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Drift-Kinetic Simulations of Neoclassical Transport
E.A. Belli and J. Candy

General Atomics, P.O. Box 85608, San Diego, California 92186-5608

A new Of Eulerian kinetic code NEO-GK has been developed for numerical studies of neoclassical
transport. NEO-GK serves a dual role: in addition to its practical value as a tool for high-accuracy
neoclassical calculations, NEO-GK also functions as a stepping-stone (together with our nonlinear GK
code GYRO) toward a full-F gyrokinetic code which integrates neoclassical transport and
microturbulence. NEO-GK is based on a hierarchy of equations derived by expanding the fundamental
drift-kinetic equation in powers of p«, the ratio of the ion gyroradius to the system size. Thus, unlike
NCLASS [1], NEO-GK represents a first-principles calculation of the neoclassical transport coefficients
(particle flux, heat flux, bootstrap current, poloidal rotation, etc.) directly from the particle distribution
function. NEO-GK extends previous numerical studies by including the self-consistent coupling of
electrons and multiple ion species and the calculation of the first-order electrostatic potential via coupling
with the Poisson equation. Fully general geometry is included, using either a full numerical equilibrium or
the Miller local parameterized equilibrium model [2].

For benchmarking, comparisons of the second-order transport coefficients with various analytical
theories are presented. Three model collision operators are compared in NEO-GK: the full Hirshman-
Sigmar operator [3], which includes pitch-angle scattering dynamics and energy diffusion, and the
reduced Hirshman-Sigmar operator [4] and the Connor model [5], both of which consist of just the sum of
pitch angle scattering and momentum-restoring terms. For all three models, the ambipolar relation
> Z, I'=0, which can only be maintained with complete cross-species collisional coupling, is confirmed.
With the full Hirshman-Sigmar collision operator, we confirm that the widely used Chang-Hinton
analytical model [6] overestimates the ion energy flux in the intermediate aspect ratio regime. Agreement
with the more accurate Taguchi banana regime model [7] is shown for validation. The reduced Hirshman-
Sigmar operator and the Connor model are found to consistently underestimate the ion energy flux in all
collisionality regimes. Through comparisons with simulations using an adiabatic electron model, the
effects of kinetic electron dynamics on the ion transport coefficients are specifically identified. The
effects of heavy impurity ions are also explored and limitations of multi-species collisionally-interpolated
analytical theories are discussed. Furthermore, parameterized studies of the effects of shaping are
performed using the Miller model. Results using DIII-D experimental profiles are also presented.

Finally, finite orbit width effects are studied via solution of the third and fourth-order drift-kinetic
equations. Neoclassical transport near the magnetic axis is explored and the implications of non-local
transport on the validity of the df formulation are discussed.
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Nonlinear Consequences of Weakly Driven Energetic Particle Instabilities
Boris N. Breizman

Institute for Fusion Studies
The University of Texas at Austin
Austin, TX 78712

Abstract

The build-up of the energetic particle population in fusion plasmas is typically slow
compared to the growth times of energetic-particle-driven instabilities. This feature draws
special attention to nonlinear studies of unstable waves in the near-threshold regimes.
The goal is to characterize the long-time behavior of the weakly dissipative waves and
resonant particles in the presence of particle sources and sinks. This system exhibits an
intricate nonlinear dynamics ranging from benign saturation of unstable modes to
explosive growth of nonlinear phase space structures and avalanche-type events. The list
of intriguing nonlinear effects also includes frequency-chirping phenomena.

This talk presents a first-principle theoretical approach to the nonlinear description of
near-threshold instabilities, aimed at understanding a variety of experimental data from
JET, MAST, DIII-D, C-Mod, NSTX and TFTR. The theory interprets the pitchfork
splitting effect, observations of Alfvén Cascades, rapid frequency chirping in Alfvén
modes and fishbones, anomalous losses of fast ions. The most recent progress refers to
the role of transient perturbations (quasimodes) and geodesic acoustic effects in the
observed spectrum of Alfvén Cascades and to the MHD-mechanism of frequency
downshift during the decay of the fishbone pulse.

The talk blends recent results into a broader discussion of how the present theory
responds to the experimental challenges and what kind of theoretical and computational

advances could potentially resolve some of the critical outstanding issues.

