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The studies of plasma rotation and momentum transport are the most-watched core-
transport topics over the last few years. It is well known that plasma rotation can play an
important role to achieve high confinement and high beta. The large rotational shear can
produce an internal transport barrier (ITB) by suppression of turbulence, and the enough
rotation speed can suppress resistive wall modes. Although fast toroidal rotation and its large
shear can be obtained in present devises thanks to large toroidal momentum input from
neutral beams, slow plasma rotation is foreseen in burning plasmas under the conditions of
low momentum input and dominant alpha heating. Therefore it is important to accurately
predict plasma rotation profile in ITER and DEMO reactor. In this paper, recent progresses in
the studies of plasma rotation and momentum transport are reviewed especially in
spontaneous or intrinsic toroidal rotation, momentum pinch, and their relations to transport
barriers.

Spontaneous toroidal rotation in the absence of external momentum input has been
observed in many tokamaks with several heating methods, such as ICRF (ASDEX-U, C-Mod,
JET), ECRF (DIII-D, JT-60U, TCV) and LHCD (C-Mod, JT-60U). Since even the direction of
spontaneous rotation is different in some cases, the understanding of the source of
spontaneous rotation is important to predict the toroidal rotation profile in the burning
plasmas. Several theoretical models are proposed as the source of spontaneous rotation.

An inward momentum pinch is evaluated in many tokamaks (C-Mod, DIII-D, JET,
JT-60U, NSTX) by the transient analysis and the perturbative experiments such as NBI
modulation and non-resonant magnetic perturbation. Several theoretical models are also
proposed as the mechanism of momentum pinch.

There is also progress with respect to the effect of rotation on transport properties. For
example, the effects of the modified rotation profile by TF ripple on ITBs, and the influence
of the momentum pinch on the movement of ITB of ion temperature and toroidal rotation, and

the impact of toroidal rotation on resilient profile of ion temperature.
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Radial electric field and associated sheared plasma rotation is known to play crucial
role in the turbulent transport suppression and improved confinement development.

Toroidal and poloidal rotation velocity at the plasma edge was studied on the
TUMAN-3M tokamak using four-tip movable Mach probe. Measurement were performed in
two modes of plasma confinement: H-mode transition (featured by peripheral transport barrier
formation), and transient ITB formation; both in ohmic heating scenario. The measurements
were performed in a vicinity of the LCFS, both in core and SOL plasmas. In ohmic H-mode,
virtually no perturbation of toroidal rotation velocity was observed, whereas poloidal rotation
velocity profile underwent substantial evolution — mostly after the transition. Contrary, in
transient ITB scenario, a noticeable perturbation of toroidal rotation velocity was observed
just after the ITB decay, indicating, probably, the outflux of the toroidal momentum due to
confinement degradation.

The Mach probe data obtained it the both scenarios are compared to available data on
radial electric field and impurity ion’s rotation velocity, and speculations are done on the

possible drive forces of the rotation, taking into account radial force balance equation.
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We present a novel mechanism for self-acceleration and intrinsic rotation driven by

microturbulence, and show that ambipolarity breaking by polarization currents and radially

propagating waves drives a mean radial current (J,.), which in turn exerts a toroidal force

Fy=(J.)Bo/c. We prove that F,=(Bg/Br)d,m\s, Where 7}y is the radial flux of poloidal

wave momentum density[1], and then extend previous work on wave momentum transport[2] to

explicitly calculate 7, for a system of interacting drift waves. The principal results of this

study are:

i.)

iii.)

v.)

the wave momentum density flux is calculated and demonstrated to consist of a diffusive
contribution, driven by the gradient of the pseudomomentum (i.e. wave momentum
density) and a non-diffusive term related to E X B shearing, which drives flow formation.

the non-diffusive effect is the same as zonal flow drive, so the overall mechanism is one

which converts poloidal wave momentum to toroidal plasma flow.
the wave momentum density is unambiguously identified as <5]2> /v*, where <E]2> is the
potential enstrophy and v_ is the diamagnetic velocity.  The latter sets the

pseudomomentum direction and provides the requisite symmetry breaking.

the non-diffusive <VE>, driven effect is typically stronger and more robust than that due

to (Vi) breaking of k, symmetry, which has been extensively studied.

the net flow direction (co vs. counter) is determined by the wave propagation direction

(electron vs. ion diamagnetic) and the turbulence intensity profile.

The relevance of these results to the phenomenology of intrinsic rotation will be discussed. This

material is based upon work supported by the Department of Energy under Award Numbers DE-
FG02-04ER54738, DE-FC02-08ER54959 and DE-FC02-08ER54983.

[1] P.H. Diamond, Y.B. Kim, Phys. Fluids B3, 1991 (1991).

