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Y. Satya and G. Schmidt, "Interaction of Tearing Modes"

K. Evans, Jr., "Optimization of the F(psi) Profile in Tokamak MHD
Equilibrium Calculations"

E. c. Morse and . G. H. Miley, "Stability in the Field-Reversed
Mirror"

H. Tesser and B. Rosen, "Automated Calculation of Parametric
Processes in Vliasov Theory"

S. Hamasaki and N. A. Krall, "Modeling of High-Beta Plasma Diffusion
Due to Low Frequency Microinstability"

P. McKenty, R. Morse and G. Sowers, "Modeling of SCYLLA IV-P End
Plug Experiments"

d. M. Finn, "Ergodic Behavior of Beam Orbits in Field Reversed Ion
Rings"
M. J. Gerver and R. N. Sudan, "Beam-Driven 1Instabilities in a
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E. Hameiri, "Shear Stabilization of the Rayleigh-Tz: lor Modes”

R. G. Kleva, J. A. Krommes, and C. Oberman, "Electron Heat
Transport in Stochastic Magnetic Fields"
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S. P. Hirshman and A. H. Boozer, "Parallel Equilibrium Current in a

Toroidal Plasma™

B. Carreras, H. R. Hicks, J. A. Holmes, D. K. Lee, S. J.
Lynch, and B. V. Waddell, "Status of Nonlinear Resistive MHD Research
at Oak Ridge National Laboratory"®
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R. 'N. Byrne and C. K. Chu, "Transport and Radiation Studies of Belt
Pinches and High Beta Tokamaks"

W. Horton, Jr., D. A. Hitcheock, and S. H. Brecht, "Spatizl
Structure of the Beam Driven Mode at Twice Ion Gyro Frequency"

s. M. Mahajan and D. W. Ross, "Localized Trapped Electron Drift
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N. T. Gladd, J. D. Huba, and R. C., Davidson, "Lower-Hybrid-Drift
Instability in Linear Fusicn Systems with Reversed Magnetic Fields"

P. H. Ng, N. T. Gladd, and C. S. Liu, "Warm Plasma Effects on the
DCLC Mode"

V. K. Tripathi and C. S. Liu, "Saturation of Parametric Decay of
Lower Hybrid Waves Into Ion Cyclotron Waves in Inhomogeneous Plasmas"

N. J. Fisch, "Continuous Operztion of Tokamak Reactors with RF-Driven
Currents"

K. Audenaerde, G. Emmert, and M. Gordinier, "SPUDNUT - A Fast
Neutral Transport Routine"

H. L.  Berk, W. M. Sharp, and N. T. Gladd, "Effect of Shear on
DCLC Mode" :
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8:40 AM ORAL SESSION F. Hinton and G. Morales, Chairmen

M. S. Chance, R. L. Dewar, E. A. Frieman, A. H. Glasser, J. M.
Greene, Y-Y. Hsieh, J. L. Johnson, dJ. Manickam, and A. Todd,
"Radial Structure of Ballooning Modes”

S. C. Jardin, S. P. Hirshman, and J. L. Johnson, "Twc Dimensionsal
Transport of Tokamak Plasmas”

J. 4. Krommes, R. G. Kleva, and C. Oberman, "Stochasticity,
Turbulence, and Anomalous Transport”

C. Z. Cheng and BH. Okuda, "Theory and Simulations of
Trapped-Electron Instabilities"

J. F. Drake, P. L. Pritchett, and ¥. C. Lee, "Nonlinear Evolution
of Tearing Instabilities: Violations of Constant Psi-Star!

10:20 - 10:40 AM CCFFEE BREAK

a. T. Lin, H. Okuda, J. M. Dawson, 2nd C. C. Lin, "Thermal
Magnetic Fluctuztions znd Ancmalous Diffusion”

E. 0Ott, K. R. Chu, and B. Hui, "Theory of the Production and Use of
RF for Tokamak. Plasma Heating in the Electron Cyclotron Frequency
Range!"

