 2 or 3 in
quiescent conditions, but nevertheless close compared to the standard NC prediction,
where %o is a factor of 30 to 100 smaller than ; [74].

A general equation for the radial flux of toroidal momentum, Fq), used to model
experimental conditions has a typical form

ol on oT
r¢=—X¢—+VPE+ w3 —+uzp—+...[=Sr+Ingr+Irr , (D)
ap ap ap

where the angular momentum is (= Mni(R*)w,, with () denoting a flux surface
average, and the r.h.s. are source terms, Sk being due to possible turbulent stress source.
The existence of a momentum pinch, VP, is now well established experimentally [15-20].
A significant amount of recent theoretical work deals with the turbulence effects that can
produce the VP, i and Sg terms, as related to momentum transport and intrinsic
rotation [11,82-89]. Off-diagonal terms arise also in neoclassical theories [90-93]. The
measured pinch velocity, VP, in NSTX is compared with the turbulence-based theories of
Hahm [85] and Peeters [87] in Fig. 5 [19], showing good agreement. In these experiments
both modulated NBI and applied error fields (sinks) were used to perturb the rotation
profile [19].

The coupling of the momentum and energy confinement times can explain an effect long
seen in tokamaks, namely that the addition of rf heating to a rotating discharge driven by
NBI reduces the rotation [94,95]. This is due to the empirically determined power
degradation of energy confinement, tg ~ 1/ NP, where P is the total heating power [96].
The added rf power adds negligible torque but increases P and enhances momentum
transport if Ty scales with tg. This model was used by Nishijima, et al. to explain
experiments on ASDEX-U [97] and we subsequently found it to explain similar results in
JET [95]. In a series of experiments in JET, ICRH power was added to target discharges
driven with co-I, and counter-I, rotation with NBL. The main ion was D* and two
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heating scenarios were used, minority H and minority 3He. The results relevant to the
present topic did not depend upon the heating scenario. Addition of rf power slowed the
rotation, and total angular momentum of the plasma [95]. In a simple global steady-state
model the total plasma stored energy is W = P, xT, and the total toroidal momentum is
L=NnNBiT=sP\giT, Where T is a common confinement time for energy and
momentum, Pux = Pt + Pypr the total auxiliary heating power, Nygy the torque applied
and s is the NBI torque to power ratio for the JET NBI utilized. Taking the ratio of
L /W, so that the confinement time cancels out, we construct a parameter that should be
unity with rf power variation if the simple steady state values with a common < hold.
This parameter is A=[(1+PF¢/Pxgp)/sI(L/W) [95]. In Fig.6 we plot A vs
(1 + P/ PNBI) for three series of discharges in JET, namely L-mode, high power L- and
H-mode, and counter- /;, injection L-mode target discharges obtained during a campaign
with the direction of Ip reversed. The flatness of A with variation in P/ PN supports
the basic hypothesis that a common power degradation in the confinement of momentum
and energy reduces L. The absolute offset from unity could indicate that the ratio of
Ty /TE is not unity, i.e., they differ by a multiplier that varies with discharge conditions.
The counter- I, series made it clear that the neglect of intrinsic rotation also contributes to
this offset. In our model above, we should be subtracting the intrinsic momentum, Ly,
from L (and perhaps including a W with Ohmic heating). With counter- /;, injection L
is negative on our scale, in the co-/,, direction. This L value was measured in only one
discharge before NBI acceleration resulting in a larger magnitude of L - L, hence a
larger value of the adjusted A, bringing the lower band in Fig. 6 up by roughly 0.25
toward the middle band [95].

| ——y =0.65x RMSE = 4.21
——y =1.08x RMSE=6.77

-10 +

theory (m/s)

pinch

\")

Hahm

v
Peeters

-50 1 1 1
-50 -40 -30 -20 -10 0

vpm‘”" (m/s)

FIG. 5. Theoretical pinch velocities of Hahm [85] (diamond) and Peeters [87] (square)
versus those measured in NSTX. [Reprinted with permission from Kaye S M 2009 Nucl.
Fusion 49(4) 045010. Copyright 2007, Institute of Physics.]
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FIG. 6. The “A” parameter defined in the text versus 1+ P,;/Pygy, for JET discharges.
Constant A indicates rf slowing is due to the degradation in energy confinement.
[Reprinted with permission from deGrassie J S et al 2005 Proc. 16th Top. Conf. on RF
Power in Plasmas (Park City) vol 787, ed S J Wukitch S J and P T Bonoli (Melville,
American Institute of Physics) p 110, Copyright 2005, American Institute of Physics.]

The use of a global 7, and this zero dimensional model are reasonable with the high
power uni-directed NBI drive in the target plasma to which rf is applied, as discussed
previously. This condition links 7, and x4, more tightly than in conditions with
significant structure in the momentum profile.