[2] P.H. Diamond, et al., Phys. Plasmas 15, 012303 (2008).
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The transport barriers that arise in the core of C-Mod plasmas display common features
despite the means used to induce their formation. Typically, ITB's are triggered with off-axis
ICRF power, but they commonly arise spontaneously in Ohmic H-mode plasmas. Independent
of the trigger, they typically persist tens of energy confinement times until the plasma is
terminated or a disruption occurs. Short-lived (1 energy confinement time) 1TBs are usually
observed following the H to L-mode transition as well. All C-Mod core barriers exhibit
strongly-peaked density and pressure profiles, unchanged or peaking temperature profiles,
peaking impurity density profiles, and thermal transport coefficients that approach
neoclassical values in the core. As the central density peaks during the evolution of the ITB,
the intrinsic central plasma rotation develops a central well that becomes more distinct as the
density peaking increases. This rotation profile well is relatively flat in the center then rises
steeply in the region where the foot in the ITB density profile is observed. Gyrokinetic
analyses of ITB onset conditions [1] points to the broadening of the T; profile with off-axis
ICRF to reduce the ion temperature gradient and suppress the ion temperature gradient (ITG)
instability driven particle fluxes as the primary mechanism for ITB formation. However,
experimental verification of this scenario remains elusive[2]. Recent work indicates that
changes in the g-profile may also play a role in ITB formation in these plasmas. The role of
the rotation with respect to plasma transport in this region will be explored. In addition a
summary of current research will be presented.

[1]K. Zhurovich et al 2007 Nucl. Fusion 47 1220-1231

[2] L. Lin, M. Porkolab, E. M. Edlund et al, Phys Plasmas 16, 012502 (2009)

Work supported by US-DoE DE-FC02-99ER54512 and DE-FG03-96ER54373
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Poloidal flows in tokamaks are receiving an increasing arhotioonsideration, as newer and
better flow measurements keep increasing the amount ofhlaiexperimental information. In
particular, finite poloidal flows are routinely observed xperiments in the edge region of the
plasma. MHD theory predicts that when the poloidal velogtyransonic with respect to the
poloidal sound speedtd, = csBp/B, whereBy, is the poloidal field) shocks will develop in the
transonic region. Such shocks will then move in the polodiedction and disappear once they
reach the location of the minimum transverse flow cross @edtiypically the inboard midplane
in a low-B plasma). In the aftermath of the shock disappearance, astade plasma density
and pressure is left, with the height of the pedestal depgndn the poloidal location. In this
work, we present the result of time-dependent simulatiomed at reproducing the theoretical
prediction. Simulations are performed with a finite-diffece predictor-corrector code, solving the
conservative form of the equations of motion. Simulaticuits show how an initial condition with
transonic flow evolves, creating a train of shocks near #estnic surface, which eventually result
in sharp transitions in (e.g.) density profiles, not distamirom what is predicted by theory. This
work was supported by the US Department of Energy under @onito. DE-FG02-93ER54215
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We present recent results in the theory of turbulent momentum transport pertinent to the description of
intrinsic rotation. Emphasis is placed on the self-consistent evolution of poloidal and toroidal flows. Both
turbulent and neo-classical stresses are considered, allowing for the recovery of purely neo-classical flows,
as well as the description of deviations induced by the background turbulence. Along with radial force
balance, toroidal and parallel force balance are utilized to constrain the evolution of poloidal and toroidal
momentum. Within the turbulent toroidal momentum flux, in the limit of small but finite inverse aspect
ratio, two distinct non-diffusive contributions capable of spinning up a plasma from rest are identified. The
first results from E x B shear induced symmetry breaking of the underlying wave population, whereas
the second follows from charge separation induced by the polarization drift. While both mechanisms are
found to provide robust means of driving toroidal rotation in the absence of external momentum sources,
the magnitude of the former is found to be closely coupled to the poloidal rotation. An expression for the
poloidal flow, including both neo-classical and turbulent stresses, is obtained from parallel force balance.
Potentially significant deviations from neo-classical poloidal rotation are found, which are in turn seen to
provide a robust means of enhancing toroidal flow generation. Ongoing work is devoted to the develop-
ment of a self-consistent model describing the coupled poloidal and toroidal flow evolution, with particular