H. Weitzner, "Effects of Multipole Fields on the Stability of High
Beta Mirrors"

A. N. Kaufman, 3. W. McDonald, N. R. Pereira, and N. Pomphrey,
"Ray Trajectories znd Eigenvalue Spectra of Nonseparable Field
Equations”

T. Antonsen, Jr., B. Coppi, and R. Engladé, "Ancomalous Inward
Transport and Density Rise in Magnetically Confined Plasmas"

12:3C PM LUNCH
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B. Rosen, "Constants of Motions and Higher Order Resonances"

R. . Morse, P. McKenty and G. Sowers, "Axial Heating of Linear
Magnetic Fusion Systems"

A. Sen, "Lower Hybrid Wave Propagation in a Turbulent Plasma"
R. A. Gerwin and R. W. Moses, Jr., “"Fast Liner Scaling"

R. Y. Dagazian, "The Effect of Convection on the Stability of the
Plane Magnetized Plasma Slab" ,

T. E. Cayton and J. P. Freidberg, "Finite Larmor Radius
Stabilization of m = 1 Kink Modes in a Screw Pinech"”

N. K. Winsor, W. H. Miner, and I. B. Bernstein, "A Numerical
Model for Electron Dynamics in Tokamaks"

B. H. Hui, D. L. Book, and P, C. Liewer, "Modeling of a
Reversed-Field Configuration With a 1-D Quasiequilibrium Code"

G. Vahala, "Cylindrical, Axially Symmetric MHD Turbulence"

A. B. Hassam and R. M. Kulsrud, "Effect of Diamagnetic Currents on
Drift Waves in Toroidal Geometry"

R. Marchand, G. Rewoldt, W. M. Tang, and W. H. Miner, "Two
Dimensional Structure of the Trapped Ion Instability"

D. Monticello, R. White, and M. N. Rosenbluth, "Rotating Magnetic
Islands" -

C. F. F. Karney and F. W. Perkinsg, "Alfven Heating Via
Magnetosonic Modes in Large Tokamaks"

R. 4. Hulse, D. E. Post, and C. B. Tarter, "A Coronal Atomic
Physics Algorithm for Low and High Z Impurities"
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M. Campbell‘andgG. H. Miley, "A Treatment for Plasma Buildup in a
Small Mirror Fusion Device"

J. Busnardo-Neto, P. c. Liewer, and A. G. Sgro, "Hybrid Model
Simulation of Thor"

F. L. Cochran and P. C. Liewer, "Numerical Studies of Nonlinear MHD
Properties of A Finite-Beta Plasma and Comparison with Experiment®

H. S. Uhm and R. C. Davidson, "Hybrid Stability Properties of a
Cylindrical Rotating P-Layer Immersed in a Uniform Background Plasma" -

N. J. Fisch, "RF Runaway in an Ideal Lorentz Plasma"

A. H. Glasser, J. M. Greene, and M. S. Chance, "Resistive
Ballooning Modes in Torcidal Plasmas”

C. F. F. Karney, A. Sen, and F. Y. F. Chu, "The Complex Modified
Korteweg-DeVries Equation Describing the Nonlinear Propagation of a
Lower Hybrid Ray"

A. H. Boozer, "Effect of Non-Dizgonal Resistivity"

G. Rewoldt, W. M. Tang, and E. A. Frieman, "Theory of Drift and
Trapped-Electron Instabilities in Tokamak Geometry"

W. M. Nevins, "A Thermodynamic Approach. to Dissipative Drift
Instabilities"
L. Steinhauer, "Alpha-Particle Coupling in Linear Magnetic Fusion

Plasgmas"

C. E. Singer, H. H. Towner, and P. L. Jassby, "Propagating-Burn
Start-Up of Ignited Tokamak Plasmas"
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J. R. Cary and J. H. Hammer, "Enhanced Mirror Confinement Due to
MHD Oscillations"

D. P. Chernin, M. N. Rosenbluth, H-H. Chen, C. S. Liu, and D.
. Nicholson, "Sclution of a Linearly Unstable Non-Linear P.D.E. by
the Inverse Scattering Method"

P. - J. Channell, "Equilibria for Field-Reversing Rings"

E. Turkel and W. Grossmann, "High Order Methods for Nonlinear Time
Dependent MHD"

P. Rosenau and Y-P. Pao, "Scaling and Similarity Laws for Plasma
Confinement'

P. N. BHu, "Nonlinear Stability Problems on Two Time Scales"
M. Schmidt, "The Stabilizing Effects of Pressure Anisotropy"

