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Technical Progress Report 
for the Grant DE-FG05-80ET53088 

“Establishment of an Institute for Fusion Studies” 
for the period November 1,1994 to October 31,1995 

Richard D. Hazeltine, Director 
Institute for Fusion Studies, The University of Texas at Austin 

Austin, Texas 78712 

OVERVIEW 

The Institute for Fusion Studies is a national center for theoretical fusion plasma physics 
research. Its purposes are to (1) conduct research on theoretical questions concerning the 
achievement of controlled fusion energy by means of magnetic confinement-including both 
fundamental problems of long-range significance, as well as shorter-term issues; (2) serve as a 
national and international center for information exchange by hosting exchange visits, conferences, 
and workshops; and (3) train students and postdoctoral research personnel for the fusion energy 
program and plasma physics research areas. 

The theoretical research results obtained by the Institute contribute to the progress of 
nuclear fusion research, whose goal is the development of fusion power as a basic energy source. 
Close collaborative relationships have been developed with other university and national laboratory 
fusion groups, both in the US and abroad. In addition to its primary focus on mainstream fusion 
physics, the Institute is also involved with broader range research in related fields, such as 
advanced computing techniques, nonlinear dynamics, space plasmas and astrophysics, statistical 
mechanics, fluid dynamics, and accelerator physics. 

The diversity of the research performed at the lnstitute is reflected in the list of recent IFS 
publications, given in the third section of this report. Last year IFS scientists published 66 
scientific articles in technical journals and monographs. Also, two major review papers were 
published: “Solitary Waves and Homoclinic Orbits,” by N. J. Balmforth, Ann. Rev. Fluid Mech. 
27,335 (1995); and “Hamiltonian Description of the Ideal Fluid,” by P.J. Morrison, Geophysical 
Fluid Dynamics, R. Salmon and B. Ewing-Deremer, eds., Woods Hole Oceanographic Institution, 
Woods Hole, MA (1994), WHOI-94-12. One book was published: Physics of High Energy 
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Particles in Toroidal Systems, edited by T. Tajima and M. Okamoto (American Institute of Physics 
Press, New York), 362 pages. 

The work of IFS scientists continued to receive national and international recognition. At 
the 1994 APS Division of Plasma Physics Meeting, an invited paper was presented by M. 
Kotschenreuther on “Detailed Comparisons of Nonlinear Gyrofluid ITG Simulations and 
Experiment.” At the 15 th IAEA International Conference on Plasma Physics and Controlled 
Nuclear Fusion Research (1994), IFS scientists presented three papers: R. Fitzpatrick, 
“Stabilization of External Kink Modes in Advanced Tokamaks”; B. Breizman, H. Berk, S. 
Mahajan, M. Pekker, J. Van Dam, V. Wong, S. Sharapov, M.S. Chu, R.R. Mett, M. 
Rosenbluth, and J. Candy, “Nonlinear Evolution of Unstable AlfvCn Waves Interacting with 
Energetic Alpha Particles in Ignition Tokamak Plasmas”; and W. Dorland, W. Horton, M. 
Kotschenreuther, J.-Q. Dong, T. Tajima, M.J. Lebrun, M.A. Beer, R.E. Waltz, and R. 
Dominguez, “Comparisons of Nonlinear Toroidal Turbulence Simulations with Experiment”; and 
were co-authors on several other papers. At the 1995 International Sherwood Controlled Fusion 
Theory Conference, two invited papers were presented: “Resistive MHD Stability in Small Aspect 
Ratio Tokamaks” by A. Aydemir, and “Turbulence and Transport Simulations” by W. Dorland. 
Numerous other invited talks were also given during the past year at various conferences and 
workshops in the US and abroad. 

The Institute actively sponsors collaborative research programs with laboratories and 
universities in the US and throughout the world. This past year, the IFS hosted 9 long-term 
visitors (i.e., one month or more) and 34 short-term visitors. A complete list of visitors is 
appended to this report. On behalf of the Department of Energy, the IFS also organizes the 
exchange activities of the US.-Japan Joint Institute for Fusion Theory and is their principal site in 
the United States. Last year this program sponsored two workshops in the US and two in Japan, 
four exchange scientist visits, and 12 joint computational projects. The IFS has also continued to 
be active in the US-Russian Federation exchange program. 

A few specific examples may be cited of collaborations in which the IFS is involved. The 
Joint Program in Divertor Physics, which the IFS helped establish, organizes collaborations 
among scientists at IFS, MIT, and Culham on the theoretical physics of tokamak edge plasmas, 
and also, in general, disseminates information and stimulates research in this area. Several IFS 
scientists are working to develop and apply sophisticated computational codes for simulating 
tokamak behavior, as part of the “grand-challenge” Numerical Tokamak Project, a national 
collaborative effort among half a dozen research institutions, which is part of the federally-funded 
High Performance Computing and Communication Program. An IFS scientist spent the 1995 
spring semester at the Institute of Theoretical Physics (UC Santa Barbara), collaborating with other 
visiting scientists on the fundamental theoretical description of plasma turbulence. Also, various 
IFS scientists have spent extended periods visiting General Atomics to study MHD stability 
problems; collaborated on-site at PPPL to analyze the resistive wall stability of the proposed TPX 
tokamak; visited JET and JAERI to work on alpha particle physics problems; and interacted with 
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the ITER Joint Central Team in San Diego to investigate transport and confinement properties for 
the ITER design-to mention only a few such collaborations. 

In addition to its research activities, the IFS has an important educational function. This 
past year 16 graduate students worked on fusion and plasma physics doctoral-degree thesis 
projects under the supervision of senior IFS scientists, several of whom also teach on the faculty 
of the Department of Physics. Six (6) of these students graduated with Ph.D. degrees last year. 
As part of its educational role, the Institute also has a postdoctoral training program, which 
involved four postdoctoral fellows last year. 

IFS scientists are also active in various forms of service to the scientific community. A 
number of these may be listed: associate editor for Reviews of Modern Physics; vice-chair and 
chair-elect, APS Division of Plasma Physics; member of the ITER U.S. Home Team Steering 
Committee; chairman of the US Theory Coordinating Committee; chairman of the PPPL Theory 
Advisory Boar& chairman of the MIT Plasma Fusion Center Theory Advisory Board; member of 
the DOE Strategic Planning Panel for Fusion Theory Program; co-organizer of the Joint Program 
in Divertor Physics; member of the Science Advisory Board for the La Jolla International School of 
Physics; member of the National Research Council, National Academy of Science; member of the 
US DOE Edge Physics Working Group; member of the Sherwood Conference Steering 
Committee; member of the TPX Program Advisory Committee; ITER liaison for the TTF Fast 
Particle Working Group; member of the ITER Expert Group on Energetic Particles, Heating, and 
Current Drive; member of the Steering Committee for the Numerical Tokamak Project. One IFS 
scientist serves part-time as the director of the plasma physics group at the International Centre for 
Theoretical Physics (Trieste, Italy), and another leads the charged particle many-body systems 
group at the new Advanced Science Research Center of the Japan Atomic Energy Research 
Institute. Also, one IFS scientist was the organizer for a conference at The University of Texas 
entitled, “The Future of Accelerator Physics: The Tamura Symposium”, November 14- 16, 1994. 
The IFS director was a co-author of “Strategic Plan for US Fusion Theory Program,” a recent 
report commissioned by the US Department of Energy and also presented a talk before the Texas 
Atomic Energy Research Foundation, Washington, DC entitled “The US Fusion Program and 
Fundamental Physics”. 

In August of 1994, the IFS was reviewed by a DOE panel of experts, in connection with 
the proposal for its next five-year extension (FY 1996-2000). This panel gave a strong 
endorsement of the IFS achievements. At the same time, The University of Texas committed to 
continue its matching of DOE support. 
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TECHNICAL PROGRESS AND RESULTS 

During FY 1995, a number of significant scientific advances were achieved at the IFS, both 
in long-range fundamental problems as well as in near-term strategic issues, consistent with the 
Institute’s mandate. Examples of these achievements include, for example, tokamak edge physics, 
analytical and computational studies of ion-temperature-gradient-driven turbulent transport, alpha- 
particle-excited toroidal AlfvCn eigenmode nonlinear behavior, sophisticated simulations for the 
Numerical Tokamak Project, and a variety of non-tokamak and non-fusion basic plasma physics 
applications. Many of these projects were done in collaboration with scientists from other 
institutions. Research discoveries are briefly described in what follows. 

Tokamak fluid dynamics 

The study of macroscopic instabilities is especially important for designing the next 
generation of tokamak devices, since control of these modes extends hope for improving tokamak 
performance. Guided by recent experimental results, IFS has made key contributions to recent 
advances in the understanding of advanced tokamak operation, sawteeth, resistive wall 
stabilization, sheared flow effects, and low aspect ratio behavior. 

Stabilization of the resistive shell mode-Advanced tokamak scenarios (e.g., those 
proposed for TPX and, increasingly, ITER) only work if pressure-driven external kink modes can 
be stabilized by the presence of a close fitting conducting shell. Conventional theory says that this 
is impossible if the shell has finite resistivity, due to the existence of an instability known as the 
“resistive shell mode.” This instability can possibly be suppressed by plasma rotation. A model 
was developed that elucidates the physics underlying the stabilization of the resistive shell mode. 
This allows the prediction of the level of plasma rotation and the optimum position for the shell 
required to stabilize the mode. In particular, it was found that extremely close fitting shells (e.g., 
as in ITER) are not effective for stabilizing the resistive shell mode. Somewhat paradoxically, this 
situation can be remedied by cutting holes in the shell. 

Control of shear flow profiles by external velocity perturbations-Over the last few 
years a great deal of progress has been made in understanding the interaction of magnetic 
perturbations with high temperature plasmas. This work has been used to develop a theory which 
determines the maximum error field a tokamak plasma can be subjected to without deleterious 
effects. It is also possible to spin a tokamak plasma using rotating magnetic perturbations, and 
even to affect plasma turbulence. Recent DIII-D experiments have shown that externally applied 
helical magnetic perturbations can be used to control the plasma toroidal rotation profile, which has 
a significant effect on transport in VH-mode plasmas. Theoretically, it turns out that the basic 
equations which describe the interaction of a magnetic perturbation with a tokamak plasma are very 
similar to those which describe the interaction of a velocity perturbation with high Reynolds 
number shear flow. Thus, many of the ideas and results obtained in tokamak plasma physics are 
also applicable to hydrodynamics. A theory was developed that describes the response of a fluid to 
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external velocity perturbations. Such perturbations can be used to probe the relationship between 
the equilibrium velocity profile and fluid turbulence in a controlled manner. 

Momentum injection via AlfvCn waves-Strong shear flow is advantageous in a tokamak 
plasma for two main reasons. Firstly, it decouples MHD modes with different poloidal mode 
numbers, and also decouples the plasma from any external structures such as a conducting shell or 
an error field, thereby contributing to the overall MHD stability of the plasma. Secondly, it 
suppresses plasma turbulence, thereby improving the energy confinement. Present-day tokamaks 
achieve strong shear flow by means of unbalanced neutral beam injection. Unfortunately, this 
scheme is not reactor relevant. It is possible to spin the plasma with the use of slowly rotating 
magnetic perturbations. However, this scheme is intrinsically hazardous because of the danger of 
driving magnetic reconnection inside the plasma and thereby ruining the confinement. It is also 
possible to spin the plasma by injecting phased AlfvCn waves, without any danger of driving 
magnetic reconnection. A theory of this type of momentum injection has been developed. 

MHD stability in small aspect ratio tokamaks-Initial experimental results for tight aspect 
ratio tokamaks (or spherical tori) have indicated the possibility of quiescent operation at high beta. 
Here, the nonlinear MHD code CTD is used to generate equilibria of arbitrary aspect ratio and 
cross section, including self-consistent toroidal equilibrium flows (if desired), which are then 
checked for linear and nonlinear stability against ideal and resistive modes. Whereas earlier 
theoretical studies had considered external kink and ballooning modes, the present work has 
focused on the n=l internal kink mode, expected to be unstable in some of the high current, low-q 
operating scenarios. At low beta, decreasing the aspect ratio is found to be highly stabilizing for 
the resistive n=l mode, although these gains are nearly erased when the elongation increases, as 
naturally occurs in small aspect ratio devices. Triangularity has a weaker effect. Nonlinear studies 
are now underway. 