Work supported by the U.S. DOE Contract No. DE-FG03-96ER-54346



Modeling of Resistive Wall Mode with Full Kinetic Damping *

M.S. Chu' and Y.Q. Liu?

!General Atomics, P.O. Box 85608, San Diego, California 92186-5608, USA
*UKAEA Culham Science Center, United Kingdom

Magnetohydrodynamic (MHD) stability of the plasma depends critically on the frequency
and wave length of the perturbation. Future tokamaks are expected to operate in regimes where
the external macro-scale perturbations have much lower frequencies than the intrinsic dynamical
time scales of the particles [1]. This situation calls for a detailed re-examination of the
assumptions on previous models of the response of the plasma to MHD perturbations [2]. We
have developed a full drift kinetic version of MARS-F based on the kinetic formulation of MHD
response [3]. The kinetic integrals are evaluated in a general toroidal geometry with flow, and
self-consistently incorporated into the MHD formulation. In particular, the energy and
momentum flux across the plasma surface is expressed in terms of the MHD perturbations. The
new code has been tested on a Soloviev analytic equilibrium. It is observed that most of the
kinetic damping comes from the particle precession drift resonances, from particles with nearly
vanishing drift frequency. The RWM eigenmode structure is modified by the new kinetic terms.
These kinetic terms may provide strong stabilization for high-pressure plasmas, such as those
from DIII-D. Implication on the stability and plasma response [4] relevant for the resistive wall

mode, with its time scale dramatically slowly by the external resistive wall, is discussed.

[1] B. Hu, R. Betti and J. Manickam, Phys. Plasmas 12, 057301 (2005).
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Explosive Instability in Plasmas

Steven C. Cowley

UCLA, Department of Physics and Astronomy, Los Angeles, CA and Imperial
College, Blackett laboratory, London, UK.
steve.cowley@ic.ac.uk

Some of the most dramatic events in nature are large scale disruptions of plas-
mas such as tokamak disruptions, solar flares, magnetospheric substorms and Edge
Localized Modes. For all these examples the speed of disruption suggests that an ex-
plosive mechanism is responsible. I will discuss the fundamental nature of explosive
growth and the issues for fusion plasmas. As an example I will doutline a partic-
ular mechanism for the explosive release of energy in a plasma [1] via filamentary
eruptions. I will also show experimental evidence [2] for it’s role in Edge Localized
Modes. The size and connectivity of the filament and the mechanisms for releasing
stored plasma energy will be discussed. At the heart of these mechanisms lie near
singularity formation. These may include the formation of contact discontinuities
and current sheets [3]

References
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Scalable Parallel Computation for
Extended MHD Modeling of Fusion Plasmas

Alan H. Glasser, Los Alamos National Laboratory and University of Washington

A principal contribution of John Greene to plasma physics and magnetic fusion energy research is an understand-
ing of the computational implications of the huge range of length and time scales in ideal and resistive MHD. His
achievements include the efficient computation of the ideal MHD spectrum in the pioneering PEST code [1], as well
as deep theoretical understanding of the role and behavior of the singular layer in linear resistive instabilities [2].

Today’s version of this challenge is the need for scalable parallel computation for the nonlinear extended MHD
modeling of fusion plasmas. Macroscopic modeling codes such as NIMROD and M3D have become major contribu-
tors to our understanding of Tokamaks and Innovative Confinement Concepts [3, 4]. The demands of multiple length
scales lead to the need for high-order spatial representation and adaptive grids [5]. The demands of multiple time
scales lead to the need for implicit time steps and the resulting requirement for efficient parallel solution of large,
sparse linear systems.

Parallel solution of a linear system is called scalable if simultaneously doubling the number of dependent variables
and the number of processors results in little or no increase in the computation time to solution. This property is
essential for the efficient use of current and future generations of parallel supercomputers, with 10* — 10° processors
and petaflop speeds. Two approaches have been found to have this property for parabolic systems: multigrid methods
[6] and domain decomposition methods [7].

Since extended MHD is primarily a hyperbolic rather than a parabolic system, dominated by the effects of ideal
or two-fluid MHD waves, additional steps must be taken to parabolize the linear system to be solved by such a
method. Such physics-based preconditioning methods have been pioneered by Luis Chacén, using finite volumes for
spatial discretization, multigrid methods for solution of the preconditioning equations, and matrix-free Newton-Krylov
methods for the accurate solution of the full nonlinear preconditioned equations [8].