We note that in a recent experiment in JT-60U the addition of EC power reduced the
magnitude of the counter-/, target rotation driven by counter-NBI [98], similar to the
lower data band in Fig. 5. As noted there [98] it is important to separate the possible roles
of drag, or confinement reduction, and acceleration opposite to the target direction.

The source terms in (1) apart from the known I'yg; and Irp are being sought
experimentally in DIII-D. In some H-mode discharges with excess counter- I, NBI
injection, to largely remove the intrinsic rotation, it has been observed that the toroidal
velocity is essentially zero over most of the interior of a discharge [18], so that ¢ and
d//dp are essentially zero. With I'yg =0 in (1), this leaves the off-diagonal terms and
SR to be balanced by I'ygy, computed with TRANSP. Experiments are underway [18] to
test various theories of these remaining terms, especially Sg, using this technique.
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VIl. SINKS

Breaking axisymmetry leads to enhanced transport [99]. The breaking of
axisymmetry may be spontaneous, due to internal MHD activity for example, which can
lead to an internal rearrangement of toroidal momentum [77,100], sometimes observed
experimentally as a flattening of the toroidal rotation profile at tearing mode surfaces
[77]. These internal modes can reach out and interact with even an axisymmetric
boundary and cause braking of the overall rotation profile, as takes place with the RWM
[4]. However, even with plasmas below any instability boundary the natural breaking of
axisymmetry due to external imperfections, i.e. TF ripple and magnetic error fields, or
purposely added perturbation fields, contribute to this added transport. The interplay of
external perturbations with rotation can be complicated, because the rotation itself can
tend to screen the plasma from the imperfections, or help stabilize any plasma mode that
might be driven, whilst the perturbations apply a drag on the rotation.

The external magnetic perturbations are generally categorized as resonant, or
nonresonant (NR). The resonant perturbations are such that the perturbation resonates in
the interior of the plasma with B on a rational magnetic surface. These are more effective
at interacting with the plasma than nonresonant perturbations because the mode rational
surfaces can carry image currents. A present focus of experimental and theoretical work
is understanding the magnitude of the resultant perturbation within the plasma, due to
possible amplification, toroidal mode coupling, and shielding [101]. NR perturbations
have a more subtle effect, primarily by breaking the toroidal canonical momentum
invariant so that single particle guiding center orbits are no longer closed. One inherent
NR perturbation is TF ripple [102,103].

TF ripple is a subject long addressed theoretically [104] but with a modicum of
experiments due to practical difficulty. Recently, a series of controlled TF ripple
experiments has been conducted in JET, with the ripple varied from the standard low JET
value of 0.08% up to 1.0% [103]. The reduction of the NBI-driven co- Ip toroidal velocity
across the entire minor radius is significant, even though the ripple is primarily in the
outer region. This velocity reduction from the normal value is significant when raising
the ripple to the nominal value expected for ITER, of 0.5%. Analysis shows that,
experimentally, T, is reduced relatively more than tg [103]. Since breaking
axisymmetry induces nonambipolar particle transport [99,105], it can generate a radial E
field that results in generation of rotation and not only a drag. This rotation is in the
counter- I}, direction because generally ions ripple diffuse more rapidly than electrons and
the plasma tends to charge up negatively. Consistent with this picture, at high ripple in
the JET experiments the edge region has a counter-/;, velocity even though the NBI drive
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is still in the co-direction, and the edge velocity is in the co-/;, direction at lower ripple
[103].

In JT-60U the negative E field, and resulting negative velocity, induced by TF ripple
was significant prior to the installation of Ferritic Steel Tiles (FTS) to reduce the ripple.
Figure 7 shows the toroidal velocity profile in JT-60U without (w/0) and with the FSTs,
with co-injected (positive) NBI torque [102]. In spite of the NBI, the plasma rotation is
counter-Ip everywhere (negative), in this large volume plasma, with the separatrix
surface ripple given as 1.7% (w/o) and 1% (with FSTs). Smaller volume plasmas in
JT-60U have much lower ripple.

(@ T T
/W|thFST ]
wo—--- ]
? *“ﬁ... 5
w 4
e ]
- I o P
L L OO ]
= F 1 OOQOOs{
] w/o FST
-1:Alllllll“ll‘ll"lll:
0 r/a 1

FIG. 7. The profiles of toroidal velocity I JT-60U with and without ferrite steel inserts.
[Reprinted with permission from Urano H 2007 Nucl. Fusion 47, P706, Copyright 2007,
Institute of Physics.]

The nonambipolar radial current arising from NR perturbations is not a drag per se, it
can exist without rotation, and as shown can dominate the rotation profile. This is a
process related to the Jy x B torque we described above, under axisymmetric conditions,
but it may be a region of phase space in the thermal population that is lost. The E field
due to such thermal ion ripple loss has recently been measured in Tore Supra [106] and
compared with theory in the steady state phase.