A. M. M. Todd, J. Manickam, M. S. Chance, R. C. Grimm, J. M.
Greene, and J. L. Johnson, "Effect of Current Profiles on MHD
Stability Limits in Tokamaks"

M. S. Tekula, K. Molvig, and J. Rice, "Evidence for Magnetic
Stochasticity as the Mechanism for Heat Transpert in Alcator®

K. Swartz, K. Molvig, and I. H. Hutchinson, "Plasma Frequency
Radiation in Tokamaks"

S. P. Hirshman and E. C. Crume, "Collisionzlity Dependence of the
Pfirsch-Schluter ’

Horton, "Drift Mode Stability Analysis for TMS" Contribution to
Nececlassical Diffusion™
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LOW FREQUENCY HEATING OF DOUBLETS*
T. H. Jensen and R. L. Miller
General Atomic Company
San Diego, California

ABSTRACT

Previous analysis1 of axisymmetric, low-frequency modes of doublets
showed the importance of including finite plasma resistivity in an MHD
modeling of the problem. One of the modes (quadrupole~like) is particularly
interesting in that it has aésociated with it a large perturbed current
aensity close to the separatrix of the equilibrium. Driving this mode by
external coils is a method of heating the plasma. Two approximations,
valid in the limits of small and large reéistivities, respectively, have
been used to calculate the heating in order to assess the usefulness of
the method. The formulation1 of the problem is such that solution of a
complex integro-differential equation is required. For the high resistivity
case an expansion can be made from the infinite resistivity limit (where
the integro-differential equation is not complex) which was studied
earlier.2 In this approximation, the heating power (for fixed driving
current) is proportional to the frequency squared and inversely propor-
tional to the resistivity. In the limit of vanishing resistivity, resis-
tivity becomes important only close to the separatrix, and the problem again
can be solved. In this limit, the heating power is proportional to the
frequency and independent of the plasma resistivity. A quantitative assess-—
ment of this heating method shows its attractiveness. The method discussed
is similar to heating methods3’4 proposed for single axis tokamaks, but
differs in that for the doublet case, axisymmetry is preserved, while for
the single axis tokamaké,‘helical modes are utilized which open the possi-~

bility that enhanced transport may accompany the heating.

References

1. T. H. Jensen vs. W. B. Thompson, '"Low Frequency Response of a Resistive
Plasma to Axially Independent or Axisymmetric Perturbations,” to be
published in J. Plasma Physics (1978).

2. T. H. Jensen and F. W. McClain, "Numerical Parameter Study of Stability
Against Resistive Axisymmetric Modes for Doublets," submitted to
J. Plasma Physics (1978).

3. E. Canobbio, Eighth European Conference on Controlled Fusion and Plasma
Physics, Prague, Czechoslovakia, I, 161 (September 19-23, 1977).

J. M. Kappraf and J. A. Tataronis, J. Plasma Physics 18, 209 (1977).

Supported by Department of Energy Contract EY-76-C-03-0167, Project
Agreement 38,
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HIGH MODE NUMBER STABILITY OF AXISYMMETRIC PLASMA
J.W, Connor, R.J. Hastie, A. Sykes and J.B. Taylor
Culham Laboratory, Abingdon, Oxon, 0X14 3DB, UK
(Euratom/UKAEA Fusion Association)
In order to study stability of high mode number oscillations of a
toroidal plasma one must reconcile the long parallel and short perpendicular
wavelength of the most dangerous modes with the requirement of per%igicity

in a sheared magnetic field. This is achieved by a transformation which

converts the eigenvalue problem to one in an infinite domain y without

periodicity comstraints. Then, and only then, ome can introduce an eikonal
F exp( - in fyu‘dy) , where § v dy = 27q , in which the short wavelength
variation is entirely contained in the expomential factor and F wvaries

slowly.

