
EXECUTIVE SUMMARY 

Mission Research Corporation (MRC) is pleased to present the Department of Energy 

(DOE) with its renewal proposal to the "Continued Development of Modeling Tools and Theory 

for RF Heating" program. The objective of the program is to continue and extend the earlier 

work done by the proposed principal investigator in the field of modeling (Radio Frequency) RF 

heating experiments in the large tokamak fusion experiments, particularly the Tokamak Fusion 

Test Reactor (TFTR) device located at Princeton Plasma Physics Laboratory (PPPL). An integral 

part of this work is the investigation and, in some cases, resolution of theoretical issues which 

pertain to accurate modeling. 

MRC is nearing the successful completion of the specified tasks of the "Continued 

Development of Modeling Tools and Theory for RF Heating" project (see the accompanying 

performance report). The following tasks are either completed or nearing completion. 

1) Anisotropic Temperature and Rotation Upgrades, which provides to the SNAP 
and TRANSP RF modules a more advanced plasma description capability. 

The modeling codes now distinguish between perpendicular and parallel 

temperature and allow for plasma rotation. These features are especially 

important for ion cyclotron resonance heating (ICRH), where hot ions are 

created with almost entirely perpendicular energy, and for TFTR, where 

neutral beam heating can spin up the plasma so that rotation velocities are 

comparable to the plasma thermal speeds. 

2) Modeling for Relativistic ECRH, which provides a fully relativistic treatment 
of the RF - plasma interaction €or electrons. Results of this study provide a 

correct picture of the absorption of RF power due to electron cyclotron 
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resonance and also Lanbdu damping and ‘ITMP, when the phase velocity of 

the RF waves is near or above the speed of light, a common occurrence both 

in electron cyclotron resonance heating and in the fast wave current drive 

experiments discussed below. This study also provides an improved picture 

of the mode couplings between the X and 0 and Bernstein waves at the 

cyclotron and upper hybrid resonances. 

3) Further Documentation of SHOOT and SPRUCE, which has provided 
additional writeups of the SNAP RF module (SHOOT) for an extensive review 

article on the SNAP code, currently in progress by PPPL staff member Dr. H. 
Towner, and a writeup, at the request of PPPL staff member Dr. G. Hammett, 

of the TRANSP RF module’s (SPRUCE’S) technique of reducing the vector 

Maxwell equation to a scalar equation for BII, while still retaining the physics 

of the complete dielectric tensor. 

As a result of the progress achieved under this project, MRC has been urged to continue 

this effort. Specifically, during the performance of this project two topics were identified by 

PPPL personnel as new applications of the existing RF modeling tools. These two topics concern 

a) future fast-wave current drive experiments on the large tokamaks including TF7R and b) the 

interpretation of existing and future RF probe data from TmR. To address each of these topics 

requires some modification or enhancement of the existing modeling tools, and the first topic 

requires resolution of certain theoretical issues to produce self-consistent results. This work falls 

within the scope of the original project and is more suited to the project’s renewal than to the 

initiation of a new project. 

MRC proposes that the following tasks be performed in a second year renewal of the 

project: 

1. Derive theoretical formulas for a fast-wave current drive kernel, suitable for 

use in full-wave analysis. 
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2. Install current drive kernel into PPPL's RF modeling packages, SNAP and 

TRANSP. 

3. Perform estimates of driven current for TFI'R using the upgraded RF modeling 

packages. 

4. Perform modeling of the RF  probe minority species diagnostic packages. 

All of the topics above make use of Dr. Smithe's expertise in RF heating of plasmas and 

his intimate familiarity with the existing codes in use at Princeton. Coordination with personnel 

at PPPL will be necessary in Task 2 which will provide permanent upgrade features to their 

modeling packages. Interaction with PPPL staff members is expected in all of the tasks, in 

particular, with Drs. C. K. Phillips, C. Karney, G. Greene, R. Wilson, and G. Hammett. 

Interaction with Oak Ridge National Laboratory (ORNL) personnel, specifically Drs. D. Batchelor 

and F. Jaeger, is also expected for Task 1. Three two-day trips for technical consultation at 

PPPL are planned and appear as travel items. 
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SECTION 2 

TECHNICAL DISCUSSION 

2.1 Fast-Wave Current Drive Overview 

2.1.1 summary 

Several of the large tokamak experiments are currently either in the initial stages of 

fast-wave current drive investigations, e.g., DIII-D [Reference 11 and JET [Reference 21, or are 

considering investigations, e.g, TFTR [Reference 31. This project will directly aid the 

experiments by providing improved theory and modeling techniques which can be used to better 

interpret and analyze the experimental results. 