Stability of the m=l “top”-Experimental beta limits are accurately predicted by ideal MHD 
theory when the safety factor exceeds unity. However, high-beta discharges in DIII-D and TFTR 
generally violate the ideal m= 1 internal kink stability criterion when q e 1. The effect of plasma 
rotation on the ideal stability of the m=l mode was evaluated. In the presence, the Coriolis force 
component has a stabilizing effect on the mode, analogous to that found in a spinning Lagrange 
top. It was found that the mode can be stabilized by toroidal rotation velocities in the sonic range. 

Helical temperature perturbations associated with tearing modes-The conventional 
picture of electron temperature perturbations associated with tearing modes is that they are flattened 
inside the separatrix due to finite parallel thermal conductivity and stagnation of magnetic field lines 
in the vicinity of the rational surface. This picture becomes invalid when the magnetic island width 
is smaller than a critical value. It was found that there is no temperature flattening in this case, and 
that such islands are not destabilized by the perturbed bootstrap current. This theory may explain 
experimental results concerning error-field-induced magnetic reconnection. The critical island 
width is estimated to be fairly substantial in typical tokamak plasmas. 
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Onset of the sawtooth crash-The nonlinear evolution of the magnetic island at the q=l 
surface plays a key role in determining the onset conditions for the sawtooth crash. Two island 
widths are identified. Below the first critical width, the perturbed Pfirsch-Schluter current 
stabilizes the tearing mode. Above the second critical width, the current-diffusion region collapses 
and the island coagulates due to the self-attraction of the current. The parameter variation of both 
critical widths was derived. 

Edge physics 

The study of edge plasma physics is an area of much attention, with particular relevance to 
L- to H-mode confinement transitions, divertor design for ITER and TPX, and other urgent topics. 

Orbits and transport in the scrape-off region of a divertor tokamak-It was 
discovered that the mobility coefficient, which vanishes by momentum conservation in the tokamak 
core, has appreciable magnitude in the edge region due to charge exchange. This new interaction 
between particle motion and the radial electric field has been studied in detail. 

Consistent kinetic theory in the edge region-Conventional transport orderings employed 
in the core of a tokamak plasma allow large divergence-free flows in flux surfaces, but only weak 
radially diffusive flows. However, alternate orderings are required in the edge region where radial 
diffusion must balance the rapid loss due to free-streaming to divertor plates or limiters. Kinetic 
equations commonly used to study the plasma core do not allow such a balance and are, therefore, 
inapplicable in the plasma edge. Similarly, core transport formulae cannot be extended to the edge 
region without major, qualitative alteration. A novel kinetic equation was solved in order to 
construct distinctive transport laws for the plasma edge. In particular, a surprising form was found 
for parallel transport in the scrape-off layer, in which the parallel flow of particles, heat and 
viscous stress are driven by a combination of the conventional parallel density and temperature 
gradients, as well as new terms involving second-order radial derivatives. The new terms are not 
relatively small, and thus could affect understanding of limiter and divertor operation. For 
simplicity, radial diffusion resulting from classical Coulomb collisions is assumed; however, the 
most striking features of these results would persist even if classical transport were replaced by 
some anomalous or turbulent diffusion process. 

MARFES in tokamak edge plasma-A simplified two-dimensional nonlinear fluid model 
was developed to explain the basic mechanism of the formation of multifaceted asymmetric 
radiation from the edge of tokamak plasmas (MAFGE). In the framework of a mixed Eulerian- 
Lagrangian description, the problem was reduced to a reaction-diffusion type of equation with 
nonlocality, which obeys the constraints of length constancy and mass conservation along the 
magnetic field. With sufficient radiative cooling, this model predicts formation of MARFE-like 
plasma condensations from a variety of initial conditions. 
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Turbulence and transport 

Understanding the physical processes that control particle, momentum, and energy 
transport in thermonuclear plasmas is of fundamental scientific interest and practical importance. 
Presently unresolved confinement physics issues are critically relevant to the ITER design and thus 
to any fusion power plant. A principal goal of IFS research is to obtain a sound understanding of 
the varied and competing transport mechanisms, and to produce reliable predictions for transport in 
specific geometry and plasma parameter regimes. In this effort, new algorithms and modeling 
tools for large-scale, self-consistent kinetic simulations have been developed by IFS scientists. 

Simulation-based models for anomalous transport-IFS work, in collaboration with 
PPPL, has showed that first-principles simulation models are able to quantitatively describe 
thermal transport in the core region of TFTR L-mode plasmas. Recently, more stringent 
experimental tests of this model were performed, the theory was extended to be capable of 
describing thermal transport all the way to the plasma edge, and comparisons were made with 
nonlinear gyrokinetic simulations. Specific results include the following: A long-wavelength 
mode was identified that is likely responsible for anomalous thermal conduction near the edge in 
TFTR L-modes. The role of the carbon-based ITG mode in core supershot confinement was 
clarified. Simulations of p* scans in TFTR and DIII-D were performed. Off-axis heating 
experiments in TFTR and DIII-D were simulated, More than 70 TFTR L-mode discharges have 
been successfully simulated, yielding good agreement with gyrofluidgyrokinetic interpolation 
predictions. 

Extrapolated performance of fusion reactors-Estimates of the performance of future 
tokamak fusion reactors have usually been based on empirical extrapolations, without insight into 
the underlying physics and how it may differ for various reactors. In this work, recently 
developed first-principles calculations of the thermal transport from ion-temperature-gradient 
turbulence were applied to predict the confinement in proposed devices such as ITER. An upper 
bound on L-mode performance can be obtained, from which a lower bound on the confinement 
enhancement (the H factor) needed for ignition is calculated. A quantitative assessment can be 
obtained of the heating power required for velocity shear stabilization of ITG modes. 

Inertial-range scaling laws for two- and three-dimensional turbulence-A correction 
was derived for Kraichnan’s logarithmically corrected two-dimensional enstrophy-range law that 
removes the divergence at the injection wave number. A related modification was found for 
Kolmogorov’s well-known energy cascade law in the energy inertial range . A linear frequency 
term, like the drift-wave term in the Hasegawa-Mima equation, was also incorporated. The 
significance of these new corrections has been illustrated with steady-state energy spectra from 
high-resolution numerical computations of closure for a test-field model. 

Spectral reduction method for turbulence simulations-A new technique, based on 
statistical closures, is being developed for turbulence simulations, which can dramatically reduce 
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the number of Fourier modes required for direct numerical simulation of two-dimensional 
turbulence. Such a tool could be used to assess the effect of various dissipation mechanisms in 
large-eddy simulations. 

Neoclassical turbulent transport-Due to the need to determine the fluctuation-driven 
components of velocity shear in toroidal geometry, a new neoclassical kinetic theory transport 
calculation was completed that takes into account the role of electrostatic drift wave fluctuations. 
The new transport formulas, while complicated, are shown to satisfy the Onsager symmetries. 
The transport reduces to collisional transport for a sufficiently low level of fluctuations, first in the 
parallel transport formulas and then in the cross-field transport formulas. 

Pressure-gradient-driven shear flow-Microscopic turbulence theories are extended to 
show the detailed mechanism by which ion pressure-gradient-driven turbulence can drive sheared 
mass flows. New multiple-state confinement models were derived and investigated in detail for the 
dynamics of the transitions between states with different transport properties. The model provides 
an explanation for the L-mode, H-mode, and ELMy confinement states observed in tokamaks. 

Ion temperature gradient driven turbulence-Theoretical studies of the mode coupling 
show how turbulent energy is transported from the short wavelengths to large scales where ion- 
transit effects absorb most of the fluctuation energy. The model predicts a new mixing-length 
formula which enables the profiles of diffusivity to be brought into closer correlation with the 
power balance diffusivities. The new formulas are currently being evaluated by the JET transport 
analysis group. Also, modes due to impurities and turbulence driven by combined impurity 
gradient and ion temperature gradient were investigated extensively. The isotope effect and the 
difference in confinement properties that occur with mixtures of low-2 impurities, especially 
carbon and oxygen, were determined with a complete kinetic-toroidal stability analysis. 

Advanced particle simulations of microturbulence-A new kinetic particle-in-cell code, 
the Generalized Tokamak Simulator, is being developed, which provides an environment for 
kinetic plasma simulation of drift wave turbulence and other physics models relevant to the 
Numerical Tokamak Project. This code is being extended for capability of parallel execution on 
local area multicomputers or massively parallel computers. At the same time, a parallel gyrokinetic 
field solver is being constructed for use with the GTS, in order to study plasma confinement and 
instabilities in a general toroidal metric. 

Plasma transport barriers-& off-diagonal term in the transport matrix that is due to shear in 
the toroidal flow velocity and which can give energy inflow has been analyzed in addition to the 
usual outflow diffusion terms that depend on the ion temperature gradient. The new term can be an 
explanation of the barrier for ion thermal energy transport observed in record high-temperature 
experiments in JT-60U. 

Generalization of self-organized critical gradient model-An L-mode transport model 
based on a critical gradient model of the ion temperature gradient mode was generalized to include 
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both toroidal and poloidal shear flows. The dynamical equations for the state variables yield the L- 
to H-mode transition, the critical momentum input power, and the L-H transport ratio. The theory 
is compared with simulation results from a toroidal particle code. 

Electron energy transport due to electron plasma waves-In a magnetized plasma, all 
electrons with parallel velocities above the thermal speed emit plasma waves with frequency close 
to the electron plasma frequency. With the use of results obtained for the wake of such an electron 
and a Fokker-Planck operator for the emission and absorption of such waves, the energy loss has 
been calculated for realistic tokamak conditions. Large enhancements are found to be caused by 
magnetic shear, magnetic field curvature, and the enlarged non-Maxwellian tail due to the current. 
This theory may offer a simple explanation for profile consistency and the inward electron heat 
flow with off-axis heating. 

AlDha Darticle Dhvsics 

The physics of alpha particles, especially their collective interaction with AlfvCn waves in 
burning plasmas, has assumed importance in connection with the deuterium-tritium experiments 
being performed currently on the TFTR tokamak and with the design effort for the ITER device. 
IFS work in this area is being carried out with various inter-institutional collaborations, as well as 
through the TTF Fast Particle Working Group. 

Core-localized toroidal AlfvCn eigenmodes-The inclusion of additional finite aspect ratio 
effects was shown to lead to the existence of a new ideal TAE mode, localized in the low-shear, 
core region of the plasma. Since fusion-product alpha particles tend to be concentrated in the Same 
region and since this mode has negligible radiation damping, it could be a candidate in the search 
for TAE instability in the TFlR deuterium-tritium campaign. As values for the shear, pressure 
gradient, and aspect ratio parameters vary, it is shown how this mode can convert to a kinetic TAE 
mode. Numerical results from a two-dimensional eigenvalue code for realistic tokamak 
equilibrium profiles confirm these predictions. 

Simulations of nonlinear alpha particle-TAE wave dynamics-A numerical code for 
simulating the self-consistent dynamics of energetic alpha particles, which had been previously 
tested in simulations of the bump-on-tail instability model, has been applied to study a multiple set 
of unstable discrete shear-AlfvCn TAE modes in a tokamak. The code has a Hamiltonian structure 
for the mode-particle coupling, with wave damping, particle source, and classical relaxation 
processes superimposed. Transition is observed from single-mode nonlinear saturation, to mode 
overlap and global quasilinear diffusion. The average level of the nonlinear wave energy 
pulsations is found to scale with the drive in agreement with analytical predictions. The effect of 
global diffusion on the loss of energetic particles has been demonstrated, including the 
experimentally observed bursts in the outgoing particle flux. 

Extended quasilinear model of energetic particle-AlfvCn wave interaction-T h e  
usual formulation of quasilinear theory does not describe a triggering effect of the mode amplitude 
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for the onset of global diffusion. A model that takes this effect into account has been developed. 
This is critical to determine whether mode overlap conditions during the nonlinear fast particle 
interaction with AlfvCn waves are fulfilled. It is shown that, when parameters are varied, both 
steady-state and pulsating nonlinear behavior can be predicted, along with local and also global 
diffusion. These results will be compared with experimental data. 