The existence of two distinct length scales then forms the basis for a
systematic minimisation of the energy functionmal &W(Eg,g) , and for the cal-
culation of F . In lowest order in 1l/n the oscillations of each surface
aré decoupled and a "local” eigenvalue w2(V¥) is determined by an ordinary
differential equation in the extended poloidal coordinate y (-o <y < @),
The flux surface coordinate ¥ appears only as a parameter and this
equation does not determine the structure of the mode in the "radial" ¥
coordinate. [But the behaviour of its solution |y| - @ reveals an

interesting connection with the Mercier stability criterionm.]

In higher order a second eigenvalue equation is obtained, this time in
the coordinate V¥ alone. This determines the radial structure of the mode
and relates the local eigenvalue w?(¥) to the true eigenvalue Q2% . It
shows that modes are localised near the surface where w2(¥) has its
smallest value wdz and that the true eigenvalue Q2 is approximately woz.
Consequently, gtability of an axisymmetric plasma can usually be determined

from the lowest order theory alomne.

Some applications of this theory to JET and other devices will be.

given.

(1) J.W, Comnor, R.J, Hastie, J.B. Taylor Phys. Rev. Lett. 40, 396 (1978).
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Twisting Modes
H.R. Strauss, R.D. Hazeltine, S.M. Mahajan, and
D.W. Ross
Fusion Research Center
The University of Texas at Austin
Austin, Texas 78712
Abstract

Twisting modes are localized electromagnetic perturbations, closely
related to tearing modes; but having odd magnetic field parity, they do not
produce magnetic islands. They satisfy a dispersion relation similar to
m =1 tearing modes, but twisting modes are not restricted to m =1,
We have found unstable modes in three regimes of electron dynamics.

In the hydrodynamic electron regime, in which w>>k, v, , we find iner-
tial, drift, and collisional modes, all of which require rather weak shear
for consistency. In the collision dominated regime, y>>w, , we find
collisional drift modes with w=ws +1 (k' p ve)z/v . These modes may
occur in the outer layer of present tokamaks, and could be important in
large scale reactors. Finally in the adiabatic regime, for which o <<
ky v, , we find a temperature gradient driven mode requiring d ln Te/
dinn>2 . We have made use of variational ! and numerical 2 methods
in analyzing these modes. Of particular interest is a variational method
for dealing with finite ky and toroidal effects. We find that a single
variational principle yields tearing, twisting, and ballooning modes , in
appropriate limits.

lR.D. Hazeltine, et.al., ﬁresented at this meeting.

2D.W. Ross, et.al., presented at this meeting.

This work is supported by the U.S. Department of Energy Contract
EY-77-C~-05-4478.
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*
Two Dimensional Transport of Tokamak Plasmas

S. C. Jardin, S. P. Hirshman and J. L. Johnson'
Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08540

A reduced set of two-fluid transport equations is obtained from the
conservation equations describing the time evolution of the line demsity,
entropy, and the magnetic fluxes in an axisymmetric toroidal plasma.with
nested magnetic surfaces., Expanding in the small ratio of perpendicular
to parallel mobilities and thermal conductivities yields as solubility
constraints one dimensional equations for the surface-averaged thermodynamic
variables and magnetic fluxes. Since Ohm's law, E + ; x § = ﬁ, where ﬁ
accounts for any non-ideal effects, only determines the particle flow rel-
ative to the diffusing magnetic surfaces, it is necessary to solve a
single two dimensional elliptic equation, 8/8t[$¢/‘V¢|2 . (gb -3x% =0)],
to f£ind the absolute velocity of a magnetic surface enclosing a fixed \
toroidal flux. This equation is linear but is nonstandard in that it in-
volves surface averages of the unknown. Specification of R and the cross-
field ion and electron heat flow provides a closed system of equatioms.

A mixed Eulerian-Lagrangian description is used to calculate the diffusion
of plasma quantities through magnetic surfaces of changing shape. As an
application, we consider neoclassical transport models for the Pfirsch-
Schl;ter regime, where rs/rd - qZB (rs is the skin time and T3 the diffusion

time), and the banana regime, where rs/rd - qze-3/23. The predicted dis-

3/2q-2<6<q-2 is analyzed

charge behavior for intermediate values of 8, ¢
for non=-circular cross section plasmas with conducting wall boundaries as

well as for free boundary plasmas with extermal coils.