2.1.2 Fast Wave Current Drive Background 

Three aspects of FWCD make it experimentally favorable for the large Tokamaks. First 

is the requirement for reasonably high electron temperatures in order to provide sufficient 

electron damping. Second is the requirement for a directed wave spectrum from the antenna in 

order to provide a sufficient asymmetry to the electron population. Third is the requirement for 

high RF power levels in order to provide a clear signal of RF-driven current at the same level 

as the ohmic current. 

The success in terms of achieving high electron temperatures on the large tokamaks is one 

of the driving forces behind the heightened interest in FWCD. At lower electron temperatures 

(< 1 kev) the electron damping on the fast-wave is essentially negligible in comparison to any 

ion cyclotron resonance absorption mechanisms which may be present in the plasma. However, 

for electron temperatures above 1 keV, the electron damping should no longer be ignored. When 

4 



the electron damping approaches a value permitting significant first-pass absorption of a launched 

wave, it is possible to achieve a high average antenna loading resistance and deliver a significant 

amount of power to the electrons. The electron damping of the fast-wave is an experimentally 

verified physical process [Reference 41. 

A typical experimental operating scenario for fast-wave current drive is to operate the 

antennas at a frequency such that there are no fundamental or second harmonic ion resonances 

within the plasma. This is usually accomplished by operating at a high frequency (3 to 5 times 

Q), such that electron damping competes with the weaker, higher ion harmonics. It is also 

possible to operate at a low frequency (1/3 to 1/2 times Q), in which case the competing 

absorption mechanism is the strong fundamental and second harmonic resonances of low 

charge-state impurity ions [Reference 51. At the high electron temperatures (> 5 keV) achievable 

in the large tokamak experiments such as TFI'R, DIII-D, and JET, the electron damping can be 

made to dominate the competing ion mechanisms, such that most of the R F  power is deposited 

directly to electrons via Landau damping and TTMP. 

The existing and planned fast-wave antennas in the large tokamaks consist of 

Faraday-shielded loops on the outer wall of the vessel. A directed spectrum is achieved by fixing 

the phase of the antennas so that the excited spectrum is peaked off-zero on the toroidal wave 

number scale. This requires several antennas with satisfactory toroidal spacing to be effective. 

In addition, it requires that adequate coupling of the antenna to the plasma at the relevant toroidal 

wave numbers be achieved, e.g., that the plasma density near the antenna be large enough so that 

the asymmetric toroidal wave number spectrum is not cut off. 

2.1.3 FWCD Modeling 

Topics 1 - 3 will address theoretical and modeling issues associated with full-wave analysis 

of FWCD. "Full-wave'' analysis refers to the solution of the differential (or integro-differential) 

Maxwell wave equation for the electric field everywhere inside of the plasma, usually assuming 

a linear dielectric tensor to model the plasma response to the RF. Full-wave solutions have been 
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widely used in ICRH modeling, because simpler alternative methods, principally ray tracing, rely 

on assumptions not well satisfied in that regime. Examples of physics violating those 

assumptions include birefringence @e., interaction with Bernstein mode), long wavelengths 

compared to variations in the refractive index, global eigenmode structure that is important to the 

absorption spectra, and ray focusing tighter than a wavelength spot size. 

All of the above conditions still apply for FWCD experiments performed below the 

hydrogen fundamental gyrofrequency, and analysis of this regime will clearly be dominated by 

full-wave analysis. However, the necessity of using full-wave techniques for FWCD seems less 

critical for frequencies at medium ion cyclotron harmonics (2Sz<<u<SS2). The greater applicability 

of ray tracing to medium-to-high frequency FWCD is directly related to the shorter wavelengths 

and the comparatively large volume of plasma which contributes to the absorption of the RF. 

Nevertheless? several excellent full-wave analyses have already been performed in the medium 

frequency range, which is the most likely to be explored on the existing large tokamaks 

[References 6 and 71. Because of the ability of the full-wave analysis to incorporate more 

complete physics, it is likely that, despite the improved applicability of ray-tracing methods, the 

most accurate analysis will still depend on full-wave analysis in this frequency regime. Some 

of the FWCD physics issues benefiting from full-wave analysis include: 

- incomplete first-pass absorption, leading to considerable eigenmode structure, 

- existence of competing ion harmonics, 

- interaction of wave eigenmodes with the localized structure of the ion resonances. 