Mode overlap resonance for TAE growth rates-The condition for resonant interaction of 
energetic alpha particles with toroidal AlfvCn eigenmodes defines a resonance surface in particle 
phase space. The width of the resonant region is proportional to the growth of the unstable mode. 
The rate of energy transfer from passing and trapped particles to the TAE modes and the 
corresponding mode growth rates were calculated and then used to map out the resonance lines. 
This allows an assessment of whether the instabilities have growth rates large enough to cause 
mode overlap and, consequently, global particle diffusion. 

Basic plasma physics 

Basic plasma physics is a broad category that includes fundamental discoveries as well as 
numerical techniques for describing plasma experiments. Particular emphasis of the research listed 
below concerns the application and development of methods in nonlinear Hamiltonian dynamics. 

Thermodynamic aspects of fluid dynamics-A thermodynamic formalism was developed 
that allows reversible and irreversible transfer of kinetic, internal, and magnetic energies. The 
equations are written in manifestly covariant form, which leads naturally to a covariant statement of 
Onsager symmetry, so that it can be represented with different choices of variables. This is 
desirable since dynamical variables need not possess symmetry under time translation. 

Noncanonical Hamiltonian perturbation theory--Whereas in canonical perturbation theory 
the nonlinear corrections to linearization about an equilibrium arise only from the Hamiltonian of 
the system, in a noncanonical Lie-Poisson system the Poisson bracket (cosymplectic form) also 
contributes to the nonlinearity. A perturbation formalism was developed for noncanonical 
Hamiltonian systems, in particular for the prototype rigid-body model. This captures the primary 
features of Eulerian theories of matter, such as plasma physics (Le., Vlasov-Poisson equation and 
MHD) and also inviscid fluid dynamics. 

Nonlinear stability criteria for  noncanonical Hamiltonian dynamics-The energy- 
Casimir method is applied to the problem of symmetric stability in the context of a compressible, 
hydrostatic planetary atmosphere with a general equation of state. Stability criteria for symmetric 
disturbances to a zonally symmetric baroclinic flow are obtained. Also, finite amplitude stability 
conditions are obtained that provide an upper bound on a certain positive-definite measure of 
disturbance amplitude. 
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Numerical studies of nonneutral plasmas-Computational techniques based on low-noise 
particle-in-cell algorithms were used to study the linear and nonlinear evolution of pure electron 
plasmas in cylindrical and toroidal geometries. Linearly unstable diocotron modes in non- 
monotonic density profiles and the vortices nonlinearly generated by them were examined by 
following either the full particle orbits or only the guiding center drifts, in a finite-temperature 
electron plasma. 

Relabeling symmetry and Ertel’s theorem-Ertel’s theorem in hydrodynamics was shown 
to be a generalized Bianchi identity by deriving it from a symmetry of the fluid Lagrangian. The 
particular symmetry is a transformation that relabels the Lagrangian fluid elements while leaving 
the fluid Lagrangian invariant. This approach was also extended to the case of MHD. 

Diagonalization and canonization of the linearized Maxwell-Vlasov system- After 
linearization, the usual moment approach was used to separate out the longitudinal and transverse 
motion in the Maxwell-Vlasov system of equations. A noncanonical bracket and Hamiltonian 
(essentially the Kruskal-Oberman energy) are derived, and it is shown that both of them can be 
brought into diagonal form. Such diagonalization is essentially a transformation to linear action- 
angle variables for this infinite-dimension Hamiltonian system. 

Lyapunov exponents in nonequilibrium statistical mechanical systems-A theoretical 
formalism was developed for using Lyapunov exponents as a window on the microscopic state of 
a fluid far from equilibrium where traditional thermodynamic quantities such as temperature and 
pressure cease to be meaningful. The Lyapunov exponent measures the sensitivity of the evolution 
of a chaotic system to small variations in starting conditions (the so-called “butterfly effect” in 
chaos theory). Two achievements have been: to define an instantaneous Lyapunov microscopic 
exponent and show that it mirrors macroscopic changes in the system; and to construct a complete 
theoretical connection between the Lyapunov exponent of a dilute gas near equilibrium and its 
response functions and transport coefficients. A major success of this latter theory was the 
prediction that quantities such as the diffusion constant are proportional to the cube of the 
Lyapunov exponent. This prediction was decisively verified in simulations of a one-component 
plasma performed at the Institute for Laser Engineering (Osaka). 

Advanced ideas and interdisciplinary research 

Tokamak disruptions predicted by neural net-The technique of neural net was applied to 
predict minor and major disruptions in TEXT tokamak discharges. Under the assumption that the 
tokamak can be modeled as a low-dimensionality dynamic system, past values of the magnetic 
fluctuation signal as measured by a mirror coil were used to predict future values of the fluctuating 
signal. The time step employed corresponds intrinsically to the experimental data sampling rate. 
The feed-forward neural net code was constructed with one hidden layer, and it was trained 
through the back-propagation algorithm with inertial terms. 
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Singular eigenfunctions for shear flow in fluid dynamics-General methods related to 
Van Kampen’s treatment of the oscillations in a homogeneous plasma were applied to study the 
continuous eigenvalue spectra of perturbations for the case of sheared, plane parallel flow in an 
ideal fluid. 

Laser wakefield excitation-One- and two-dimensional numerical simulations were 
performed to study the wakefield microstructure generated ponderomotively by a tunnel-ionized 
plasma produced by ultrafast, ultra-intense sub- 100 femtosecond pulses from a table-top terrawatt 
laser system. Comparison with experimental results shows accurate prediction of the frequency 
shifts for photon acceleration in the low density regime. Also, methods to enhance pulse 
modulation with forward Raman scattering and to decrease the time required for self-modulation to 
occur were investigated. Simulations permit a comparison of these techniques for effectiveness of 
modulation and quality of wakefield production. 

Beat wave cooling-Non-Hamiltonian manipulation of the internal structure of the phase space 
of charged particle beams can result in much faster cooling than the conventional method of 
stochastic cooling. It was found that the longitudinal emittance reduction can be accomplished by 
the ponderomotive force of the beat between the undulator and the laser adjusted appropriately in 
its broadband spectrum through feedback at each turn. 

Electron-neutrino phase separation instability-Based on Weinberg-Salam electroweak 
theory, a Boltzmann equation and subsequent fluid equations were derived for the primordial 
electron-positron-neutrino-photon plasma. A collective instability that separates the phases of 
electrons and positrons, and neutrinos and anti-neutrinos, was analyzed. 

Global dynamics of magnetic flux tubes in the sun-The global structure of solar X-ray 
corona as observed by Yohkoh and other satellites may be interpreted as an indication that large- 
scale magnetic flux tubes in solar active regions are in fact those that have emerged from deep in 
the convective zone. Three-dimensional simulations were carried out of the evolution of the flux 
tube in an elastic approximation in gravitationally stratified plasma. It was found that the flux tube 
becomes unstable against kink instability and forms a coil structure. The upper portion of the coil 
rises due to buoyancy and forms a characteristic pattern of kinked series of active regions. 

Relativistic magnetized plasma equilibria-Equilibrium configurations were computed for 
a magnetized plasma in a general relativistic spacetime, which can represent possible configurations 
of a black hole atmosphere. The equilibria are governed by a generalized Grad-Shafranov 
equation. Two spacetimes were considered: the Schwarzschild metric, representing a static black 
hole, and the Kerr metric, representing a rigidly rotating black hole. 

Parallel computation for Monte-Carlo simulation code-The parallelization algorithm 
can be applied to the Monte-Carlo simulation code, since the movement of particles is independent 
in this code. A parallel computation code for Monte-Carlo simulations used to study plasma 
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dynamics and transport processes in toroidal geometry was developed on a parallel computer. 
Numerical results show that the parallel computational efficiency is very high for this code. 

An  exactly conservative integrator for nonlinear dynamical systems-Traditional 
numerical discretizations of conservative systems generically yield an artificial secular drift of any 
nonlinear invariants. These algorithms are based on polynomial functions of the time step. A new 
class of nontraditional algorithms has been developed that exactly conserve the nonlinear invariants 
to all orders in the time step. 

Nonlinear integration algorithms with exact linear evolution-A new algorithm, based 
on a variable integrating factor, was developed for integrating dynamics when both a linear and 
nonlinear time scale are involved. If a dynamically-adjusted variable time step is used, the scheme 
can speed up realistic forced-dissipative turbulence computations by many orders of magnitude. It 
is particularly advantageous in the dissipation range, where the linear time scale is short compared 
to the nonlinear time. 
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SUBMITIED TO PHY S. PLASMAS (2/95) 

# 692 
SINGULAR EIGENFUNCTIONS FOR SHEARING FLUIDS I 

by N.J. BALMFORTH AND P.J. MORRISON 

# 693 
QUANTITATIVE PREDICTIONS OF TOKAMAK ENERGY CONFINEMENT FROM 
FIRST-PRINCIPLES SIMULATIONS WITH KINETIC EFFECTS 

by M. KOTSCHENREUTHER, W. DORLAND, M.A. BEER, AND G.W. HAMMElT 

PHYS. PLASMAS 2(6), 2381-2389 (1995) 

# 694 
STABILIZATION OF' THE RESISTIVE SHELL MODE IN TOKAMAKS 

by RICHARD FITZPATRICK AND AHMET AYDEMIR 

SUBMITTED TO NUCLEAR FUSION (1995) 

~ ~ ~~ 

# 695 
MORE ON CORE-LOCALIZED TOROIDAL ALFVEN EIGENMODES 

by H.L. BERK, J.W. VAN DAM, D. BORBA, J. CANDY, G.T.A. HWSMANS AND S. SHARAPOV 

SUBMITI'ED TO PHYS. PLASMAS (2/95) 

# 696 
"HEAVY LIGHT BULLETS" IN ELECTRON-POSITRON PLASMA 

by V.I. BEREZHIANI AND S.M. MAHAJAN 

SUBMITIED TO PHYS. REV. E (2/95) 



InstUule for Fusion Studies FY 1995 Technical Progress Report 2 7  

IFS REPORTS (1994-1995) 

# 697 
SHEAR FLOW EFFECTS ON ION THERMAL TRANSPORT I N  TOKAMAKS 

by T. TAJIMA, Y. KISHIMOTO, W. HORTON, AND J.Q. DONG 

SUBMITTED TO PHYS. PLASMAS (2/95) 

# 698 
ON THE QUASIHYDROSTATIC FLOWS OF RADIATIVELY COOLING 
SELF-GRAVITATING GAS CLOUDS 

by BARUCH MEERSON, EPHRAIM MEGGED AND TOSHIKI T A J M  

# 699 
AREA PRESERVING NONTWIST MAPS: PERIODIC ORBITS AND TRANSITION 
TO CHAOS 

by D. DEL CASTILLO NEGRETE, J.M. GREENE, AND PJ. MORRISON 

#700 
ION TEMPERATURE GRADIENT DRIVEN TRANSPORT 

by W. HORTON 

#701 
REVISIT TO SELF-ORGANIZATION OF SOLITONS FOR DISSIPATIVE 
KORTEWEG-DE VRIES EQUATION 

by Y. KONDOH AND J.W. VAN DAM 

# 702 
THE LONGITUDINAL COLLECTIVE INSTABILITIES OF NONLINEAR 
HAMILTONIAN SYSTEMS IN A CIRCULAR ACCELERATOR 

THESIS 

by BOCHEN 

# 703 
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#712 
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Hybrid model in general geometry 

M. Yagi 
Plmma Analysis Division, Naka h o n  Rewnrch Estnbluhmenl 

JAERI, Nab, Ibamki, 911-01, Japan 

and 
T. Tajima and M. J. Lebrun 

Imtitute for Ruion Studiu, ?he University OJ Team at Awfin 

Awtin, T m  7871L 

Abstract 

We propose hybrid model equations in toroidal (or more general) geom- 

etry for magnetically anfined plsemae. This in suitable for low frequency 

toroidal modes, for example, the trapped electron and current diffkive bal- 

looning instabilities. This model consists of fluid ions and drift kinetic elec- 

trons. We discuss the numerical algorithm of these model equations. The 

linear dispersion relation of this model equations that defines the require- 

ments of the model for describing these mode3 is dso discussed. 