Another manifestation of a counter-/, toroidal velocity generated by NR
perturbations has been seen experimentally in DIII-D [107]. Magnetic perturbations with
n =3 and dominant m values in the range of 9—-14 are applied in DIII-D, originally for
the purpose of investigating ELM suppression [108]. If competing effects are small
enough, these perturbations are theoretically predicted to lead to a steady state counter-/,,
toroidal velocity due to neoclassical toroidal viscosity (NTV) [105]. This effect has been
measured in DIII-D; velocities either more co- Ip than this “offset velocity”, or more
counter- /, are observed to approach the offset value with application of the perturbation

[107]. This value theoretically depends upon the collisionality regime, and the prediction
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uses the standard NC result for poloidal velocity. Theory comparison is ongoing
experimentally; the existence of an offset velocity has been established [107].

Both resonant and NR perturbations are contained in the error fields present at some
magnitude in all tokamaks. Resonant error fields have long been known to be the trigger
for so-called locked-modes, where the plasma ceases to rotate and may disrupt [109]. The
drag on the plasma due to a resonant perturbation is a non-monotonic function of the
toroidal velocity, and a simple model has been used to predict the catastrophic low
rotation threshold that leads to locking [110].
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VIIl. PROJECTIONS TO ITER

While the present consensus is that “an ability to predict momentum transport and
rotation for ITER is currently lacking” [111], we can nevertheless make some order of
magnitude estimates based upon the empirical results described here. First, even with a
model for transport and any turbulent sources an absolute rotation profile cannot be
calculated apart from a boundary condition. This is an area that needs to be addressed
more. Turbulence may provide a velocity in the large gradient pedestal region, or perhaps
thermal ion orbit loss may possibly set a lower bound for the pedestal toroidal velocity
[112,113].

To establish a scale of merit for rotation in ITER we consider the velocity normalized
to the Alfvén velocity, V. A velocity of M =Vy/Va=1% is V¢ ~ 60 km/s, for an
inductive scenario [114], which is a rotation frequency of f, =w, /27w ~1.5 kHz. It is
possible that twice this value is necessary to affect stability, and higher for confinement
issues. The following estimates do not include any reduction due to TF ripple.

Even with zero boundary Vy(a), so-called no-slip, the NNBI source parameters
project to produce a core rotation frequency of ~0.8 kHz with VP =0 and Xo = Xi
[115]. The momentum pinch greatly enhances this value, with peak rotation well beyond
the figure of merit above, for pinch magnitudes even smaller than measured in JET [20].
These beams were planned to inject co- I}, torque [115].

The MCFD results are perhaps applicable to the ITER rf system. The C-Mod results
give a core value of V,, over twice that achieved with the Rice scaling in the L-mode
conditions, as used in these experiments to date [59]. The result fits reasonably well with
the theoretical estimate of Myra and D’Ippolito [116], which if applied to ITER projects
to Vo /P~ 0.16 (ki/y4) (km/s)/ MW, with the mode converted k& in m~! and X in m?/s
and we have used the wave frequency =50 MHz. At &/, = 40 m3s, Vp =60 km/s with
P =10 MW of mode converted power. This value of kj/yg is not overly optimistic,
using kj =40 m’!, as in C-Mod at similar B to ITER, it is realized with a diffusivity of
1 m?/s. The applicability of this theory [116] for MCFD requires further experimental
confirmation.

Co-1I,, directed LHCD in C-Mod generates a significant counter-/, V;, in the core
[60]. The explanation proposed is a pinch of the resonant trapped electrons with
generation of a core negative E field [60]. Such a theoretical model will likely predict
the linear relationship between the driven V,, and the LH driven current in steady state, as
indicated experimentally [60], because the same rf force generates current drive and the
particle pinch. The proportionality will depend upon the local momentum transport rate,
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among other terms. Such an effect may be useful in ITER for creating velocity shear, but
it is premature to make an estimate here.

We posit that the most certain rotation in ITER, apart from nonaxisymmetries, will
come from the intrinsic process, since this requires no auxiliary systems. The question is
how large it will be. The simple extrapolation from the present empirical international
database dimensionless fit for M, gives an optimistic value of V, ~120 km/s for an
inductive scenario, and larger for the non-inductive scenarios [71,117]. However, to firm
up this prediction further inter-machine intrinsic rotation experiments are needed focused
on a size scaling for intrinsic rotation.

For nonaxisymmetries, the NTV offset velocity may be significant in ITER because a
set of perturbation coils for ELM suppression is being designed [8]. This velocity is in the
counter- I}, direction and thus competes with some, and adds to others of the above
effects. An estimate for ITER projects a core-offset frequency of fy ~-1kHz [107].
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