%
Work supported by U.S. DoE Contract EY-76-C-02-3073.
On loan from Westinghouse Research and Development Center.
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%
Theory and Simulations of Trapped-Electron Instabilities

C. Z. Cheng and H. Okuda
Plasma Physics Laboratory, Princeton University'

Princeton, New Jersey 08540

Extensive studies have been carried out for the unde;standing of non~-
linear behavior of dissipative trapped electron instabilities and the resul-
tant anomalous plasma diffusion. In the simulation, a 3-D toroid;l particle
code has been employed with nonuniform density and teméerature profiles
n, = dlnTe/dlnNe E 0. Electronrion'pitch angle scatterings withzv:‘s 1 are
simulated by the Monte-Carlo method. The measured linear growth rate,
frequency and mode structure are in reasomable agreement with resﬁlts from
the 2-D eigenmode calculations. The mode is localized around the mode
rational surface and shows ballooning phenomena. The nonlinear excitation
of convective cells (w = 0) due to nonlinear coupling of dissipative trapped
electron instabilities has been observed along with the anomalous particle
diffusion, a phenomena similarly observed in the collisionless drift turbu-
lence. The frequency spectrum and spectral distribution resembles the
recent measurements on PLT. The frequency spectrum is very broad and the
spectral distribution decreases monotonically with increasing k,. With
regard to the question of anomalous transport, the electron energy diffu-
sion appears to be larger than the particle diffusion. The observed
parallel temperature profile exhibits no appreciable change. However, the
electron perpendicular temperature profile undergoes more substantial diffu-
sion. When Ne decreases to Ng = 0, the instabilities become weaker and the
instabilities become stabilized as Na further decreases to n, = -1, in
agreement with theoretical predictions.

To understand the generating of convective cells due to drift insta-
bilities and the anomalous particle transport, a mode coupling theory has
been developed. The saturation amplitudes of drift waves and convective
cells can be estimated to be ([e¢d/Te{) = ((e¢c/Te()‘= (Yk/wk)(pi/Ln), and
the particle diffusion coefficient due to convective cells is D, = (cTe/eB)
(pi/Ln), consistent with the simulation results. AMore details on model

coupling processes will be presented.

* ,
Work supported by U.S. DoE Contract EY-76-C-02-3073.
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THERMAL MAGNETIC FLUCTUATIONS AND ANOMALOQUS DIFFUSION*

A. T. Lin, H. Okuda, J. M. Dawson and C. C. Lin

Center for Plasma Physics and Fusion Engineering
University of California, Los Angeles, California 90024

The potential importance of thermal magnetic fluctuations on plasma trans-
port has been recognized recently.! In addition to electrostatic convective
cells, stationary magnetic fluctuations exist in a thermal plasma which form a
set of randomly situated magnetic islands in a shearless system. The important
question for the anomalous diffusion due to the magnetic fluctuations (islands)
is then the determination of the life time for such magnetic islands. In par-
ticular, strong coupling to the electrostatic convective cells are expected
since the convective motions of the charged cells can destroy the current fila-
ments causing the damping of the islands.

In order to study the anomalous diffusion and the nonlinear damping, a
series of two-dimensional particle simulations have been carried out in three
steps. First, ions are treated as a neutralizing background and no electro-
static fluctuations are retained in the simulation. We found the d.c. magnetic
islands decay very slowly as predicted by the linear theory. We then turned
on the electrostatic fluctuations while keeping the ions as a background. We
found that the particle diffusion is orders of magnitude larger than the
previous case and the life time of the magnetic islands are much shorter, com-
parable to the damping of the convective cells. Finally, ion motions are taken
into account in the system. In addition to the convective cells and the mag-
netic islands, lower hybrid waves come into play for the electron diffusion and
nonlinear damping of the magnetic islands. |

We will compare the simulation results with theory as for the electron
diffusion and nonlinear damping for various schemes in k-space such as klpe > 1,
klpe < 1 and klpi > 1, and k_,_pi < 1. Effects of magnetic shear tend to reduce
the size of the islands but at the same time, plasma currents tend to enhance
the magnetic fluctuations. It is possible that the low frequency instabilities

can destabilize the magnetic islands. Details will be reported.
*Work supported by USDOE.