The work described here is an extension of these methods to high-order spectral element methods for spatial dis-
cretization. Multigrid methods, appropriate for low-order spatial discretization, are replaced by the FETI-DP method
of domain decomposition for high-order spectral elements. Application of physics-based preconditioning to a flux-
source representation of the physics equations is discussed. The full set of preconditioned equations is solved by
matrix-free Newton-Krylov iteration. The resulting scalability will be demonstrated for ideal and Hall MHD waves
and for 2D magnetic reconnection.
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Low frequency eigenmodes due to Alfén acoustic coupling in toroidal fusion plasméa

N. N. GorelenkoV, H. L. Berk?, N. A. Crockef, D. Darrowt, E. Fredricksoh, G.J. Kramet, S.
Kubotd', D. Liu®, J. Menard, R. Nazikiart, M. Podest, S. E. Sharapov

lPrinceton Plasma Physics Laboratory, Princeton UniversiIFS, Austin, Texas;
3Euratom/UKAEA Fusion Assoc., Culham Science Centre, Abarg Oxfordshire#University
of California, Los Angeles,University of California, Irvine

Investigating the interaction of energetic ions with MHDaheg is important not only for planning
future self-sustained burning plasmas but it is an areaevitral MHD and kinetic theories are
put to the test with great accuracy. We report on a theory adsdrvations of a new class of global
MHD solutions resulting from coupling of two Alfvén and aiic fundamental MHD oscillations
due to geodesic curvature. These modes predicted thedhlgtand numerically and called Beta-
induced Alfvén-Acoustic Eigenmodes (BAAES) have beerntly observed in both low beta JET
and high beta NSTX plasmas. They are capable of inducinggt@dial transport of beam ions
in NSTX especially in the presence together with multipleETiAstabilities.

Acoustic branch coupling also upshift the reversed shebséAleigenmodes (RSAES) eigenfre-
guency due to the finite pressure. We present a theory whiglaies the upshift of RSAE fre-
guency due to finite pressure gradient. It is applied to NSDXeovations at medium to high
plasma beta. Experimental results supported by the idedbMétle NOVA simulations clearly
separate the effects of the plasma pressure and pressdrengrd\Ve observe that the upshift of the
RSAE frequency depends on mode number and is sensitive tp-gnefile, which is in agreement
with theoretical and numerical results. The upshift in freacy helps to understand observable
“suppression” of RSAEs at high beta. Sweeping frequency BS#re seen to inflict the enhanced
beam ion losses.

By understanding the range of BAAE and RSAE frequency eticitave are able to extend the
use of so-called MHD spectroscopy to high beta plasma andsimgudrequency observations in
new regimes to determing,n. We have found that MSE measurementgygdrofile in NSTX
agree with theyyin values inferred from the BAAE and RSAE theories. Such olee@ms would

be a very important tool for diagnosimgprofile and other plasma parameters in ITER, CTF and
other burning plasma experiments.

“This research was supported in part by the U.S Department of Energy under the contract DE-
AC02-76CH03073.



On John M. Greene’s MHD Equilibrium and Stability Work
John L. Johnson
Princeton Plasma Physics Laboratory (retired)
14 Wiltshire Drive, Lawrenceville, NJ 08648

Katherine Weimer and | had the privilege of collaborating with John Greene on
most of his MHD work. Here, | want to illustrate the breadth of his efforts by
commenting on our incorporation of curvature effects into stellarator equilibrium models,
Hamada Coordinates, the Mercier Criterion, resistive instabilities, and the PEST code. An
illustration of how John kept our interactions exciting was the morning he walked into
my office to say: “I know the answer; can you help me formulate the question?”