- coupling of the antenna spectrum to plasma across a low-density edge plasma, 

- improved model of damping terms containing kL - spatial derivative operators. 

Densities and temperatures in the large tokamaks are such that incomplete first-pass 

damping of the fast-wave is likely. In many cases, the first pass absorption will, in fact, still be 

weak [Reference 41. The result will be a global eigenmode structure superimposed on the 

absorption spectrum. Even if a given tokamak is capable of achieving complete first-pass 

absorption on electrons, it is likely that the experiments will want to also explore the eigenmode 
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regime. Analysis of eigenmode structure inherently requires a full-wave approach. It is also 

likely that the FWCD experiments will encounter competition with high ion harmonic resonances. 

Since these are localized structures, it is difficult to model accurately their contribution to 

absorption with ray-tracing techniques. In addition, they will interact more strongly with the 

spatial structure of global eigenmodes. 

An important issue for FWCD is the ability to propagate the directed wave spectrum from 

the antenna into the bulk plasma. In general, a thin, low-density-edge plasma sits in front of the 

antenna. The wave is typically cut off in the thin region and must tunnel through to the bulk 

plasma. The high toroidal wave number portion of the spectrum is most severely cut off. 

Full-wave analyses have demonstrated the ability to model this region accurately, including 

correct estimates of antenna impedances, and have recently shown the ability to resolve fine 

details such as the Faraday shield elements. 

Finally, full-wave analysis promises to provide a more complete description of the different 

roles of Landau damping and TTMP, since the leading TTMP and cross-terms, in particular, 

contain derivative operators, while the leading Landau damping term does not. 

2.2 TASK 1: FWCD Kernel for Full-Wave Modeling 

There are two fundamental theoretical areas of uncertainty when attempting to determine 

the driven current from a full-wave analysis. These uncertainties are the result of the need to 

relax assumptions made for the ray-tracing studies that have been traditional to current drive 

analysis at lower hybrid frequencies. One uncertainty is related to the practice of deriving the 

current from precalculated current-drive efficiencies, generally the ratio jll/Pds, the driven current 

divided by the absorbed power. The other uncertainty concerns the fundamental difference 

between Landau damping and TTMP in a full-wave analysis. 

A common technique for determining the driven current involves the use of “adjoint” 

techniques to derive a velocity-space Green’s function to the Fokker-Planck equation [Reference 
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81. Many Green's functions have thus been derived and can contain quite detailed information 

about the toroidal geometry, including, most importantly, trapped particle effects. The Green's 

function may then be used with any "rf-induced flux", S$ to evaluate power deposition and 

current deposition, and thus create a current drive efficiency j,fPds. The primary difficulty 

encountered with this technique is that the rf-induced flux has generally not been known to those 

performing the calculation. A secondary difficulty with this is that the ratio does not predict the 

actual level of power which can be delivered to the plasma electrons for a fixed antenna, RF 

power supply, and plasma configuration, it only predicts the ratio of current to power on the 

electrons. 

< 

Full-wave analysis, combined with quasilinear theory provides a straightforward formulation 

of the rf-induced flux, namely 

Sdr,v) = (q/b) Re{ [E*(r) + v x B*(r)] dl)(ryv) } 

where E* and B* are the complex conjugated RF fields and f i l l  is the linear RF perturbation to 

the velocity distribution. A highly practical goal for FWCD theory is to carry through the 

calculations needed to express the full-wave driven current as a quadratic form in the electric 

field, similar to the way in which power absorption can be evaluated with a generalized dielectric 

tensor, IK, as in the relation P,,-E*-IK.E. Since f i l l  is itself linear in the electric field, it is 

clear that the above formula for Sdgives the necessary quadratic form for current. 

It is possible to apply the Green's function to the internal tensor elements of Sd prior to 

multiplication by the RF fields, such that one would arrive at a generalized parallel driven current 

tensor, IL, satisfying 

jll= E*.lL*E , 

in analogy to the absorbed power. No complete formulation of such a driven current tensor is 
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known to this author, although important diagonal terms have been evaluated in certain limits and 

assuming infinite plasma plane-wave polarizations of the fields [Reference 91. In fact, the 

impetus for the study of this topic comes in part from discussions with Dr. D. Batchelor from 

ORNL and Drs. N. Fisch and C. Karney from PPPL regarding the full-wave current drive study 

of References 6 and 7. In particular, there is interest in the off-diagonal elements of E,. It is the 

goal of Task 1 to carry through the theoretical calculations leading to the driven current tensor. 