IC. Chu, M. Chu, and T. Ohkawa, APS Bull. 22, 1135 (1977)
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Effects of Mutlipole Fields on
the Stability of High Beta MirrorsT

Harold Weitzner

New York University
Courant Institute of Mathematical Sciences
New York, N. Y. 10012

.The stability of a two component guiding center plasma
is treated by asymptotic expansions corresponding to the
long thin approximation and the approximation of flux
surface close to cylinders. These approximations do not
give entirely satisfactory treatment of the mirror ends,
but they do treat the rest of the system reasonably well.
In a previous work an absolute stability condition for
axisymmetric mirrors was given and stable profiles were
exhibited. In this treatment we include the effect of
multipole fields and obtain a local stability condition
and explore its implications. We also study spectral
properties of the system. We also examine some of the

effects of field reversal.

T Work supported by U.S. DOE, Contract No. EY-76-C-02-3077.
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KINETIC THEORY OF BALLOONING INSTABILITIES*

Y. C. Lee and J. W. VanDam

Department of Physics
University of California, Los Angeles, CA 90024

We have developed a kinetic formulation for large torcidal mode number,
eléctrostatic and electromagnetic ballooning instabilities in a weakly col-
lisional plasma in a sheared magnetic field and arbitrary axisymmetric geo-
metry. Our theory includes full electron parallel motion and ion gyroradius |
effects and considers the global structure of ballooning modes, nonlocal in
both the radial and poloidal directions. For the latter purpose we have
derived a novel represeﬁtation for the modes which correctly describes both
their azimuthal periodicity and their long parallel wavelength. We find

that a single parameter, independent of beta, controls the transition from
electrostatic to electromagnetic ballooning. The behavior of the electro-
magnetic modes is dominated by the plasma self-inductance. Electrostatic
ballooning occurs for large resistivity and large azimuthal mode number,

even in high-beta plasmas. In a rather collisional plasma, neglecting dia-
magnetic and Larmor radius effects, we recover the classical growth rate for
resistive ballooning when shear is absent, but find shear to be stabilizing
when rq'/q 2 0(1) where q is the safety factor and r the minor radius. In a
semi-collisional plasma where electron diffusion along field lines becomes
important, the resistive ballooning is stabilized by kinetic effects when
kzps > 1 where eg is the Larmor radius of ions at the electron temperature.
Resistive ballooning appears to be more significant than the electromagnetic
type, however, because the former has no beta limit. The resistive ballooning
instability can have a large-scale, convectiye cell-like structure and, there-

fore, may explain the anomalous energy loss observed in tokamaks.

*Work supported by NSF and USDOE



+,- .+ ," 0 1, 02 3 +45+,.6 -+ 1, 03 7 ,+ 1. 6

.0,31,+/ 'y ' 86 1' ,/ 30 7 10,9

6 / 1113
1! *8! *3$ 9:*7 * (™ *7 * @BC

1713 1<1%213 1(8! #11 19 21" (33123*+ 3 11(3 4(2(
7 9%I"* 3 ¥4 2(+13%7 $312 #$2!( 9 9 (345 9IEQ! 7
3$*7(44$ 5144 #145 311 * 7$743 9 IE0! 7%/ >@? 11 #(*7 2 3*M
8(3* 9 31!11<!1*213 7(21 9 231! 13*7(45 ) 1"*73* +
(# 3* 0 498! 5(8! * *12+110 4(2(/BND 51*4! *+M
*Qx7(3 1I(3* + 1( #11 #18!"* (44 93111 1<1*213 31I$
1(8! (4 #11 TL( (73! %" #$ *+*9*7(3 4 9 4(2("0* + 31!
11(3*+/ 311 3 41 3144((3 (3:*7 * 0714 5
90"3 #4%1(4$  3* (4 3 31!(24*30" 9 31!2"04(3* +
9*14"|