High Power Density Experiment (HPDX) - A Next Step Device in the Age of ITER

P. Valanju, M. Kotschenreuther, S. Mahajan
Institute for Fusion Studies, The University of Texas at Austin, Texas

A next generation high (reactor-level) power density machine (HPDX), capable of
demonstrating Qxr (= Qxothermic = fusion power / total electrical input) > 1, is explored.
(JET and NIF achieve Qxr~1/10). We give a solution for the extreme challenge of
simultaneously maintaining {3 ~ 6 times ITER and power density ~ 10 times ITER and
Qxt >1. The device will run in the advanced tokamak mode, R=2.2m, A=2.5, k=2.7.
Density peaking and enhanced elongation will be exploited to maximize beta for a given
beta normal. Because HPDX is conceived as a prelude to a fusion reactor, its primary
function is to demonstrate that appropriate conditions needed for the simultaneous
occurrence of high beta, good confinement, stability (including thermal stability for a
self-heated plasma), proper heat exhaust etc. can be created using only those methods
that are likely to be pertinent under actual reactor.

A critical challenge of the beta optimized HPDX is the enormous heat load that will be
incident on the divertor; the problem is further accentuated by density peaking. A
radically new magnetic geometry that tends to isolate the divertor from the main plasma,
the SuperX divertor (SXD), has been invented to solve this problem: its working is
demonstrated by both 1D and 2D edge codes.
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Example of a Super X Divertor at large R and with line length ~ 5-10 x standard divertor.

Work supported by US DOE-OFES under Grant No. DE-FG02-04ER54742 and DOE-
ICC Grant No. DE-FG02-04ER54754



Zonal Flow and Zonal Density Saturation Mechanisms for
Trapped Electron Mode Turbulence

Jianying Lang, Scott. E. Parker and Yang Chen

Center for Integrated Plasma Studies
Univ. of Colorado, Boulder, Colorado

Abstract

Mode coupling theory and gyrokinetic turbulence simulation are used to
study the nonlinear saturation mechanisms of collisionless trapped electron
mode (CTEM) turbulence [1, 2]. Turbulence simulations show that the im-
portance of zonal flow is parameter sensitive, but is well characterized by the
ExB shearing rate formula. The importance of zonal flow is found to be sen-
sitive to temperature ratio, magnetic shear and electron temperature gradient.
For parameter regimes where zonal flow is unimportant, zonal density (a purely
radial density perturbation) is generated and is found to be the dominant satu-
ration mechanism. In fact, CTEM turbulence saturates at physically reasonable
levels with or without zonal flow. This is in stark contrast to ion temperature
gradient driven turbulence where the zonal flow has an order of magnitude ef-
fect on the saturation level. A toroidal mode coupling theory is developed that
agrees well with simulation in the initial nonlinear saturation phase (before fully
developed turbulence ensues). The theory predicts nonlinear generation of the
zonal density and then the feedback and nonlinear saturation of the unstable
mode. Inverse energy cascade is also observed in CTEM turbulence and reported
here. Further exploration on the magnetic fluctuation effect will be discussed.
Finally, we have utilized GEM to investigate the Toroidal Alfven Eigenmode
(TAE) in tokamak plasmas. Here, we present numerical results showing the
gap and continuum frequencies and compare directly with the eigenfrequency
obtained from an eigenmode calculation.

References

[1] J. Lang, Y. Chen and S. E. Parker, Phys. Plasmas 14, 082315 (2007)

[2] Nonlinear saturation of collisionless trapped electron mode turbulence: zonal
flows and zonal density, J. Lang, S. E. Parker and Y. Chen, Phys. Plasmas
(accepted).



Modern Measurement Capabilities and Analysis Techniques for
Validation of Turbulence Simulations

G. R. McKee, University of Wisconsin-Madison

Fluctuation diagnostics deployed at magnetic fusion experiments have advanced significantly in
their breadth and depth and now measure turbulence characteristics in multiple plasma fields over a
wide range of wavenumbers. The corresponding development of comprehensive nonlinear
simulations of turbulence and transport is now allowing for quantitative comparisons of various
turbulence properties between measurement and simulation, a crucial task required to validate
simulations and ultimately to develop a predictive capability for turbulent transport. Specialized
diagnostics have been developed to probe fluctuations in density, temperature, electrostatic
potential, velocity and magnetic field, as well as to examine a wide range of wavenumbers from
the ion gyroradius scale to electron scales. Quantities that can be compared include fluctuation
amplitudes, wavenumber and frequency spectra, and spatial and temporal correlations. The
corresponding development of advanced analysis techniques applied to multipoint, spatially
resolved fluctuation measurements allows for extraction of critical characteristics such as zonal
flow fields as well as the nonlinear dynamics of turbulence, including internal energy transfer.
Detailed comparisons between measurements and simulation require "synthetic diagnostics" that
model diagnostic measurement physics and performance to facilitate these direct, quantitative tests.
Validation exercises also require the execution of focused experiments that systematically vary
critical parameters to insure proper scaling behavior. Initial efforts to perform validation exercises

and thereby test and challenge simulations will be presented.