The second theoretical uncertainty facing FWCD regards the TTMP and cross terms in the 

power absorption formula. In general, the leading TTMP terms contain second derivatives of the 

perpendicular electric fields, while the leading cross terms contain first derivatives, and the 

leading Landau damping term is a scaler multiplier on the parallel electric fields. Many analyses 

have commented on the cancellation which occurs between TTMP and cross terms in the linear 

dielectric [Reference 10 and 111, such that in a bi-Maxwellian plasma, only Landau damping 

actually contributes to wave damping. However, since this cancellation process depends on the 

infinite-plasma plane-wave polarization of the electric field components it may be affected by a 

more accurate full-wave analysis. At present, though, it should be noted that at least one 

investigation of this issue has been made [Reference 11 and 121, which showed that inclusion of 

full wave-effects did not alter the general property of cancellation between TTMP and cross 

terms, but when a nonthermal electron population was present, the sum of ?TMP and cross terns 

became nonzero and significant. 

23 TASK 2: Installation of FWCD Kernel into Full-Wave Modeling Tools 

Two frequently used modeling tools for RF heating at PPPL are the full-wave codes, 

SHOOT and SPRUCE. SHOOT is the RF module used in the SNAP package for shot-by-shot 

analysis of data from the TFTR experiment. SPRUCE is the RF module used in the TRANSP 

transport simulation package. SPRUCE is also capable of modeling noncircular vacuum vessels, 

making it useful for modeling of JET and DIII-D. Both SHOOT and SPRUCE were authored 

by the principal investigator. 
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Both of these R F  packages contaih electron Landau damping and 'ITMP effects on the wave 

propagation; hence both are currently capable of full-wave analysis of the fast-wave behavior in 

the tokamak under FWCD conditions. These codes also have the capability to utilize the 

relativistic generalization of the dispersion integral, a subject addressed in the original project, 

to accurately model damping on waves with phase velocity near the speed of light (also the lack 

of damping on waves with phase velocities exceeding the speed of light). However, neither RF 

package presently contains calculations of the current driven. It is the goal of Task 2 to endow 

these modeling packages with current-drive evaluation. In addition, these codes will be made 

to handle poloidal field upshifts to kll , as in Reference 7, since this effect is generally considered 

to be important to electron damping physics. 

2.4 TASK 3: FWCD Estimates for TFTR 

An immediate application of the upgraded RF modeling tools will be made to the specific 

case of FWCD on TFTR, and/or other large tokamaks. FWCD experiments are very likely to 

be done on TFTR [Reference 31. The installation of double-loop antennas in two more bays, 

giving a total of four double loops around the torus, provides the needed capability to generate 

an asymmetric toroidal wave number spectrum. 

Of interest to the FWCD experiments on TFTR are a) an understanding of the possible 

tradeoffs between plasma density and electron temperature in wave absorption, b) similar 

tradeoffs in producing driven current, c) estimates of antenna loading during FWCD, and d) 

investigation of enhanced driven current in the presence of ohmically-generated, hot electron 

populations. The proposed modifications to the RF modeling tools would allow these issues to 

be addressed. In addition to investigating FWCD on TFTR, it is probable that modeling of 

FWCD experiments in other devices, particularly DIII-D and JET, will be performed in order to 

test more thoroughly the predicative ability of the models over a greater range of experimental 

parameters. 
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2.5 TASK 4: Modeling of RF Probe Minority Species Diagnostic 

2.5.1 RF Probe Background 

The body of experimental data in the ion cyclotron range of frequencies (ICRF) has grown 

markedly in the past few years with recent diagnostic initiatives on both the TFTR and the JET 

tokamaks [References 13 and 141. Examples of measured quantities include fast-time response 

of the antenna impedances, ion cyclotron emission during neutral beam heating, and active 

transmission measurements of signals across the plasma cross section. While some of this data 

has met successful theoretical interpretation, most notably the antenna impedance behavior with 

regard to global eigenmodes, much more has not. This lack of theoretical input is potentially a 

serious drag on the evolution of what might be important diagnostics for fusion and plasma 

physics research. 

It is the goal of Task 4 to address one specific type of ICRF diagnostic now being 

employed on the TFTR tokamak at PPPL. This diagnostic consists of the use of highly localized 

emitter and receiver antennae in the TFTR vacuum chamber at numerous locations. These 

antennae are used to transmit swept-frequency RF signals and detect transmitted signals that have 

passed through the plasma. Examples of two such signals are shown in Figures 1 and 2, before 

and after a He-3 gas puff [Reference 151. An obvious depression in the transmitted signal near 

the He-3 fundamental frequency appears, indicating the probable absorption on the minority He-3. 