IFSR $668 

Wake fields in semiconductor plasmas 

V.I. Berezhiani' 
International Centre for Theoretical Physics, 'Pieste, Italy 

and 
S.M. Mahajan 

Institute for Fusion Studie8, The University of Texas at Austin, 

Awtin, Texm 78716 

and 
International Centre for Theoretical Physics, 'Pieste, Italy. 

It is shown that an intense short laser pulse propagating through a semi- 

conductor plasma will generate longitudinal Langmuir waves in its wake. The 

rnes*;.&.de wake field caz be * m d  as a diagnostic to study noniinear opticai 

phenomena. For narrow gap semiconductors (for example InSb) with Kane 

type dispersion relatibn, the system can simulate, at currently available laser 

powers, the physics underlying wake-field accelerators. 

'Permanent address: Institute of Physics, The Georgian Academy of Sciences, Tame 
rashvili Street 6, Tbilisi 380077, Republic of Georgia 
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Nonlinear symmetric stability of planetary 
atmospheres 

J. C. Bowman 
h t a t u l e  for Fwaon Studcea, The Unaucrstty of Tenu at Awtin 

Awhn, TULU 78716 

and 
T. G. Shepherd 

Department of Physiu, Uniuersty of Tomto, Tomto M5S 1.47 Can& 

The energy-casimir method is applied to the problem of symmetric ski- 

bility in the context of a compressible, hydrostatic planetary atmaphere 

with a general equation of state. Linear stability criteria for symmetric d b  

turbnncea to a zonally symmetric baroclinic flow are obtained. In the special 

case of a perfect gaa the results of Stevens (1983) are recovered. Nonlinear 

stability conditions are also obtained that, in addition to implying linear 

stability, provide an upper bound on a certain poaitiwdefinite meaaure of 

disturbance amplitude. 

A wavenumber-partitioning scheme for 
two-dimensional statistical closures 

J. C. Bowmm 
Institute for h i o n  Studiu, The Uniuenity of Tww at Awtin 

Awtin. Tezar 78716 

A technique of wavenumber partitioning that consem both energy and 

enstrophy is developed for twdimensional s ta t is t id  cloaurea. Coupled with 

a new timestepping scheme bawd on a variable integrating factor, this ad- 

w c e  facilitates the computation of energy spectrs over seven wavenumber 

decades, a task that will clearly remain outside the realm of conventiod nu- 

merical simulations for the foreseeable future. Within the context of the test- 

field model, the method is used to demonstrate Kraichnan’s logarithmically- 

corrected scaling for the enstrophy inertial range and to make a quantitative 

assessment of the effect of replacing the physicel Laplscian viscoeity with M 

enhanced hyperviscoeity. 
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Energetic particle drive for toroidicity-induced AlfvBn 
eigenmodes and kinetic toroidicity-induced Alfvdn 

eigenmodes in a low-shear tokamak 

B.N. Breizman' 
Inatitute for h~sion Studies, The Uniuerslty of T a m  at Awtin 

Awtin, Teurr 78712 

and 

S.E. Sharapovt 
JET Joint Undertakang, Ahngdon, &fordthin 0x14 JEA, UK 

Abstract 

We analyze the structure of toroidicity-induced Alfvb eigenmodes (TAE) and kinetic 

TAE (KTAE) with large mode numbers and calculate the linear power transfer from en- 

ergetic particles to these modes in the low shear limit when each mode is localized near a 

single gap within an interval whose total width A''"* is much smaller than the radiua r,,, of the 

mode location. Near its peak where most of the mode energy is concentrated, the mode haa 

an inner scalelength A"', which is much smaller than A"'. The scale A'" is determined by 

toroidicity and kinetic efiects, which eliminate the singularity of the potential ut the resonant 

surface. In this work we examine the case when the drift orbit width of energetic particles 

Ab is much larger than the inner scalelength A", but arbitrary compared to the total width 

of the mode. It is shown that the particleto-wave linear power transfer is comparable for 

the TAE and KTAE modes in this case. The ratio of the energetic particle contributions to 

the growth rates of the TAE and KTAE modes is then roughly equal to the inverse ratio of 

the mode energies. Our results indicate that, in the low shear limit the growth rate of the 

KTAE modes can be larger than that for the TAE modes. 

IFSR #672 

Generalized relaxation theory and 
vortices in plasmas 

Samuel R. Oliveira 

and 

Toshiki Tajima 
Department of Physics and Iwtitute for h i o n  Studies 

The University of Teuu at Awtin, Awtin, Team 78712 

Departamento de Fwica 70910-970, Uniuersidade de Bnuilia, Brasilia, Brnzil 

We present a generalization of the relaxation theory based in the canon- 

ical momentum of each species fluid in a multicomponent plasma The gen- 

eralized helicity, 89 a topological quantity, has a lifetime larger than the 

lifetime of the energy. The proposed variational principle suggests vortices 

structures. We study localized solutiona, ssauming the existence of a s e p  

aratrix. Two-dimensional and thrre-dimensional solutions are studied for 

an electron-positron-proton plasma. Ideal magnetohydrodynamic (MHD) 

three-dimensional locdized vortica are studied as well. Possible cosmologi- 

cal implications are discussed. 

PAC$ Nos. are: 52.35Bj, 52.%Qz, 52.55Fa, 51.10+y 

' A h  bt Budker I x t u t e  d Nuelsu Physm, Novwbmk WOW, Ruar~r 
'Permmcnt .ddreas. Institurn of Nuclou h o n ,  Rurslrn M u &  Centra "Kurehatov Inrtitub," Ku- 

chatov SIT 46, M a c o w  123182 
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Impurity effects on linear and nonlinear 
ion temperature gradient driven modes 

D. JovanoviC 
Institute of Phyncs, P.0. Bm 57, Yu-11001 Belgmde, Yugoslatna 

and 
W. Horton 

In~titute for &ton Studies, 77ie Untuerarty a/ Teuu at Awtin 

Awtm, T- 78712 

Abstract 

Linear and nonlinear stages in the development of the ion-temperature- 

padwnt driven drift-wave instability are studied analytically in the presence 

of+ear flows, magnetic shear, inhomogeneity, and curvature. In the linear 

regime, it is shown that the toroidal q, mode can be destabilized by a small 

mount  of impurities only if there exists an impurity build-up at the p h a  

, edge. The slab q, mode is destabilized by a small amount of inhomogeneities, 

and stabilized by a larger impurity content when the inhomogeneity and main 

ions density profiles are close to each other. In the nonlinear regime two types 

of coherent structures are found: generalized Hasegawa-Mima dipole vortex 

in tha weak magnetic shear cbpe, and a periodic, vortex-chain solution in 

IFSR #674 

Potentials and Bound States 

Waiter F. Buellt 
Department of Physics 

The University of Tezm at Awtin, Austin, TX 78712-1081 

and 
B. A. Shadwick 

Department of Physics and Zrutitute for &ion Studies 

The llniuersty of Tezw at Awtin, Awtin, TX 78712-1 081 

August 2, 1994 

Ahtract 

We discusa several quantum mechanical potential problems, focuaing on those 

which highlight commonly held misconceptions about the existence of bound states. 

We present a proof, based on the varlationd prindple, that certdn one dimensiond po- 

tentials always support st least one bound state, regardear of the potential's strength. 

We examine arguments concerning the existence of bound states based on the uncer- 

tainty principle and demonstrate, by explicit calculations, that such argument8 must be 

viewed with skepticism. 
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the strong shear case, which corresponds to the saturated, large amplitude 

driR-tearing mode. 

Present address: Department of Physica, State University of New York at Stony Brook, 
Stony Brook, NY 11794-3800. 
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TWO-DIMENSIONAL BALLOONING 
TRANSFORMATION WITH APPLICATIONS T O  

TOROIDAL ALFVEN EIGENMODES 

Publication No. 

Xi-Dong Zhang, Ph.D. 

The University of Texas at Austin, 1994 

Supervisor: Richard D. Hazeltine 

A general formulation for high-n (n is the toroidal mode number) modes in an 

axisymmetric toroidal plasma is presented, based on the two dimensional (2-D) 

ballooning transformation. It is shown that this formulation is more general 

than the conventional ballooning theory, and reduces to the conventional theory 

in a speciai case. 

Toroidal AlIvin waves are studied using the 2-D ballooning formu- 

lation. A perturbation theory is systematically developed for the continuum 

damping of the toroidal Alfvin eigenmode (TAE). A formula, similar to the 

Fermi golden rule for decaying systems in quantum mechanics, is derived for 

the continuum damping rate of the TAE; the decay (damping) rate is expressed 

explicitly in terms of the coupling of the TAE to the continuum spectrum. Nu- 

merical results are obtained and compared* previous calculations. 

Kinetic effects on toroidal Alfven waves are studied. Multiple-gap 

coupling is included automatically by the 2-D ballooning formulation. A new 

branch of modes, the kinetic toroidal Alfven eigenmodes (KTAE), emerges as a 

result of kinetic effects. This mode resides just above the toroidal shear Alfven 

gap, and has a structure similar to the TAE. Numerical results for the kinetic 

darnping rates for the TAE and the KTAE are obtained, and multiple-gap 

coupling effects are s tdied by comparing with the single gap theory of hk t t  

and Mahajan [Phys. Fluids B 4 2885 (1992)l. 

Neural net prediction of tokamak plasma disruptions 

J.V. Hernandez, A. Vannucci,' T. Tajima,t 2. Lin, 
W. Horton, and S.C. McCoolt 

Institute /or fiston Studies, The University of Teuu at Austin 

Awlin, Team 78712 

Abstract 

The computation based on neural net algorithms in predicting minor and major disnrp 

tions in TEXT tokamak discharges has been performed. Future values of the fluctuating 

magnetic signal are predicted based on L past values of the magnetic fluctuation signal, 

measured by a single Mirnov mil. The time step used (= 0.04ms) corresponds to the ex- 

perimental data sampling rate. Two kin& of approaches are adopted for the task, the 

contiguous future prediction and the multi-timescale prediction. Results are shown for com- 

parison. Both networks are trained through the back-propagation algorithm with inertial 

terms. The degree of this success indicates that the magnetic fluctuations associated with 

tokamak disruptions may be characterized by a relatively low-dimensional dynamical system. 

'Institurn de Fuou Umvemdade de SM Paulo. SUI Paulo, C P 2051BS P-01498, B r a d  
'dso at Advraced Scienca Rcsurch Center, Japan Atomc Energy Resurch Institute, Ibarllu, Japan 
'hsion Rancueh Center, The Uruvenrarty of T~XM at Austm, Ausun, T~XM 78712 U S A 
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Comparisons of nonlinear toroidal 
turbulence simulations with experiment 

W. Dorland, kl. Kotschenreuther, M.A. Beer,’ G.W. Hammett,. 
R. E. Waltz,+ R.R. Dominguez,t P.M. Valanju,t 

W.H. Miner, J K . , ~  J.Q. Dong, W. Horton, 
F.L. Waclbroeclr, T. Tajima, and M.J. LeBrun 

Instatute for F w m  Studies, The llnrucrsaty o j  Tam at Awlin 

Awtan, Tezcu 7871t 

Abstract 

The anomalously large thermal transport observed in tokamak experi- 

nients is the outstanding physics-baed obstacle in the path to a commer- 

cially viable fusion reactor. Although decades of experimental and theo- 

retical work indicate that anomalous transport and collective instabilities 

in the gyrokinetic regime are linked, no widely accepted description of this 

transport yet exists. Here, detailed comparisons of lirst-principles gyrofluid 

and gyrokinetic simulations of tokamak microinstabilities with experimental 

data are presented. .With no adjustable parameters, more than 50 TFTR 

Lmode discharges have been simulated with encouraging succes. Given the 

local plasma parameters and the temperatures at r/a u 0.8, the simulatioas 

typically predict “,(r) and TJr) within f25% throughout the core and con- 

finement zone. In these zone, the predicted t h e d  diffusivity increases 

with minor radius robustly. For parameters typical of r/a > 0.8, toroidal 

stability studies confirm the importance of impurity density gtdents as a 

source of free energy potentially strong enough to explain the large edge ther- 

mal diffusjvity, as first euphasized by Coppi, zt 01. Advanced confinement 

discharges have also been simulated. The dramatic increase of T , ( O )  observed 

in Supershots (from 5keV to 3OkeV) is recovered by our model for dozens 

of simulated experiments. Finally, simulations of VH and PEP mode-like 

plasmas show that velocity-shear stabilization of toroidal microinstabilities 

IY qunititatively significant for renliutic experirnentol parameters. 