“QOh, that.”

P. J. Morrison
Department of Physics and Institute for Fusion Studies
University of Texas at Austin

John Greene produced important research in a many areas. His work was character-
istically original, of great depth and clarity, concise, mathematically clean, and broadly
applicable. In this talk I will highlight some of his research, including: BGK modes, ex-
act nonlinear solutions of the Vlasov-Poisson system; the inverse scattering transform, a
method of solution for the KdV equation (and others) via a remarkable transformation;
Greene’s residue criterion, which describes e.g. how magnetic surfaces break; and other work
on Hamiltonian systems.



Tokamak Plasma Response to External Magnetic Perturbation

Jong-kyu Park,! Allen H. Boozer,2 and Jonathan E. Menard!

! Princeton Plasma Physics Laboratory, Princeton, New Jersey, NJ 08543
2Department of Applied Physics and Applied Mathematics,
Columbia University, New York, NY 10027

Tokamak plasmas are sensitive to external magnetic perturbations as small as [0B|/B ~
10~* can be important. An asymmetric external magnetic perturbation changes the plasma
equilibrium, and the asymmetry of the equilibrium current contributes to the perturbed
magnetic field §B. The linear Ideal Perturbed Equilibrium Code (IPEC) finds the perturbed
non-axisymmetric tokamak equilibrium with the same p and ¢ profiles. Often the magnetic
field strength is changed little at fixed points in space, but the wobble of the magnetic
surfaces causes a large variation in the field strength that perturbs the action J = ¢ v)dl
and, therefore, the particle drift motion.

The non-axisymmetry of the equilibrium currents tends to give:

(1) Strong poloidal coupling - The magnetic perturbation tends to be locally close to reso-
nant with the magnetic field lines because that gives the largest distortion in the equilibrium
plasma currents.

(2) Amplification of the external perturbation - The perturbed magnetic field can either
be amplified or shielded by the perturbed plasma current, but the most important pertur-
bations are those that are amplified by the non-axisymmetric distortions of the equilibrium
plasma currents. Nevertheless, the plasma must shield the perturbation if the toroidal torque
between an external magnetic perturbation and the plasma, [ # x (; X é)d% is sufficiently
strong. Maxwell’s equations imply this torque is given by an expression, which is approxi-
mately (n/po) f(ééx -A)(6BP - i)da sin(ny,), where n is the toroidal mode number, §B® - h
is the perturbation due to external coil currents, SBP - i the perturbation due to the plasma
response, and ¢, is the phase difference between them.

The IPEC code has (1) resolved paradoxes in error field correction on NSTX and DIII-D
(Phys. Rev. Lett. 99 195003), (2) shown that ELM control coils in ITER could be designed
to greatly reduce asymmetries in the central plasma while producing a strong perturbation
at the plasma edge, (3) found that NSTX experiments on rotating error fields indicate strong

plasma shielding due to the Maxwell limit on the torque.



Limitations of gyrokinetics on transport time scales
Felix I. Parra and Peter J. Catto
Plasma Science and Fusion Center, MIT, Cambridge, MA