This process points to a potential diagnostic for minority ion species, as discussed in Reference 

15. However, considerable uncertainty still surrounds the exact interpretation of the signal, it 

being uncertain, for example, whether the path of signal transmission passes through the plasma 

in a linear fashion or whether it may be due to transmission around the plasma periphery as a 

surface wave. 

2.5.2 Planned Approach 

The techniques employed will be based on existing capabilities of ICRF modeling tools, 

with modifications to allow for point sources located at positions on the antennae of the TFTR 
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system. Both 3-D full-wave analysis and 1-D analysis will be employed. The 3-D full-wave 

analysis will employ the SHOOT and SPRUCE codes, altered for point sources, to investigate 

the propagation path of a transmitted wave, either through the plasma, or around via a surface 

wave, or both. The 1-D code will then provide predictions of the measurement variations versus 

frequency, and plasma parameters such as minority concentration and temperature. If this process 

is successful, it could lead to a direct diagnostic technique for those same plasma parameters. 
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Figure 1. Transmission Spectrum Before He-3 Gas Puff (from Reference 15), showing a 
single absorption window associated with the Hydrogen minority. 
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Figure 2. Transmission Spectrum After He-3 Gas Puff (from Reference 15), showing an 
additional absorption window associated with the He-3 minority. 
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SECTION 3 

PROGRAM PLAN 

3.1 Statement of Work 

Mission Research Corporation proposes to use its best efforts to perform the following 

tasks: 

Task 1: FWCD Kernel for Full-Wave Modeling. Perform theoretical calculations 

using the quasilinear prescription of the rf-induced flux and the adjoint Green’s 

function techniques to derive a driven current kernel, which will act quadratically 

on the full-wave electric and magnetic fields. 

Task 2: Installation of FWCD Kernel into Full-Wave Modeling Tools. The driven 

current kernel from Task 1 will be installed into the SNAP and TRANSP data 

analysis and tokamak simulation codes. 

Task 3: FWCD Estimates for TFTR. The upgraded RF modeling packages from 

Task 2 will be applied to the case of FWCD in TFTR to investigate and help 

optimize operating regimes. 

Task 4: Modeling of RF Probe Minority Species Diagnostic. The PPPL, 3-D 

modeling code will be modified to allow for point sources representing the 

transmitter and receiver antennae in the ICRF swept-frequency transmission 

diagnostics. The diagnostic will be modeled, to help determine the potential for a 

I minority species diagnostic. 

All tasks will be coordinated with PPPL staff, with overall coordination by Dr. C. K. Phillips. 
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3.2 Schedule 

The project is expected to be spread over the duration of a calendar year. The order of 

performance of the tasks will follow numerically for Tasks 1-3; however Task 4 may be worked 

on simultaneously with the others. 

3 3  Personnel 

All work in this proposal will be done by Dr. Smithe. 
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SECTION 4 

RESUMES 

Dr. David N. Smithe 

B.S.E., (Nuclear), University of Michigan, 1983 
M.S.E., (Nuclear), University of Michigan, 1985 
Ph.D., (Nuclear), University of Michigan, 1987 

Dr. Smithe is a specialist in theoretical and computational electromagnetics and plasma physics 
in the Advanced Technologies Division of Mission Research Corporation. 

Prior to joining MRC, Dr. Smithe completed a two-year postdoctoral appointment to the 
Princeton Plasma Physics Laboratory under Department of Energy (DOE) sponsorship, where he 
was a member of the RF modeling group, and was integrally involved in the development of 
theory, modeling tools, and data analysis for RF heating experiments on the Tokamak Fusion 
Test Reactor (TFTR) experiment. Dr. Smithe is the principal author of the RF modeling module 
in one tokamak simulation code at Princeton, SNAP, and the coauthor of the RF modeling 
module in another tokamak simulation code, TRANSP, as well as other RF modeling codes 
currently in use at several national laboratories and universities. He maintains his involvement 
with these codes, and is currently providing upgraded features to the RF modeling models of 
SNAP and TRANSP. 

Dr. Smithe is also involved in the analysis of the Double Cusp Gyro-Gun (DCG), an MRC 
concept for a new type of electron beam source for gyro-type microwave tubes, that has the 
potential of delivering high current beams with very low velocity spreads. Dr. Smithe is also 
contributing to an initial design study for an rf-driven high-charge-state plasma ion source, using 
a novel magnetic geometry. 