IFSR #678 

l/f Noise in Two-Dimensional Fluids 

S.B. Cable 
Southwest Research InJtitule, 6220 Cukbm Rd., Snn Antonio, TX 78723 

and 

T. Tajima 
Department of Physics and Irudtute for fision Studies 

The Uniuerslty of Teuu 41 Awlin, Awlin, T a m  7871.2 

Abstract 

We derive an exact result on the velocity fluctuation power spectrum of an incompressible 

two-dimensional fluid. Employing the fluctuation-dissipation relationship and the enstrophy 

conservation, we obtain the frequency spectnun of a 1/f form. 
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DYNAMICS AND TRANSPORT IN ROTATING 
FLUIDS AND TRANSITION TO CHAOS 

IN AREA PRESERVING 
NONTWIST MAPS 

Publication No. 

Diego del Castillo Negrete, Ph.D. 

The University of Texaa at Austin, 1994 

Supenisor: P. J. MORRISON 

Dynamic4 and transport in rotating fluid8 iii general, and io B rotsting annu- 

lus experiment in particular, are studied. A derivation of the qussigeoatrophic 

equation for the rotating annulus experiment is presented, followed by a discus- 

sion of exact time-ihdependent axisymmetric solutions. Linear quaaigeoetrophic 

theory is uaed to study both the hutability of axisymmetric solutions and the 

propagation of Roseby waves in the experiment. Tkansport of passive scalers 

by warn in ahesr Bow is studied using few degreebof-freedom Hamiltonian 

models. Two transport problems are considered: the destruction of transport 

barriers and the statistical description of particle motion. The first problem 

2 ur p 
is studied using the resonance overlap criterion and a criterion for separatrix P 

4r 
P ~ reconnection. Both criteria are compared with numerical and experimental re- 

sults. For the second problem, the statistical description of particle motion, 

the variance of the particle displacement is computed and evidence of anoma- 

% 
E 
F' 
Y 

lous diffusion is presented. TZe probability distribution functions of trapping 

and flight events are computed and shown to exhibit power law behavior. The 

transport results obtained in the models are compared with the experimental 
b 
'd 
h 
\4 
\4 cn 

results. It is shown that the general Hamiltonian for traveling waves in sym- 

metric shear flow is degenerate and, thus, exhibits topological changes in phme 

space due to sepsratrix reconnection. From tbia general Hamiltonian, an area 3 
preserving map called the standad nontwist map is constructed. This map 

violates the twist condition along a curve called the shearless curve. Using the 

method of approximating KAM curves by periodic orbits and the residue cri- *er 
f: 

ierion, a numerical study of the destruction of the shearless curve is presented. 

This is a novel problem for which KAM theory and other important results can 

not be applied, due to the violation of the twist condition. The results obtained 

5 
1 ur 

I 
are interpreted in light of the renormalization group and it is concluded that 

I the deetruction of the shearless KAM curve with winding number equal to the ' 

inverse golden mean h described by a period-six fixed point of the renormal- 

ization group operator. This new fixed point definea a new universality clasa 

for the transition to cham in Hamiltonian systems. 
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Analytical Studies of the Effects of 

ChargeExchange on a hlagnetized Plasma 

Publication No. 

Mark Darren Calvin, Ph.D. 

The University of Texas at Austin, 1994 

Supervisor: Claude W. Horton 

We analytically calculate the neutral particle btribution and its effects on 

ion heat and momentum transport in three dimensional magnetized plasmas 

with arbitrary temperature and density profiles. A general variational princi- 

ple taking advantage of the simplicity of the chargeexchange (CX) operator 

is derived to solve seif-consistently the neutral-plasma interaction problem. To 

facilitate an extremal solution, we we the short CX mean-free-path (A,) or- 

dering. Fkther, a non-variational, analytical solution providing a full set of 

transport coefficients ia derived by making the realistic mumption that the 

product of the CX cross-section with relative velocity is constant. The effects 

of neutrals on plasma energy loss and rotation appear in simple, sensible forms. 

The.presence of ionized impurities in the plasma are ale0 considered, and the 

effects of CX drag and ion-impurity collisions on plasma Bow in the short A, 

regime are presented. Finally, the long A, regime is analyzed in slab geometry 

by finding an appropriate Green's function for the neutral kinetic equation and 

by solving recursively for the neutral distribution function. Our results are 

found to agree favorably with previous work. 

IFSR #681 

Analytical and numerical studies of ion mobility near 
the tokamak plasma edge 

H. Xim, R. D. Hazeltine 
Institute for h i o n  Studies, The University of Taw at Awtin 

Awtin, Tezw 78712 

and 

P. M. Valanju 
Fwion Research Center, The University of Taw at Awtin, Awtin, Taw 78712 

Abstract 

The effects of radial electric field on charged particle motion and transport in a toroidal 

magnetic system have been studied both ana ly t idy  and numerically. We examine the effecta 

of radial electric field on particle orbits, allowing for the relatively large and strongly sheared 

field observed in some experiments. We tind that ion radial mobility due to the combined 

effects of radial electric field and charge exchange collisions can draamticdy affect the ion 

transport and orbit loae near the tokamak edge. These properties may help us understand 

the formation of transport barrier near the H mode p b  edge and explain the asymmetry 

between bin8 wltage and confinement in bd-electrode-induced H mode. 
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Nonlinear instability and chaos in plasma 
wave-wave interactions. I. introduction 

C.S. Kueny and P.J. Morrison 
Deportment of Phy8iw and Iwtitute for h i o n  Studies 

The Uniuerstty of Tetac ot Awtm, Awtm, Tczac 78712 

Abstract 

Conventional linear stability analyses may fd for fluid systems with an indefinite free 

energy functional. When such a system is linearly stable, it is mid to poeee~ negativa energy 

modes. Instability may then occur either via dissipation of the negativa energy modes, oc 

nonlineatly via resonant wavewave coupling, leading to explosive growth. In the &pa- 

tionlesa case, it is conjectured that intrinsic &tic behavior may allow initially nonresonant 

systems to reach resonance by diffusion in phase space. In this and a companion paper [sub 

mitted to Physics of Plasmas], this phenomenon ia demonstrated for a simple equilibrium 

involving cold counterstreaming ions. The system is described in the Ruid apprmdmstion 

by a Hamiltonian functional rand eesociated B O B C M O ~ ~ ~  Poisson bracket. By Fourier de. 

composition and appropriate coordinate transformations, the Hamiltonian for the perturbed 

energy is expressed in action-angle form. The n o d  modes comapond to Doppler-shifted 

ion-acoustic wavea of poeitiw and negative energy. Nonlinear coupling leads to decay inate 

bility via tmc~wava interaCtiOM, and to either decay or explonive inatability Vis three-wava 

interactions. These inatabiitiea are described for vsrioua (iegnble) systems of wavea inter- 

acting via single nonlinear terms. This dlecussion provides the foundation for the treatment 

of nonintegrable systems in the companion paper. 

Envelope evolution of a laser pulse 
in an active medium 

D.L. Fisher, T. Tajima, M.C. Downer, and C.W. Siders 
1 8  

Deportment of Phy& and Iwtihrte for h i o n  Studiu 

The Unwcrsity of Tczar ai  Awtin, Awtin, Tezar 78716 

Abstract 

We show that the envelope velocity, u,, of a short laser pulse can, via propagation in an 

active medium, be made less than, equal to, or even greater than c, the vacuum p b  veloc- 

ity of light. Simulation results, baaed on moving frame propagation equations coupling the 

laser pulse, active medium and pleama, are presented, ea well ea equations that d e t h  

the design value of super- and subluminoua u,. In this simulation the laser pulse ewlvea 

in time in a moving frame ea oppoeed to our earlier work where the profile waa 6xed. The 

elimination of phase slippage and pump depletion effecta in the l m  wakefield accelerator is 

discussed ea a particular application. Finally we diacuaa media properties necessary for an 

experimental realization of this technique. 
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MAGNETIC VISCOSITY BY LOCALIZED 
SHEAR FLOW INSTABILITY IN MAGNETIZED 

ACCRETION DISKS 

R. Matswnoto’ and T. Tajima 
Institute for ).%ion SMb, The Univcrsily of Truu nt Awtin 

Austin, T&or 78713 

(Received Aug. 18, 1993 ; accepted Dec., 1994 ) 
January 9, 1995 

Abstract 

Differenttally totatlng dish are subject to the wdaymmtrlc Inetabillty for perfectly 

cooductlog pla~me In the preaance of pololdd magnetlc Belde (Bdbua k Hawley 1991). 

For nonaxlsymmetdc perturbatlone, wa And locallzed unstable elgenmodea wbose eigen- 
functlon Is confined between two Alk& shguisrttler at wd = f w ~ ,  whem wd b the 

Doppler-shifted warn frequency, and W A  = k p A  le the Alhh frequency. The radld 

wldth of the unstable elgenfunctlon Ls Az - WA/(&),  where A h the Oort’s constant, 

and ky Is the sslmuthd wma number. The p w t b  rate of the lundamentd mode 
is  larger for smaller 4.ue of k,,/k,. The &mum p w t h  rate when Aj,/k. - 0.1 

Is - 0.2fl for the Keplerlur dink with locd angular veloclty fl. It Ls found that the 

purely gmwfng mode dhppean when h / k ,  > 0.12. In a perfectly conducting disk, 

the InatabUlty gmwr even when the seed mlylnetlc fleld h Inflnltealmal. Incluslon of the 
reelstlvlty, however, le& to the appearance of ur inetablllty th&dd. When the resle- 
tlvity q dew on the Inrtablllty-Induced turbulent mapetk Aeldr 6B an d(6Ea)),  

the muglnrl mblllty coadltlon Belfeonsbtently determlller the a parameter of the 

angular momentum transport due to the magaetk etrem. For fully bohd dbb ,  the 
MgDertc V b m l W  pamuletar OB is betmen 0.001 and 1. our tbrsbdlmeIuw rn 
rlmulatloo conflrrm tbma unstable elgeamoda. It a l ~  a h m  that th a 
obseNed In ridation h between 0.01 and 1, In agmment with tbeory. The obsa- 

vrtbnnlly requlred smrller a In the quiescent pbaae d reretloa dbh In dnuf 

m y  be aplsloed by the dec& Iwhtbn due to the tempemture drop. 

On inertial-range scaling laws 

J. C. Bowman 
Iwtitutc /or h i o n  Studiea, The Uniueraity of T a w  at Auatin 

Awtin, Taw 78711 

Inertial-range scaling laws for twb aad thedimensional turbulence are re- 

examined .anthin a unilied framework. A new correction to Kolmogorov’s 

k-s’s scaling is derived for the energy inertial range. A related modification 

is found to Kraichaan’s logarithmically corrected two-dimensional emtrophy- 

range law that removea its unexpected divergence at the injection wawnum- 

ber. The sigruficance of these corrections is illustrated with ateady-state 

energy spectra from recent high-resolution closure computations. Implica- 

tions for conventional numerical simulations are discuseed. These results 

underscore the asymptotic nature of inertial-range scaling laws. 
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Normal modes and continuous spectra' 

N.J. Balmforth and P.J. Morrison 
Department of Physics and Institute for Fuston Studies 

The University of T a u  at Austin, Awtm, Tezw 78712 

LIE GROUP ANALYSIS OF PLASMA-FLUID 
EQUATIONS 

Publication No. 

Raul Acevedo, Ph.D. 

The University of Texas at  Austin, 1995 

Abstract 

We consider stability problems arising in fluids, plasmas and stellar systems that contain 

singularities resulting from wave-mean flow or waveparticle resonances. Such remnancea 

lead to singularities in the differential equations determining the normal modes at the m 

called critical points or layers. The locations of the singularities are determined by the 

eigenvalue of the problem, and as a result, the spectrum of eigenvalues forms a continuum. 