114(0717%4 9 31! 498! 58! * 3 4! 5( ( 2QB Q4
Bxm 4 72(1"3 (2QB Y 7 9%*+ Q4" Bx " 4/ %71 31
2043* 4*7%3*1 9 311 5% "+ + "™QQl *3 * EQ*3! 4*)I4$ 31(3 2(+ 13*7
*4(" 504" 9 2(3( *@3!! (3 M* [ ("™3% *9 31l
11(3*+ 9IE01 7$ * 45 ( * 3117(19 498! 5(8! |30 #(3*
9 311 2(+ 13*7 9%14" 7( 113 (3! *3 311 #"$ 9 31! 4(2(/

"l 3 31331* (023* 31!8(70022(+!3*7 09(7! 9
3 41 511 7(4704(3!" 02! *7(44$ #$ 9 44 5* + 2(+ 13*7 9*14" 4|

(0"31130 *740™+ 311199173 931! 94071 7*4/ :*31
( <*2(34$ /@U 2"04(3* (3$*7(4 1<!*213(4 8(40! 2(+ 13*7
*A(" (1 3FTIHA 4 *71(83¥7(4 944" * (4 +11 (3"
#$ 311 400 71 7*4 3112(+13*7 (<* (4 281/ *71 31 *4("
5*'31 * 3% (43 311 EO(! 3 9 312 "04(3* + 9*14" (2 4*M
30" 31! ( 02%+31(331! 31 %19 "™990* * 5 31
*4("5*'31 3117 9% 1213 3*21 * "7 (1" #$ ( 199173*81 "*9Q( *
7199%7%1 351 | (24*30" * "*1734$  3* (4 3 31! 9*14" (2M
4*30" ( * 31 T7(!* 31* I<1*213/

170 11(71"3( 3#$2(+ 137 *4(" 9 2(3* * ( (4
770 171 % 4591E017$ 9 11(3* + 9 2(+ 13*7(44$ 7 9* 1" 4(2(/

F1* 5 )5( 0 3I"#$31! (3* (4 79171 0"(3* 0"l
+(3 & DC/

| 1/&48(3 6// 113 ("6// (3( * 1$/ '8/ 133/
B > 7

| ] # 13(4/ 1$/ 18/ 133/ BZ > ?

B 6/ (3 * (Y& 2( /1$/ CB > BY

D/ (+(5(("/ 1 1$/ '8/133 BZD@D > D?/

@ /1 &48(3 ("6// 1113 1$/ 40* 3 # O#4* 11"/
o/ 6/l (44 1$/18/ 133 BZ@DC > 7/

/[ 171130 ("// #4031 1$/ 18/ 133 DCB > 7



By acceptance of this article, the R

publisher ar recipient acknowiedges OC6
the U.S. Government’s right to

retain a3 nonexciusive, rovalty-fres

ticense in and to any copyright

covering the article.

; *
INVESTIGATION OF TRAPPED-PARTICLE INSTABILITIES IN EBT

D. B. Batchelor and C. L. Hedrick
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

An investigation is presented of the role which trapped particles
might play in the drift wave stability of EBT. The model adopted consists
of a bounce-averaged drift kinetic equation with a Krook collision operator.
Care has been taken to model, at least in an elementary way, the features
which distinguish the physics of EBT from that of tokamaks, namely the
large magnitude and velocity space dependence af the poloidal drift frequency
1, the relatively small collisionality v/Q, the enhancement of Veff for
passing particles and the closed nature of the field lines. Instabilities
are found which have a somewhat dissipative character, however the precessional
drift is found to be a significant stabilizing influence. In most cases the
modes are completely stabilized when m*/lﬁ < 1 for normal gradients. For

reversed gradients (w*/ZQ < 0), stability is greatly enhanced.

*.
Research sponsored by the Office of Fusion Energy (ETM), U. S. Department

of Energy under contract .W-7405-eng~26 with the Union Carbide Corporation.
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MACROSCOPIC STABILITY OF THE SPHEROMAK

M.N. Bussac and M.N. Rosenbluth®
Institute for Advanced Study, Princeton, New Jersey 08540

H. P. Furth**
Princeton Plasma Physics Laboratory
Princeton University, Princeton, New Jersey 08540

ABSTRACT

We consider the limiting case of low-aspect-ratio,
D-shaped tokamaks. To avoid singularity of the coil
stresses, the toroidal-field coils must be eliminated;
the toroidal field then vanishes outside the plasma.