ORAL PRESENTATION

Gyrokinetic models are widely used in simulations of tokamak drift wave turbulence. However,
these models are only valid on time scales of the order of the saturation time of the turbulence
and are unable to predict and evolve the equilibrium profiles of density, temperature and electric
field. Calculating these profiles requires the extension of gyrokinetics to transport time scales.
We are developing a self-consistent electrostatic model to calculate the distribution functions of
both ions and electrons and the electrostatic potential for wavelengths that go from the size of the
tokamak to smaller than the ion Larmor radius. A set of gyrokinetic variables is defined so that
the gyrophase dependent part of the distribution is absorbed into the gyrokinetic variables by
extending the linear treatment of Lee, Myra and Catto [1] to retain the usual nonlinear
gyrokinetic modifications [2]. Using this procedure we find a nonlinear full f gyrokinetic
equation correct to first order in a gyroradius over global scale length expansion. The electrostatic
potential must be found to insure quasineutrality. In o6f models, the gyrokinetic quasineutrality
equation is normally used for this purpose. However, intrinsic ambipolarity requires that the ion
distribution function be known at least to second order in gyroradius over characteristic length to
calculate the long wavelength, axisymmetric components of the electrostatic potential self-
consistently. Using the example of a steady-state &-pinch, we prove that the quasineutrality
equation fails to provide the axisymmetric piece of the potential even with a distribution function
correct to second order. We also show that second order accuracy is enough if a moment
description is used instead of the quasineutrality equation. These results demonstrate that the
gyrokinetic quasineutrality equation is not the most effective procedure to find the electrostatic
potential if the long wavelength components are to be retained in the analysis.

Work supported by the U. S. Department of Energy.
References

[1] X.S. Lee, J.R. Myra, and Peter J. Catto, Phys. Fluids 26 (1), 1983, 223.
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Variational Symplectic Integrator for the Guiding Center Motion of Charged Particles

for Long Time Simulations in General Magnetic Fields

Hong Qin
Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543, USA

Xiaoyin Guan

Physics Department, Peking University, Beijing, 100871, China

A variational symplectic integrator for the guiding center motion of charged particles in
general magnetic fields is developed for long time simulation studies of magnetized
plasmas [1]. Instead of discretizing the differential equations of the guiding center motion,
the action of the guiding center motion is discretized and minimized to obtain the
iteration rules for advancing the dynamics. Standard integrators only guarantee the error
to be small in each time-step. The errors at different time-steps often accumulate
coherently, and result in a large error over a large number of time-steps. The variational
symplectic integrator conserves exactly a discrete Lagrangian symplectic structure, and
has better numerical properties over long integration time, compared with standard
integrators, such as the standard and variable time-step 4th order Runge-Kutta methods.
The symplectic integrator conserves the symplectic structure exactly, and guarantees that
the energy error is bounded by a small number for all the time-steps. To construct the
symplectic algorithm, it is necessary to adopt the variational approach because standard
symplectic integrators are only valid for canonical Hamiltonian systems, and the guiding-
center dynamics in general magnetic field does not possess a (global) canonical symplectic
structure. Numerical examples with more than 25 million time-steps are given to
demonstrate the superiority of the variational symplectic integrator. This significant
improvement in long term simulation capability of gyrokinetics is a direct, otherwise-
impossible result of the geometric formulation of the gyrokinetic theory using the modern
language of differential geometry [2, 3].

[1] H. Qin and X. Guan, Physical Review Letters 100, 035006 (2008).
[2] H. Qin, R. H. Cohen, W. M. Nevins, and X. Q. Xu, Physics of Plasmas 14, 056110 (2007).

[3] H. Qin, Fields Institute Communications 46, Topics in Kinetic Theory, American
Mathematical Society, 171 (2004).

This research was supported by the U.S. Department of Energy under Contract No. ACO02-
76CHO03073.



A comprehensive analytical model for 2D magnetic reconnection in resistive,
Hall, and electron magnetohydrodynamics*

Andrei N. Simakov and Luis Chacén

Los Alamos National Laboratory
Los Alamos, NM 87544

Magnetic reconnection — the topological rearrangement of magnetic fields immersed in highly
electrically conductive plasma and the accompanying magnetic energy release — usually happens
on very fast time scales and is of fundamental importance for both laboratory and naturally
occurring plasmas. While computational evidence exists [1] of fast (e.g. dissipation independent)
reconnection rates, there is no fundamental comprehensive analytical model that is able to
explain them. In this work, we propose such a quantitative model (& la Sweet-Parker). The model
describes the magnetic field dissipation region for 2D steady-state (e.g. at or around the time of
maximum reconnection rate) magnetic reconnection without a guide field. It takes into account
plasma resistivity, electron viscosity (hyper-resistivity), and electron inertia. It recovers the
Sweet-Parker results for small ion inertial length scales [2], the electron MHD results in the limit
of ion inertial length scales larger than other relevant scales [3], and is valid everywhere in
between [4]. The model gives predictions for the dissipation region aspect ratio, the incoming
and outgoing plasma flows magnitudes, the ratio of created to dissipated magnetic fields, and the
reconnection rate as a function of dissipation and inertial parameters. It has been benchmarked
(and is in excellent agreement) with more than thirty-five non-linear simulations of magnetic
coalescence problem with resistivity, hyper-resistivity, and ion inertial length scale varying over
many orders of magnitude each. It confirms a number of long-standing empirical results and
resolves several outstanding controversies (e.g. whether only the open X-point or also the
elongated dissipation regions are allowed in Hall MHD reconnection). The model can be
straightforwardly expanded to include effects of ion viscosity, guide field, and so on.