We outline a method to construct the singular eigenfunctions comprising the continuum for 

a variety of problems. 

Supervisor: Philip J. Morrison 

Lie group methods for nonlinear partial differential equations are im- 

plemented to study, analytically, a subset of the full solution space of a f d y  

of plasma-fluid models. The solutions obtained by this method are known as 

group invariant solutions. The basic set of equations considered comprise the 

three-field fluid model due to Hazeltine (HTFM), which waa obtained to d e  

scribe nonlinear large aspect ratio tokamak physics. This model containe as 

particular l i t s  the physics of the Charney-HasegawMima equation (CHM) 

and reduced magnetohydrodynamics (RMHD), which are two other modekr 

known to describe some features of nonlinear behavior of tokamak plasmas. 

Lie's method requires a large number of systematic calculationa to 

determine the Lie point symmetries of the system of differential equations. 

These symmetries form a Lie group and describe the geometrical invariance of 

the equations. The Lie symmetries have been calculated for the systems men- 

tioned above by using a symbolic manipulation program. A detailed analysis 

of the physical meaning of these eymmetries is given. Using the Lie algebraic 

properties of the generators of the symmetries, a reduction of the number of 

independent variables for the full nonlinear systems of equations is calculated, 

which in turn yielde simplified equations that wmetimes c8n be solved an& 

lyticdly. A discussion of some of the reductions and solutions generated by 

this technique is presented. The results show the feasibility of using Lie meth- 

ods to obtain analytical results for complicated nonlinear systems of partial 

differential equatiom that describe physically interesting situations. 
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Neoclassical and anomalous transport in 
axisymmetric toroidal plasmas with electrostatic 

turbulence 

H. Sugama 
National Institute for &:on Science, Nagoya 464-01, Japan 

and 
W. Horton 

Institute for Fhron Studies, The University of Tezac at Awtin 

Awtin. Tezas 78718 

Abstract 

IESR #689 

Exactly Conservative Integrators 

B. A. Shadwick, John C. Bowman, and P. J. Morrison 
Department of Physics and Institute for &ion Studies 

The University of Tezau at Austin, Austin, TX 78712-1081 

July 13, 1995 

Abstract 

'Itaditional numerid discmtlzations of mnsermtive systems genencelly yield an artificial  eo 

ular drift of any nonlinear invariants. In this work we present an a p h c i t  nontraditiond dgorithm 

that exactly mnservea invariantll. We illustrate the general method by applymg it to the three 

wave truncation of the Euler equations. the Volterra-Loth predator-prey model, and the Kepler 

problem. We ~JSCUEE our method in the context of general aymplectic ( p h w  space conserving) in- 
tegration methods M well 8.9 non-sympleetic conservative methods. We comment on the application 

of out method to general conservative systems. 

Key word.: Oonaemtive, integration, numerid, Symplectic 

, 
Neoclassical and anomalous transport fluxes are determined for axisymmetric toroidal 

plasmas with weak electrostatic fluctuations. The neoclassical and anomalous fluxes are 

defined based on the ensemble-averaged kinetic equation with the statistically averaged non- 

linear term. The anomalous forces derived from that quasilinear term induce the anomalous 

particle and heat fluxes. The neoclassical banana-plateau particle and heat fluxes and the 

subJeet e,.ui8cationr: -, 

bootstrap current are also affected by the fluctuations through the parallel anomalous forces 

and the modified parallel viscosities. The fluctuating part of the drift kinetic equation gives 

the response of the distribution function to the potential fluctuation, from which the quai- 

linear term, the anomaloua forces, and the anomalous particle and heat fluxes are evaluated. 

The averaged drift kinetic equation with the quasilinear term is solved for the plateau regime 

to derive the parallel viscosities modified by the fluctuations. The entropy production rate 

due to the anomalous transport processes is formulated and used to identify conjugate pairs 

of the anomalous fluxes and forces, which are connected by the matrix with the Onsager 

symmetry. Estimates are given from the dispersion relation for the ion temperature gradient 

b 
v 

driven mode for the anomalous fluxes and viscosity. 
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Numerical simulation of bump-on-tail instability 
with source and sink 

H.L. Berk, B.N. Breizman,") and M. Pekke~ 
Indtitute for Ruwn Shdiu, l% Uniwrrity of Tcmr ol A d  

Awtin, T- 78718 

A numerical procedure han been developed for the selfanaiatmt ehdat ion of the non- 

lineat interaction of energetic particlea with diwets col lcct i~  mods in the preaenca of a 

particle source and dissipation. A bumpon-tail inetabity model i chcclar for these simu- 

lations. The model preaento a kinetic nonlinear treatment of the wave-particle interstion 

within a Hamiltonian formalism. A mapping technique hao been used in this model in order 

to awaa the long time behavior of the system. Depending 011 the paramata range, the modd 

h w a  either a stendy-st& mode Mturstion or qumiperiodlc noaliaear bursto of the wnw 

energy. We demonstrate that the mode saturatioa led M d M tbe b w t  parameters scale 

with the drive in accordance with the snalytical pccdictiom. We dw quantify the threshold 

for the resonance overlap condition and particle global dihion in the phase spaa. For 

the pulesting regime, we show that when 7~ > 0.16An, where "/t ir the hear Wwth rate 

for the unperturbed systun and ACI ia the frequency sepnrstion of ndghbozing resonances, 

overlap occura together with an amplitlcation of the 6w energy nleass compared to what is 

expected with the saturation of noumrlapphg tnodea. The effect of particle lomw on the 

wave excitation in included in our model, which illustrates in a qualitative way the bursting 

collective lossa of fast iom/dpba particles due to ALhrCn instabilltlra. 

IFSR #691 
i 

Reynolds Stress of Localized Toroidal Modes 

Y.Z. Zhang 

and 
S.M. Mahajan 

Institute for Rwion Studies, The University of Tezac at A w t i n  

Awtin, T e z w  78712 

International Center for Theontical Physics, Mimmon, M e s t e ,  Italy 

Abstract 

I An investigation of the 2D toroidal eigenmode problem reveals the possibility of 8 new 

consistent 2D structure, the dissipative BM-I1 mode. In contrast to the conventional balloon- 

ing mode, the new mode is poloidally localized at r/Z (or -n/2), and pasaesses si&cant 

radial asymmetry. The radial asymmetry, in turn, allows the dissipative BM-I1 to generate 

considerably larger Reynolds stress as compared to the standard slab drift type modes. It 

is also shown that 8 wide clam of localized dissipative toroidal modes are likely to be of the 

dissipative BM-If nature, suggesting that at the tokamak edge, the fluctuation generated 

Reynolds stress (a possible source of poloidal flow) can be sigaificant. 



IFSR #693 
IFSR #692 

Singular eigenfunctions for shearing fluids I 

N. J. Balmforth and P. J. Morrison 
Deportment of Phpstcs and Irutttutte for &son Studles 

The Llniuernfy of Tms of Awttn, Awtin, Teuu 78712 

Abstract 

We construct singular eigenfunctions corresponding to the continuous spectrum of eigen- 

d u e s  for shear flow in a channel. These modes are irregular as a result of a singular- 

ity in the eigenvalue problem at the critical layer of each mode. We consider flows with 

monotonic shear, so there is only a single critical layer for each mode. We then solve the 

initial-value problem to establish that these continuum modes, together with any discrete, 

gowing/decaying pairs of modes, comprise a complete basis. We also view the problem 

within the framework of Hamiltonian theory. In that context, the singular solutions can 

be viewed aa the kernel of an integral, canonical transformation that allows us to write the 

fluid system, an infinite-dimensional Hamiltonian system, in action-angle form. This yields 

an expression for the energy in t e r n  of the continuum modes and provides a means for 

attaching a characteristic signature (sign) to the energy sPwciated with each eigenfunction. 

We follow on to consider shear-flow stability withjn the Hamiltonian framework. Next, we 

show the equivalence of integral superpositions of the singular eigenfunctions with the solu- 

tion derived with Laplace transform techniques. In the long-time limit, such superpositions 

have decaying integral averages acma the channel, revealing phase mixing or continuum 

damping. Under some conditions, this decay is exponential and is then the fluid analogue of 

Landau damping. Finally, we discuss the energetiu of continuum damping. 

Quantitative Predictions of Tokamak Energy Confinement from 

First-Principles Simulations with Kinetic Effects 

M. Kotschenreuther, W. Dorland 

Instilute [or Fusion Sfudies, The Uniuersify of Teras at ilusfin 

Austin, Tezas 78712 

and 

M. A. Beer, G. W. Hammett  

Princeton Plasma Physics Labomtoy, P. 0. Eoz 451, Princeton, NJ, 08513 

Abstract 

.I first-principles model of anomalous thermal transport based on numeri- 

cal simulations is presented, with stringent comparisons to experimental data  

from the Tokamak Fusion Test Reactor (TFTR) [Fusion Technol. 21, 1324 

(1992)l. This model is based on nonlinear gyrofluid simulations, which p r e  

dict the fluctuation and thermal transport characteristic8 of toroidal ion- 

temperature-gradient-driven (ITG) turbulence, and on comprehensive linear 

gyrokinetic ballooning calculations, which provide very accurate growth rates, 

critical temperature gradients, and a quasilinear estimate of x./,y,. The model 

is derived solely from the simulation results. More than 70 TFTR low con- 

finement (L-mode) discharges have been simulated with quantitative success. 

Typically, the ion and electron temperature profiles are predicted within the 

error bars, and the global energy confinement time within *lo%. The mea- 

sured temperature at r/a % 0.8 are used as a boundary condition to predict 

the temperature profiles in the main confinement zone. The dramatic transi- 

tion to the improved confinement in the supershot regime is also qualitatively 

explained. Further work is needed to extend this model of core heat transport 

to include particle and momentum transport, the edge region, and other oper- 

ating regimes besides the ITG-dominated Lmode. Nevertheless, the present 

model is very successful i n  predicting thermal transport in  the main plasma 

over a wide range of parameters. 
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Stabilization of the Resistive Shell Mode in 
Tokamaks 

Richard Fitzpatrick & Ahmet Aydemir 
Institute for f i r o n  Studres, The Unruenrty of Tezw at Awtin 

Awtm, Teraa 7871% 

February 10, 1995 

Abstract 

The stability of current-driven external-kink modes b inmtigated in a talramdr 

plasma surrounded by M extemd shell of 6nite electrid conductivity. Acmrding to 

conventional theory, the ideal mode CM be stabilized by placing the shell au5aently 

dow to the plasma, but the non-rotating "resiativs shell mode," which ga on tho 

characteristic L/R time of the shell, alwap gsrsbtr. Xt ia demo&r.s* wing both 

analytic aod numerical technique& that a combination of rtrong p l m  rotation 

and dissipation somewhere inside the plasma b capable of s tabmag the resbtivs shell 

mode. This s tabht ion  mechanism d a s  not necessuily depend on toroidlcity or the 

presence of resonant surfaeea inside the plasma. 

IE'SR #695 

More on corelocalized toroidal Alfv6n eigenmodes 

H.L. Berk and J.W. Van Dam 
Iwtitute for Ruion Studied, The University o j  Trpu at Awtin 

Awtin, Trpu 7871e 

and 

D. Borba, J. Candy, G.T.A. Huysmans, and S. Sharapov 
JET Jomt Unhrtokkng, Abinpdon, &Jdkin  0x14 $EA, UK 

Abstract 

A novel type of ideal toroidal Allven eigemode, loc$ized in the low-shear core region of 

a t o w  plasma, ir shown to existl whose frequency is near the upper continuum of the 

toroidal Alhrcn gap. This mode conmrta to a kinetic-type toroidal A l f v h  eigenmode above 

a critical threshold that dependa on napect ratio, pnssun  gradient, and shear. Opposite 

to the ueual ideal toroidal Alfvbn dgenmode, this new mode in peaked in amplitude on the 

41-major-radius side of the plarmur. 
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“Heavy Light Bullets” in Electron-Positron Plasma 

V.I. Berezhiani,”) 
International cmtm for Thmticul PhyJies, We&, It& 

and 
S.M. Mahajan 

Iwiiiuk for h a o n  Studics, The VniuetSity of T a m  at Awtin 

Awtin, Tcrar 78716 

and 

Intemaiiod Cmtn for Tnumiicol Physic$, R e a t e ,  Italy 

Ab8tnct 

The nonlinear propagatloo of clrculady polarized electromagnetic w a w  with rel- 

otlvlstlcally strong emplltudee In an unmegoetlzed hot eleetrowpasltron ~IMIIM with 

a small frsctbn of IOM b lnveatigated. The pamlbillty of tlndlng locallzed soiutbnr 

In such a plasma b explored. It b shown that them plasmin support the pmpagatlon 

of ‘heavy llght bulleb”; nondlhctlng and nondlspanrlva electromsgnetlc (EM) pulser 

wltb large density bunchlng. 