Recently, Dr. Smithe has performed simulations of the Plasma Wakefield Klystron (PWK), a 
new concept proposed by MRC as a means of producing high-power microwaves in the medium 
frequency range, using a high current moderate energy electron beam. Dr. Smithe has also aided 
in the design of a cusp magnetic geometry for the purpose of producing an externally-generated, 
magnetically-confined, preformed plasma channel for Ion-Focused- Regime (IFR) transport of the 
electron beam at the AURORA flash y-ray simulation facility. Also at MRC, Dr. Smithe has 
been involved with efforts to analyze and simulate a hybrid magnetic-electrostatic plasma 
confinement device, of possible application to fusion power production. 

Much of Dr. Smithe’s work entails the use of computational tools such as MRC’s 
multidimensionaI particle-in-cell (PIC) code, MAGIC, to simulate essential physics of 
electromagnetic phenomena. Dr. Smithe has developed algorithms for use in these computational 
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tools, most recently the Helix Polarization model for accurate two-dimensional modeling of helix 
TWT's. He has also developed advanced codes for the modeling of experimental devices, most 
recently a one-dimensional self-consistent Vlasov-Poisson code for parametric studies of the 
electrostatic structure of charged beams in spherical geometry. Dr. Smithe's recent design work 
has also entailed the use of several gun and magnet design codes, such as EGUN and POISSON. 

Reports and Publications of Dr. Smithe include: 

"ECRH with Exact relativistic Corrections," D. N. Smithe and P. L. Colestock, Ninth Topical 
Conference on Radio-Frequency Power in Plasmas, to appear in AIP Conference Proceedings 
series (1991). 

"Rise Time Enhancement via Inductive Erosion in a Preformed Plasma Channel," Mission 
Research Corporation Report MRC/WDC-R-259, with K. Nguyen, and W. M. Bollen, September 
1991. 

"Electrostatic Well Formation in the HEPS Device," Mission Research Corporation Report, 
MRC/WDC-R-240, November 1990. 

"XL reference manual," Mission Research Corporation Report, MRCWDC-R-226, January 1990. 

"Local Full-Wave Energy and Quasilinear Analysis in Nonuniform Plasmas," Plasma Physics and 
Controlled Fusion, 31 (1989). 

"Analysis of ICRF Heating on TETR," with C. K. Phillips, G. W. Hammett, and P. L. Colestock; 
also "ICRF and ICRF plus Neutral Beam Heating Experiments on TFTR," with P. Colestock et 
al., "Sawtooth Mixing Effects on ICRF Power Deposition in Tokamaks," with C. K. Phillips et 
ai., "ICRF Coupling on TFTR Using the PPL Antenna," with G. J. Greene et al., and "Analysis 
of Charge Exchange Measurements During ICRF and ICRF+NBI Heating in "R," with G. W. 
Hammett et al., Eighth Topical Conference on Radio-Frequency Power in Plasmas, AIP 
Conference Proceedings 190 (1989). 

"Effect of Parallel Magnetic Field Gradients on Absorption and Mode Conversion in the 
Ion-Cyclotron Range of Frequencies," with P. Colestock, T. Kammash, and R. Kashuba, Physical 
Review Letters, 60 (1988). 

"Kinetic Treatment of Parallel Gradient Nonuniformity for ICRF Heating - A Fourier Integral 
Approach," with T. Kammash, and P. Colestock, Seventh Topical Conference on Applications 
of Radio Frequency Power to Plasmas, AIP Conference Proceedings 159 (1987). 

"An Algorithm for the Calculation of 3-D ICRF Fields in Tokamak Geometry," with P.L. 
Colestock, R.J. Kashuba, and T. Kammash, Nuclear Fusion, 27 (1987). 
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“Three Dimensional Analysis of ICRH Wave Propagation and Antenna Loading Characteristics,” 
with R. Kashuba, P. Colestock, and T. Kammash, 1986 Sherwood Theory Meeting. 

“Calculation of Magnetic Shielding and Ohmic Losses from Finite-Thickness Faraday Shields 
Used in RF Heating of Plasmas,” with R.J. Kashuba, and T. Kammash, Journal of Applied 
Physics, 59 (1986). 

“Magnetic Shielding and Ohmic Losses from Finite Thickness Faraday Shields,” with R. J. 
Kashuba, T. Kammash, Sixth Topical Conference on Radio Frequency Heating, AIP Conference 
Proceedings 129 (1985). 
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