1J. Birnetal., J. Geophys. Res. 106, 3715 (2001) and references therein.

2 A. N. Simakov, L. Chacén, and D. A. Knoll, Phys. Plasmas 13, 082103 (2006).

% L. Chacén, A. N. Simakov, and A. Zocco, Phys. Rev. Lett. 99, 235001 (2007).

* A. Zocco, A. N. Simakov, and L. Chacén, Bull. Am. Phys. Soc. 52, 71 (2007); and A. N.
Simakov and L. Chacon, A comprehensive analytical model for 2D magnetic reconnection in
resistive, Hall, and electron MHD, in preparation.

*Work supported by a LANL LDRD grant.



The Ideal Magnetohydrodynamic Peeling Mode Instability
A.J. Webster & C.G. Gimblett
UKAEA/EURATOM Fusion Association, Culham Science Centre, Abingdon, OX14 3DB.

The rapid deposition of energy by Edge Localised Modes (ELMs) onto plasma facing components poses
a threat to the performance of large Tokamaks such as ITER and DEMO. The trigger for ELMs is believed
to be the ideal Magnetohydrodynamic Peeling-Ballooning instability, but recent numerical calculations have
suggested that a plasma equilibrium with an X-point - as is found in all modern Tokamaks - is stable to the
Peeling mode. This is surprising, because previous analytical calculations (G. Laval, R. Pellat, J. S. Soule,
Phys Fluids, 17, 835, (1974)), found the Peeling mode to be unstable in cylindrical plasmas with arbitrary
cross-sectional shape. However the analytical calculation only applies to a Tokamak plasma in a cylindrical
approximation. To avoid these shortcomings Webster & Gimblett[1], re-examined the assumptions made in
cylindrical geometry calculations, and generalised the calculation to a Tokamak at marginal stability. The
resulting equations solely describe the Peeling mode, and are not complicated by coupling to the ballooning
mode, for example.

It was found that: (i) at marginal stability a radial plasma displacement induces a skin current that
is parallel and proportional to both the equilibrium edge current and the amplitude of the radial plasma
displacement. (ii) the boundary condition relating the plasma displacement to the vacuum field’s pertur-
bation is identical to requiring equality of the normal components of the perturbed plasma and vacuum
magnetic field, evaluated at the equilibrium plasma position. (iii) marginal stability of the Peeling mode
at high toroidal mode number is identical to solving éWg + Wy = 0, where §Wg, 0Wy, and 0Wg are the
surface, vacuum, and plasma contribution to the energy principle’s 0W = §Wg +0Ws+ Wy . (iv) suggested
defining the Peeling mode as one for which §Wx may be neglected, with (in)stability determined by the sign
of dWg + dWy. (v) for the trial function used by Laval et al, Peeling mode (in)stability is determined by a
single parameter A’ that involves the poloidal average of the normalised jump in the radial derivative of the
perturbed magnetic field’s normal component. The calculation of A’ in such a way as to capture the effect
of the X-point, without the need for a discretisation of space as required by most numerical methods, is the
subject of the remainder of this contribution.

For potentials satisfying Laplace’s equation in systems that are approximately 2-dimensional, conformal
transformations are often used to calculate fields in complicated geometries. However the usual requirement
for the field’s normal component to be zero on the boundary is unnecessarily restrictive, as may be seen by
calculating how the boundary conditions transform. Similarly it is possible to calculate how other quantities
transform as we map between the two systems, to obtain analytic expressions for A’ and the vacuum energy
0Wy, in terms of a sum of Fourier coefficients. The Fourier coefficients are given in terms of an integral
involving the straight field line angle. The equilibrium vacuum field (for a shaped cross section) may be
calculated also, and used to obtain an analytic expression for the straight field line angle at the plasma-
vacuum boundary. Subsequently the Fourier coefficients and their sum may be calculated, and it is found
that at high toroidal mode number, a perturbation from a single Fourier mode in straight field line co-
ordinates (Laval et al’s trial function), has the vacuum energy éWy and A’ the same as for a circular cross

2
section, with 0Wy, ~ 27T2A2%m and A’ = —2m. Further applications, and consequences for the stability
of the Peeling mode are discussed.