emphasis placed on recovering empirical scaling laws.
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There has been substantial progress recently in the understanding of momentum
transport and intrinsic rotation in tokamak plasmas. From beam modulation
experiments on JET, JT-60U, DIII-D, NSTX (others?), profiles of the momentum
diffusivity and pinch velocity have been determined under a wide range of operating
conditions. Related results have been obtained from C-Mod following the H-mode
transition. Momentum diffusivity is generally found to be anomalous, and similar in
magnitude to the ion thermal diffusivity (Prandtl number of order unity). There is also
evidence for inward momentum convection. These observations have been compared
to several recent theories, in particular models of the turbulent equipartition and
thermoelectric pinches. Under construction is a momentum transport profile database
which will allow systematic characterization momentum confinement for comparison
with theory and extrapolation to future devices. (Problematic coordinate
transformation properties of the momentum pinch portion of the momentum flux
proportional to the velocity may lead to a different characterization of momentum
transport.) An extended database of intrinsic/spontaneous rotation in H-mode and
other enhanced confinement regimes from JET, C-Mod, Tore Supra, DIII-D, JT-60U,
TCV and ASDEX Upgrade has been compiled and a universal scaling has been
developed. Some generic features have been captured in recent theories of the residual
stress. The more complex intrinsic rotation in L-mode plasmas, including rotation
inversions, is also an area of vigorous activity on TCV, C-Mod and JET. RF driven
rotation by ICRF mode conversion has been demonstrated on C-Mod and will be
explored in JET. Rotation in LHCD plasmas is also under investigation.
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ICRF mode conversion flow drive has been recently demonstrated in Alcator C-Mod
plasmas [1,2], manifested by large (up to 80 km/s) toroidal rotation in the plasma
interior, in addition to spatially localized poloidal rotation near r/a = 0.45. The
toroidal rotation exceeds by a factor of two the intrinsic rotation scaling. The peak of
the poloidal rotation velocity profile is close to the location of the calculated power
deposition to *He ions by the mode converted ion cyclotron wave. Also observed at
this position is an increase in the ion temperature gradient, which is suggestive of ITB
formation. The deduced ExB shearing rate at this location, 2x10°/s, exceeds the
calculated maximum linear growth rate for ITG turbulence.

[1] Y.Lin et al., Phys. Rev. Lett. 101, 235002 (2008)
[2] Y.Lin et al., Phys. Plasmas 16, 056102 (2009)
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In fusion plasmas, large-scale spontaneous toroidal rotation is beneficial for the
confinement as it may suppress turbulence. This effect may be related to the tran-
sition to an improved confinement state (L-H transition) [1]. The absence of this
transition might jeopardize the success of the ITER project. The understanding of
spontaneous toroidal plasma flow dynamics is therefore of considerable interest in
order to regulate the L-H transition.

The spontaneous generation of angular momentum in two-dimensional turbu-
lence in non-axisymmetric domains was discovered by Clercx et al. [2]. In a recent
work, [3], it was shown that this effect is enhanced in magnetohydrodynamics. The
shape of the boundary which contains a plasma may be very important in determin-
ing the dynamics of close to two-dimensional plasma flow. In two dimensions, the
importance of the shape of the plasma container was shown to be far from trivial.
Indeed, while in infinite cylinders plasma can be retained in a static, quiescent state
by the lorentz force, toroidal geometries are shown to induce non-zero velocities due
to visco-resistive effects [4]. It is reasonable to expect that the same statement will
be true in fully three-dimensional MHD.

In the present communication we will present results of two and three dimen-
sional MHD simulations in differently shaped geometries to study spontaneous gen-
eration of velocity. The effect on a net current on the generation of angular mo-
mentum will also be addressed.

References
1] Y. Lin et al. Phys. Plasmas 16:056102, 2009.

2] H. J. H. Clercx, S.R. Maassen, and G.J.F.van Heijst. Phys. Rev. Lett., 80:5129, 1998.

[
[
3] W.J.T. Bos, S. Neffaa, and K. Schneider. Phys. Rev. Lett., 101:235003, 2008.
[

4] L.P. Kamp and D.C. Montgomery. J. Plasma Phys., 70:113, 1999.
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Effects of ExB shear and momentum on confinement/transport have been investigated in
high performance plasmas under the framework of the ITPA multi-machines joint experiments.
Momentum scans were performed by using RF (ICRF, ECH, etc), tangential-NB (co or ctr.),
magnetic breaking and/or intrinsic rotation in JT-60U, JET, DIII-D, AUG, NSTX, TCV and
C-Mod. In JT-60U weak shear plasmas (hybrid target plasmas), highest confinement was
achieved with co-rotation. The rotation direction seemed to be important rather than the ExB
shear. On the other hand, decreased ExB shear reduced the confinement in DIII-D hybrid
scenario plasmas and enhanced the transport in NSTX H-mode plasmas, where high
confinement or reduced transport was observed with a large co-rotation. In C-Mod, high
confinement was also obtained with a large co-rotation and strong ExB shear. In AUG,
additional electron heating by ECH in low density NBI heated plasmas led a significant
reduction of confinement and toroidal rotation, while additional RF ion heating did not reduce
as much confinement, but had similar effect on the toroidal rotation. This result indicated that
Te/T; seemed to be important rather than the ExB shear. In TCV, high confinement was
obtained with a large reversed shear with low momentum input, indicating that magnetic
shear was important rather than rotation. In JET, T;-1TB trigger events were investigated with
very low levels of injected momentum using ICRH. The evidence indicated that ExB shear
driven by toroial rotation was not important with a shear-reversed target g-profile. In JT-60U
reversed shear plasmas, confinement and rotation were strongly linked with each other. When
the transport significantly decreased in the ITB region, a notch structure was formed in the
toroidal rotation profile and strong ExB shear was produced. The experimental results
obtained in multi-machines will be systematically discussed to elucidate physics underlying
various observations.
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Plasma rotation can have a major influence on the dynamics of transport barriers.
In particular the sustainment of Internal Transport Barriers (ITBs) is affected by the gradient
of the toroidal rotation [1,2]. Therefore, understanding of momentum transport is crucial, not
only for well-known beneficial effects of toroidal rotation on both stability and confinement,
but also from the ITB sustainment point of view.