Shear flow effects on ion thermal 
transport in tokamaks 

T. Tajima,’ Y .  Kishimoto,o) W. Horton, and J.Q. Dong 
Inai i iuk for 1;Lsion Studiu, The Vnivcrsity of T- at Awtin 

Awtin, Tezm 78712 

Abstract 

&om various laboratory and numerical experiments, there is clear evidence that under 

certain COnditiOM the presence of sheared flows in a tokamak plasma can significantly re 

duce the ion thermal transport. In the presence of plasma fluctuations driven by the ion 

temperature gradient, the flows of energy and momentum parallel and perpendicular to the 

w e t i c  field are coupled with each other. This coupling manifeats itself as significant 

offdiagonal coupling coefficients that give rise to new terms for anomalous transport. We 

derive from the gymkinetic equation a set of velocity moment equations that describe the 

interaction among plasma turbulent fluctuations, the temperature gradient, the toroidal ve- 

locity shear, and the poloidai flow in a tokamak plasma. Four coupled equatiom for the 

amplitudes of the state variables radidy extended over the transport region by tomidicity 

induced coupling are de&&. The equations show bifurcations fmm the low confinement 

mode without sheared B o a s  to Mgb confinement mode with subatmtially reduced transport 

due to strong ahear Bows. Ala0 d i d  is the reduced veraion with three state variables. In 

the presence of sheand Bows, the d a l l y  extended coupled toroidal modes driven by the ion 

temperature gradient disintegrate into a d e x ,  lesa elongated vortices. Such a transition to 

smaller spatial amlation lengths changen the transport horn Bob-like to gvrOBohm-like. 

‘)N& b o n  RQueb, JAERI, Jlp.0 



IFSR #698 

On the quasihydrostatic flows of radiatively cooling 
self-gravitating gas clouds 

Baruch Meerson and Ephraim Megged 
Rocdi IwWurC of Phykler, H t h w  Uniwaitp of Jcrukdem,  mude em 91 904, bmd 

and 

Toshiki Tajima 
I~ti&utc for &ion Studied and Dcpwtment of Phyaia 

lXe Uniuerrity of T a a  at Awtin, Awtin, T a n  78718 

Abstract 

Two model problem are considered, illuetrating the dynamics of quasihydrostatic flown of 

rdatively cooling, optically thin self-gravitating gas cloud#. In the fket problem, epherically 

symmetric Bows in rm unmagnetized plasma are coddersd. For a power-law dependence 

of the radiatiw lavl function on the temperature, a oneparameta family of self-similar 

eolutione is found. We concentrate on a constant-maar cloud, one of the M, when the 

self-dmilarity indim are uniquely selected. In this case, the selt-eimilar Bow problem can 

be f o d y  reduced to the elassid LaaaaEmden equation and thenfors solved d y t i c d y .  

The cloud ir ahown to undergo radiative condensation, if the specific heat ratio 7 > 4/3. 

The condennation prouxdo either g r a d d y ,  or in the fonn of (quaaihyhtrrtic) 00llapee. For 

7 < 4/3, the cloud ie shown to expand. The eecond p r o b b  a d h  a magnetized plasma 

dab that undergae qunalhydrostatic radiative cooling and condeasation. The problem is 

d v e d  dytlcally, employine the Lagrangian m u  aordlnate. 

IFSR #699 

Area Preserving N o n k s t  Maps: 
Periodic Orbits and Transition to Chaos 

D. del-CastibNegrete,' J. M. Greene,' and P. J. Morrison 
Depamnnrt of Phyricr and I ~ w u l c  /or Ruton Shcdkr 

llrc U n m  of Tnas at Aubtin, Awtin, Tenu 78719 

March 1,1995 
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Ion Temperature Gradient Driven Transport 

W. Horton 
Iwtitute for Ruion Studies, The University of Teuu at Awtin 

Awtin, Teuu 78711 

Abstract 

The steep ion temperatun gradients produced in the large tdum~&~ are analyzed in tern 

of the anomaloud transport of ion energy and momentum. The trausporf equations take into 

account that for low vismeitim and high effective Rayleigh numbern both neutral fluids and 

plaama show the spontaneous generation of sheared rnm flown. The self-genemtd flows 

are driven by the ion temperature gradient through the turbulence and arc one method 

for creating the transpart barrier. In addition, the extemal control parameter from the 

direct injection of perpendicular ion (angular) momentum dvea a m n d  method for creating 

a transport bmier. The threshold conditions are derived for the bih,lrcations from the 

three oonfinement regimeu of Lmode, €I-mode, and a s u p e r - c r u p p d  transport (SST) 

confinement regime. 

IFSR #701 

Revisit to Self-organization of Solitons for 
Dissipative Korteweg-de Vries Equation 

Y. Kondoh”) and J. W. Van Dam 
Institute for $’hion Studies, The University of Tezcu at Austin 

Awtin, Tezas 78716 

Abstract 

The process by which self-organization occura for solitons described by the Kortewegde 

Vriea (KdV) equation with a vismus dissipation term is reinvestigated theoretically, with 

the uae of numericel sirnulatione in a periodic system. It ia shown that, during nonlinear 

interactions, two basic processes for the self-organization of solibna are energy transfer and 

selective dissipation among the eigenmodea of the dissipative operator. i t  is also clarified 

that an important procesp during nonlinear aelf-organization is an interchange between the 

dominant operators, which has hitherto been overlooked in conventiond self-organization 

theories and which leade to a final self-similar coherent StNCtWe determined Uniquely by 

the dissipative operator. 
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Publication No. 

Bo Chen, Ph.D. 

The University of Texas at  Aiutin, 1995 

THE INSTABILITIES OF In t u  work, 8 technique js developed to treat the instabilities of nonlinear 
NONLINEAR HAMILTONIAN SYSTEMS 

IN A CIRCULAR ACCELERATOR 
systems. Thia technique involves a canonical transformation from the conven- 

tiond variables to a new set of generalized variables. The new set of variables 

consist of the Hamiltonian itself, which serves as the new action variable, and 

another coqjugate variable. This technique is applied to a system with 8 non- 

linear momentum compaction factor to stiidy the newly discovered longitudinal 

head-tail instability. The growth rate of the instability seem to agree quanti- 

tatively with experimental observations. 

In a linear system, the particles in a bunched beam move in a perabolic PO- 

Supervisors: Alexander Wu Chao 

Toshiki Tajime 

The understanding of collective instabiiities of high intensity bema is es- 
sential to modern accelerators. In this dissertation, the subject of longitudinal 

collective instabilities of a single bunched beam in a circular accelerator, for 

which the HamiltoNan used to describe particle motion is nonlinear, is sys- 

tematically studied. The analysis described in thia work is applied to study 

the newly discovered instability, the longitudinal head-tail instability, md to 

substantially improve upon the study of the well known longitudinal mode 

coupling instability. 

It is necessary to adopt a nonlinear Hamiltonian to precisely describe the 

motion of a particle in an accelerator. Traditionally, the perturbation the- 

ory is used to study the instabilities. However, the conventional formalism is 
b d  on the linear model and cannot be directly applied to nonlinear systems. 

tential well. A distortion of the potential well, due to the electromagnetic fields 

of the beam, also contributes nonlinear t e r n  to the otherwise linear Hamil- 

tonian. Thin sbcalled potential well dietortion effect is studied, and given as 

a possible c a w  of an apparent discrepancy between experimental observa- 

tione and conventional calcdstiom of the longitudinal modecoupling instabil- 

ity. The results from the perturbation theory in this work, which includes the 

potential well dietortion, are comparable with the experimental observations. 

One of the key inputs to study of the collective instabilities is a detailed 

knowledge of the impedance, a function describing the conductive environment 

quantitatively. The algorithm commonly ueed to calculate the impedance is 

studied in this work. An intrinsic numericel error, which leads to a fictitious 

high frequency impedance, is discovered by applying the algorithm to an intu- 

itive case. Thie study is ale0 include in this diseertation. 
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Studies of impurity mode and ITG mode 
in toroidal plasmas 

J.Q. Dong 
Southwestern Institute o/ Physics, P.O. Eor 432, Chengdu, Sichuan 610041 

Peoples Repubhc of Chtna 

and 

W. Horton 
Institute for f i ton  Studtes, The [In:verstty O/ Tam at Awttn 

Awttn, Tezw 78711 USA 

A bs t cac t 

The impurity mode and q, mode driven by impurity ions with outwardly peaked density 

profiles, just ns it is at the boundary of tokamak plasmas, and the ion temperature gradient, 

respectively, are studied in high temperature toroidal plasmas. The gyrokinetic theory is 

applied and finite Larmor radius effects of both hydrogenic and impurity ions are included. 

It is found that the impurity mode is enhanced by the ion temperature gradient. In ad- 

dition, the impurity ions with outwardly peaked density profiles are demonstrated to have 

destabilizing effects on the qi mode. These two modes are strongly coupled to e p h  other 

so that it is impossible to distinguish between them when both the driving mechanisms are 

strong enough to drive the corresponding mode unstable independently. The correlation of 

IFSR #704 

Connection formula near a singular ''tip'' 

BY H. L. BERK 
Institute for Fusion Studies. The Univenity of Texas. Austm. TX 78712 

General Atomics. P.O. Box 86608, San f i W C .  CA 92186 

AND M. N. ROSENBLUTH 
ITER Co-Center, 11025 N. Tomy Pines Rd., La JoUa. CA 92037 

M. S. CHU 

When NHD eigenvalue equations break down near a singular tip, the nomdeal solutions are 

likely to have a response that is not the same an the one predicted by analytic continuation. 

A boundary layer analysis is described here that can be implemented in large YHD com- 

puter codes even without an aspect ratio expansion. The nonideal boundary layer equation 

reduces to a fourth order differential equation whoae asymptotic properties are analytically 

calculated. Large MHD shooting codes can be systematically corrected to give the proper 

nonideal response at  frequenciw closs to the one corresponding to a singular tip. 

I 

I 
i 

the results with nonlinear simulations and the experimental okrvations are discussed. 
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I. INTRODUCTION 

In an asymptotic development of the equations governing the equilibria and linear sta- 

bility of rapidly rotating polytropea (papera I* and IP)  we employed the slender aspect of 

t h e s  objecta to reduce the three-dimensional partial differential equations to a somewhat 

simpler, ordinary integro-difierential form. Specifically, the polytrope is characterized by an 

equatorial radius a and a characteristic thickneas EO. The dimensionless parameter E = k ~ a ,  

where k~ is the Jeam ~ a ~ r p ~ b e ?  baaed on mnditiona at the center of the disk. The egua- 

tiom arc then asymptotically s o l d  in the limit E -+ 0 and, once thie dut ion  is in hand, E 

may be expnsded in terms of known global parametere of the disk, such ae density, entropy, 

m w  and angular momentum.. 