[1] 34th EPS Conference on Plasma Phys. Warsaw, 2-6 July 2007 ECA Vol 31F, P-4.088

This work was supported by the UK Engineering and Physical Sciences Research Council, and EURATOM.
The views and opinions expressed herein do not necessarily reflect those of the European commission.



TEMPEST simulations of the neoclassical radial electric field*

X. Q. Xu

Lawrence Livermore National Laboratory, Livermore, CA 94550 USA

We present gyrokinetic neoclassical simulations of tokamak plasmas with self-consistent
two-dimensional electric field using a fully nonlinear (full-f) continuum code TEMPEST. A
set of gyrokinetic equations are discretized on a five dimensional computational grid in phase
space. The present implementation is a Method of Lines approach where the phase-space
derivatives are discretized with finite differences and implicit backwards differencing formu-
las are used to advance the system in time. The fully nonlinear Boltzmann model is used for
electrons. The neoclassical electric field is obtained for the first time by solving gyrokinetic
Poisson equation with self-consistent poloidal variation. Alternatively the neoclassical elec-
tric field can be evaluated according to the radial Ampere’s law averaged over a closed-flux
surface 47(J - Vi) + O(E - Vi))0t = 0 where 1) is the poloidal magnetic flux, (- --) represents
the flux surface average, and J is the sum of all the current in the plasma, including the
classical polarization current, gyroviscosity current, and the ion guiding-center current (the
electron current is typically neglected in tokamak geometry, because it is smaller than the
ion current by a factor of a mass ratio m./m;) [1-3]. The steady-state neoclassical radial
electric field F, on a magnetic surface is obtained from the condition (j,) = 0. However,
this method is incomplete in the sense that the poloidal electric field cannot be solved simul-
taneously in a consistent way. This is an unsatisfactory situation since the potential varies
significantly in the edge plasma around the X-point and in the divertor leg region due to con-
tact with divertor plates. The gyrokinetic Poisson equation is seldom used because the small
coefficient in front of Poisson operator associated with the gyroradius makes the equation
singular when p; < Lp < Lp. Here, Lp = |V(In P)|~! is the characteristic gradient scale
length for the plasma profile, Ly = |V(In B)|~! the characteristic length for the magnetic
field, and p; = vrp;/Qe; the ion gyroradius. For this reason, no single code exists to simulate
both neoclassical transport and turbulence. However, there are efforts being undertaken to
try to solve this dilemma [4,5]. In this work, we develop a method to efficiently solve the
gyrokinetic Poisson equation to remove the singularity and to correctly yield the neoclassical
radial electric field. We prove here the mathematical equivalence of the two approaches for
solving neoclassical electric field in the large-aspect-ratio limit. With our TEMPEST code
we compute radial particle and heat flux, the dynamics of relaxation of poloidal rotation,
including Geodesic-Acoustic Mode (GAM), its radial propagation, collisional decay and the
development of neoclassical electric field, which we compare with neoclassical theory with a
Lorentz collision model. The present work provides a numerical scheme and a new capabil-
ity for self-consistently studying important aspects of neoclassical transport, rotations and
turbulence in toroidal magnetic fusion devices.

[1] W. X. Wang and F. L. Hinton, Phys. Rev. Lett., 80 055002-1(2001).

[2] J. A. Heikkinen, T. P. Kiviniemi, et al., J. Comput. Phys. 173, 527 (2001).
[3] C. S. Chang, S. Ku, and H. Weitzner, Phys. Plasmas 11, 2649 (2004).

[4] S. Ku, C. S Chang, M. Adams, et al.,J. Phys., 46 87-91(2006).

[5] E. Belli, private communication, 2007.

*Work performed for U.S. DOE by LLNL under Contract DE-AC52-07NA27344
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