In this paper, momentum transport is studied using the Neutral Beam Injection
(NBI) modulation technique. Earlier results using this technique have demonstrated the
existence of a significant inward momentum pinch and Prandtl numbers between 0.5 and 1.5
[3]. Here, the parametric dependencies of the pinch and Prandtl numbers are reported. The
momentum transport theory also predicts a large inward momentum pinch [4,5] where the
pinch depends most strongly on density gradient length R/L, and g-profile [4]. The
preliminary experimental results show that indeed in plasmas with larger R/L, the pinch is
also larger, well in accordance with theory. However, no clear dependence of the magnitude
of pinch on g-profile was found in the experiments.

The experimental results, both the profiles of the pinch and Prandtl number, are
compared with simulation results from GKW gyro-kinetic code [6]. The comparison shows
that the agreement between the simulations and experiments, both for Prandtl number and
pinch number Rvpinch/yp is well within a factor of 2 and in most cases, the discrepancy is much
less than a factor of 2.

[1] P.C. de Vries et al., Plasma Phys. Control. Fusion 50 (2008) 065008.
[2] Y. Sakamoto et al., this conference.

[3] T. Tala et al., Phys. Rev. Lett. 102, 075001 (2009).

[4] A.G. Peeters et al., Phys. Rev. Lett. 98, 265003 (2007).

[5] T.S. Hahm et al., Phys. of Plasmas 14, 072302 (2007).

[6] A.G. Peeters et al., Phys. Plasmas 11, 3748 (2004).
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Global quasi-stationary zonal flow structure along with a toroidal zonal component is observed in
global gyrokinetic simulations of ion temperature gradient (ITG) turbulence. A residual stress is
found to be generated nonlinearly by the zonal flow shear via the symmetry breaking in the
parallel wavenumber k// spectrum. This residual stress drives an inward flux of toroidal
momentum robustly observed in the post-saturation phase of ITG turbulence, leading to core
plasma rotation spin-up. A finer radial scale of zonal flow is introduced by trapped electron
dynamics. Trapped electrons are shown to largely enhance the residual stress generation
particularly in ITG marginality regime. A momentum pinch is shown via simulations using
different rigid rotation. Further, trapped electrons do not considerably change the phase space
structure of momentum flux for ITG turbulence. Compared to ITG case, momentum transport
driven by trapped electron modes (TEM) is made by ions from different regions and in a different
way. Determination of non-diffusive momentum transport direction (inward or outward) is also
examined in connection with the characteristic of turbulence spectrum. Work supported by U.S.
DOE Contract DE-AC02-76-CH03073 and the SciDAC GPS-TTBP project.
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With recognition of importance of momentum transport, there has been lots of progress in
identifying underlying mechanisms for momentum pinch in toroidal geometry. While both TEP
pinch [1] and thermodynamic pinch [2] were studied in toroidal geometry, simple analytic
expressions were only available in the fluid regime which is strictly valid well above ITG
marginality [1, 3]. However, it is well known that the plasma profile is often near threshold of
ion temperature gradient (ITG) instability in experiments [4]. With this motivation,
we calculate transport of parallel momentum carried by drift resonance of toroidal ITG
instability near marginality using quasilinear theory starting from a phase space conserving
gyrokinetic equation [5] for ions. The principal results are: TEP pinch remains inward as the
most robust term of pinch. In addition, ion temperature gradient driven pinch is inward for
typical parameters. Interestingly, density gradient driven pinch is outward as in the
previous kinetic results in slab geometry [6], but opposite to the results in the fluid regime
[3]. Parameter dependency of momentum diffusivity and pinch velocity on the electron to ion

temperature ratio (z =T, /T;) has been examined over a wide range of density profiles.

We would like to acknowledge useful discussions with P.H. Diamond, S.D. Scott, and J. Rice.
This work was supported by the U.S. Department of Energy Contract No. DE-AC02-09CH11466
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