The earlier calculations dealt with isolated objects that were in centritugal balance, that 

is, the centrifugal acceleration of the configuration wan balanced largely by self gravity with 

small contributions from the pnasun gradient. Another interesting situation is that in which 

the polytrope rotafa subject to externally imposed gravitational fields. In astrophysics, this 

A a h q A u r i w ,  a&. J. Hunkr and R WiLon, Nsr, Yo* Academy of Scicncar (1994). 
*"lb be puburbad in the PFoardinpr oj the 10th Florida WorGhop in Nonlinear Abllraomy: Wows in 

is common in the theory of galactic dyllemics becaw I 

objects.' 2 

The dark hdoa d a t e d  with dish ale0 p d d e  one possible explanation of the apparent 2 
narping of many galedea. If the axin of the bighly flattened disk is not aligned with that of ' 
the much leas Battened halo, then the resultant torque of the halo gravity on the disk might $ 

b provide a nonsxieymmetric dietortion or disk warp: 
f 
c"' 

but finite thicknee6 which %? 
estimate how a symmetrical potential distorts the structure of the disk (Sec. II), then we 5 
examine ita sinuoue &tkm to confirm that they freely decay, hence suggesting that a b 

warp must be prternally f o r d  (Sec. 111). Finally (in Sec. IV), we consider steady wlrrpe of 

the dink plane when the cds of the disk does not coindde with that of the halo. 

disks are unlikely to be isolated 

2 1 ,  

Motivated by these poeeibilitien we shall h e n  build models of polytropic disks of mall 

subjeded to p&M, W t e d  gravitational fields. First we 

3 
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Supervisor: Toshiki Tajima 

For many body systems, we show that the separation rate between two adjacent 
trajectories in phase space tends to an asymptotic level with relatively small 
fluctuations about that level. We define an instantaneous phase space expansion 
rate to be the separation rate in this asymptotic regime. The long time average 
of the instantaneous expansion rate is the largest Lyapunov exponent familiar in 
the literature. Gross changes in the instantaneous expansion rate are shown to be 
a microscopic correlative of macroscopic changes in the system. Instantaneous 
expansion rates may be definable in circumstances when statistical quantities 
such as temperature and pressure are hard to calculate or have no meaning. 

This work advances the computational technique and theory for Lyapunov 
expansion rates. We also show that the size of the transient separation rate 
depends on the choice of metric for defining distance on phase space. 

An ab initio theoretical expression for the Lyapunov exponent of a dilute 
gas is derived. It shows the Lyapunov exponent to be a function of the time 
integral of the two time auto-correlation function for the second derivative of the 
interparticle potential (approximately a power f law). Such auto-correlations are 
related to the system's response functions via the fluctuation-dissipation theorem, 
establishing a link between the Lyapunov exponent and the transport coefficients. 
We apply the theory to a one component plasma and compare it with numerical 
simulations. The Lyapunov exponent is proportional to the diffusion coefficient 
to the power A, as predicted. The theoretical plasma parameter dependence also 
corresponds well. 
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Nonlinear Instability and Chaos 
in Plasma Wave-Wave Interactions. 
11. Numerical Methods and Results 

C.S. Kueny and P.J. Morrison 
Departmmt of PhyriCr and In8tihJc for h i a n  S M i u  

n e  UniucrriQ oJ Tctor at Awtin, Austin, Tc2ar 78712 USA 

Abstract 

In Part I of thio work (IFSR #f%2 (Ref. 1) and Phyda of P1uma11, June 19951, the be 

havior of linearly &abk, integrable ayatem~ of wavea in a simple p b  model wan described 

using a Hamiltonian formulation. It WM shown that aplrmive instability a r h  from non- 

linear coupling between modw of positive and negative energy, with anelldeftoed threshold 

amplitudw depending on the physical panme-. In thin concluding paper, the noninte- 

grable awe ir treated numaicdly. Several e& of warn em considered, comprising systems of 

t m  and three dcgwd of fmdom. The time evolution is modelled with an explidt symplectic 

inkgratin dgpritbm derivcd using Lie algebraic mctlmb. When initial waw amplitudw 

an large enough to auppart twpwave d q  interactions, strongly chaotic motion destroys 

the separatrix bounding the stable region for explasive triplets. Phrw specs orbits then 

apuience difTua1ve groarth to amplituda that am sufacient for explosive instabiility, thua 

effectively reducing the t h r d h d  mplitude. For initial smplitudw too a m d l  to drive decay 

instability, d psmubatiollr might atiU grow to arbitrary sizs via Arnald diffusiaa. Nu- 

m a i d  cxpaimenb do not show difFuclion in thb cane, dthough the actual dimon rate is 

probably unduestimated due to the dmplidty@f the model. 
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Pulse dynamics in an unstable mediuma) 

N. J. Balmforth? G. R. Ierley:) and R. LVorthing!) 

Abstract 

A study is presented of a one-dimensional, nonlinear partial differential equation that 

describes evolution of dispersive, long-wave instability. The solutions, under certain specific 

conditions, take the form of trains of well-separated pulses. The dynamics of such patterns 

of pulses is investigated using singular perturbation theory and with numerical simulation. 

These tools permit the formulation of a theory of pulse interaction, and enable the m a p  

ping out of the range of behavior in parameter space. There are regimes in which steady 

trains form; such states can be studied with the asymptotic, pulse-interaction theory. In 

other regimes, pulse trains are unstable to global, wavelike modes or its radiation This 

can precipitate more violelit phenomena involving pulse creation, or generate periodic states 

which may follow Shil'nikov's route to temporal chaos. The asymptotic theory is generalized 

to take some account of radiative dynamics. In the limit of small dispersion, steady trains 

iargeiy cease to exist; the system bl~ows wious pathways to  temporal complexity and typi- 

cal bifurcation sequences are sketched out. The investigation guides us to  a critical appraisal 

of the asymptotic theory and uncovers the wealth of different types of behavior present in 

rhe system. 

Key words. Partial differential equations. chaos, nonlinear dynamics, singular perturbation 

theory. solitary waves 

AhfS(bI0S) subject classiBcations. 34C35, 31C37, 35825, 35A35. 

T h i s  work WS wpported by the U.S. Air Force under contract number F19620-92-3-0061, and the 

b'lnstitute for Fusion Studies. University of Texar, Austin, TX 78712 
"Scrippa Institute of Oceanogrbphy, Uniwrsity of Cdifomib, San Diego. CA 920934225 
d'Departmen; of Slathematiu, >Issrachwtu lrutituts of Technology, Cambridge, MA 02139 

l' S.D.O.E. under grant DE-FG05-80ETS3088. 

On the Hamiltonian Structure of the 
Linearized Maxwell-Vlasov 

System 

Publication No. _II_ 

Bradley Allan Shadwick, Ph.D. 

The University of Texas at  Austin, 1995 

Supervisor: Philip J. Mdrrison 

A detailed analysis of the noncanonical structure of the linearized Maxwell- 

Vlasov equations is presented. The full Maxwell-Vlasov bracket is linearized 

about a sable, homogeneous and isotropic equilibrium. Velocity space moments 

are taken leading to a natural decomposition of the system into longitudinal 

and transverse parts. This bracket together with the linearized energy is shown 

to give the usual linearized moment equations. A family of integral transforms 

whose kernels are closely related to singular eigenfunctions are introduced. I t  is 

shown that, by means of these transformations, both the bracket and energy can 

be brought into diagonal form. The diagonalizing transformation is essentially a 

transformation to linear action-angle variables for this infinite-dimensional Hamil- 

tonian system. The resulting energy expression, which depends on the Fourier 

transform of the electric field, has physical meaning 89 the energy of the pertur- 

bations and in general is not equal to  the usual expression for the wave energy in 

a dielectric. Equilibria that support discrete modes are also studied. It is shown 

that the eigenfunctions corresponding to the discrete modes enter as a natural 

result of regularizing the (now singular) inverse transform. It is seen that in the 

cwe of neutral modes, the transformed variables must be interpreted as general- 

ized functions. Lastly, quadrature rules for Cauchy integrals are discussed and an 

efficient, high accuracy algorithm for computing Hilbert transforms is developed. 

This algorithm is used to evaluate the exact solution of the longitudinal equations 

for different initial conditions. 
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Elliptical vortices in shear: Hamiltonian moment 
formulation and Melnikov analysis 

Keith Ngan,”) Steve Meacham,b)and P. J. Morrisonc) 

Abstract 

The equations of motion for interacting, elliptical vortices u1 a badtground shear flow 

are derived using a Hamiltonian moment formulation. The equations reduce to the 6th 

order system of Melander et ai. [J. Flud Mech. 167, 95 (19SS)J when a pair of vortices 

is considered and shear is neglected. The equations for a pair of identical vortices are 

analyzed wth a number of methods, with particular emphasis on the basic interactioae 

and on the implications for vortex merger. The splitting distance between the stable and 

unstable manifolds connecting the hyperbolic fixed points of the intercentroidal motion-the 

separatrix splitting-is estimated with a Melnikov analysis. This analysis differs from the 

standard timeperiodic Melnikov analysis on two counts: (a) the “periodic” perturbation 

arises from a second degree of freedom in the system which is not wholly independent of 

the first degree of freedom, the intercentroidal motion; (b) this perturbation has a faster 

time scale than the intercentroidal motion. The resulting Melnikov integral appears to be 

exponentially small in the perturbation aa the latter goes to zero. Numerical simulations, 

notably Poincard sections, provide a global view of the dynamics and indicate that there am 

two modes of merger. The effect of the shear on chaotic motion a d  on chsatic scattering is 

also discussed. 

Theory of Self-organized Critical Transport in 
Tokamak Plasmas 

Y. Kishimoto, T. Tajima:) W. Horton, M.J. LeBrun, and J.-Y. Kim 
Naka h i o n  Research Establuhment 

Japan Atomtc Energy Research Instttute 

Naka, Ibamkr, 811-Of Japan 

and 

Institute for h t o n  Studres, The Unruerstty of Tezas at Austin 

Awttn, Tezm 78712 USA 

Abstract 

\ 
A theoretical and computational study of the ion temperature gradient and q, instabilities 

in tokamak plasmas has been carried out. In toroidal geometry the modes have a radially ex- 

tended structure and their eigenfrequencies are constant over many rational surfaces that are 

coupled through toroidicity. These nonlocal properties of the ITG modes impose strong con- 

straint on the drift mode fluctuations and the associated transport, showing B self-organized 

characteristic. As any significant deviation away from marginal stability causes rapid tem- 

perature relaxation and intermittent bursts, the modes hover near marginality and exhibit 

strong kinetic cheracteristica. As a result, the temperature relaxation is self-similar and 

nonlocal, leading to a radially increasing heat difiivity. The nonlocd transport leads to 

the Bob-like dilhmion scaling. The heat input regulates the deviation of the temperature 

gradient away from marginality. The obtained transport scalings and properties are globally 

consistent with experimental okrvationa of Lmode discharges. 
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Simulation of Alfven wave-resonant particle 
interaction 

H.L. Berk, B.N. Breizman, and M. Pekker 
Institute for Fusion Studies, The Untuersity of T e z a  at Austin 

Atstin, Tezas 78712 USA 

Abstract Abstract 

A quasilinear model is developed to produce realistic self-consistent saturation levels when 

modes do not overlap, and give self-consistent ditfusion and wave evolution when modes do 

overlap. Both regimes give steady or pulsating behavior in weakly driven systems with c l e  

sical relaxation and background dissipation present. An avalanche response ig demonstrated: 

wave momentum retease cawed by the overlap of closely spaced modes can produce mode 

overlap of more widely spaced modes (a domino effect) or the growth of modes which would 

New numerical simulations are presented on the self-consistent dynamics of energetic par- 

ticles and a set of unstable discrete shear Alfven modes in a tokamak. Our code developed 

for these simulations has been previously tested in the simulations of the bumpon-tail in- 

stability model. The code has a Hamiltonian structure for the modeparticle coupling, with 

the superimposed wave damping, particle source and ciassicai relaxation processes. in the 

alpha particleAlfv6n wave problem, we observe a transition from a single mode saturation 

be stable in systems unaffected by the closely-spaced modes' diffusion. Detailed analysis and 

calculations are performed for the bump-on-tail instability, and extension of the method to 

more general problems is briefly discussed. 

to the mode overlap and global quasilinear diffusion, which is qualitatively similar to that 

observed in the bumwn-tail model. we dmm.Wte  a considerable mhancement in the 

wave energy due to the resonance overlap. We also demonstrate the effect of global diffusion 

on the energetic particle losses. 

"permnnent addrear Depr. of Nuclear Engineering, Univ. of Cdlfornla. Bcrkclsy 
''Work supported by U S. DOE hlagnetlc Fuaion Energy Technology Fellovshlp 
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