The plasma is bounded by a shell or a vacuum region;
by modifying the boundary condition alternative shapes may
be found, such as prolate and oblate spheromaks.

A low B oblate spheromak, with a conducting shell
at about l.3--l.5:r0 (where r, is the characteristic
dimension), will be stable against all macroscopic modes.
A low B prolate spheromak is unstable only against tipping
of the magnetic axis. Critical B are currently being
computed however as the spheromaks are unstable against
localized modes. 4

*Research sponsored by the U. S. Department of Energy
Contract EY-76-5-02-3237.
*

*
Work supported by U. S. Department of Energy Contract
No. Ey-76-C-02-3073.



4%1( . " ("90 7(3* J
0+ *+ ( (" 1¥* 1(0

15 ) *8! *3%
0(3 3*303! 9 .(3112(3*7(4 7 7!
15 ) // CC

1* * (18%15 9 0 5 ) 311 4*I( #1(8*
9BQ("2Q 4*1(4$0 3(#4!. 2"/

11 #(*7 9 (2!5 ) * "1814 1" * 3112Q4 30"$ >(
1$/ 40% ($ 2 4(™+ 3 311 4*1( IEO(3*
F R 9 3h2m(2a30m 32 11 312"
* 4% 1(4$ 34+ 31 4(2("! 3+ 3 (9% (4
IEQ*4*# *02 #03 0 "1 +1 7 *0 *"(4 | *™723* [
1121(*+ 93117 813*% (4#90 7(3* ((4$* *
74(*9*1"  (3*704( 31131l $ 15 31(3 31! #*M
90 7(3!" IEO*4*# *( 7(4704(3!" * 311 #%90 7(3* ((4$*
(! 3311 9% (4 3(3! #03 (! (730(44$ 31135 7131 9
310 1(! "™ (+ (2 931! 4*1( IEO(3* 51*71(! 3
7 173" 3 3110 | 30 #I" IE0*4*# *02 #$ "$ (2*7 2 3*
(" 311 4% 1( 3(#4*3$ ((4$* 9 31 #+90 7(3!" IEQ*4*# *(
*1"0"(3/  40< 7 "3 (1(4 1<% 1"

10311 $1( (4 #! (47" 3 31! 1(9( 82Q
2" >((" 10 . 7/ ?("31! 1043 15
31% 2" % (45($ 4% 1(4$ 3@#4%1" 7 3($3
18* 0 #+90 7(3* 1043/



0c1ad

Macroscopic Transport Model for a Reversed Field Mirror Machine™
H. Grad, W. Grossmann, D.C. Stevens, E. Turkel, S. Wollman
Courant Institute, NYU, New York, NY 10012

Consider the buildup of a mirror confined plasma including
the possibility of field reversal. A strong theoretical indica-
tion has been given (ideal model, without transport) that field
reversal will occur naturally without injection, if the coils

1 To be more realistic, we use a model

are properly programmed.
with resistivity and heat flow using the Grad-Hogan longtime
scale transport formulation. The plasma velocity (mass flow)
is eliminated just as in the adiabatic theory to obtain 1-D
transport relations with geometrical coefficients updated at
intervals by a 2-D equilibrium solution. There are three
dependent variables (equivalent to p, T, ¥) which satisfy two
transport equations and one ODE. There is a 2x2 matrix of
transport coefficients (and time constants); in simple limiting
cases they reduce to classical mass transport and heat flow
(there is no skin effect or time scale associated with it in
;hiszprgblem). Thi/gime constants are T = % (ro+rl) +

5 [To+Tl - ZBTOTl] where To and T, are the classical
diffusion and heat flow times respectively [B = p/(p + % <Bz>)].
By analogy with a successful model for Doublet formation2, the
reversed field island formation rate should not be restricted

to the time scale of any transport mechanism.

The vacuum-plasma interface is qguite singular with all
quantities approaching zero or infinity at fractional powers of
the distance. The separatrix is also singular with logarithmic
dependence of some quantities. Another analytic singularity
occurs at the center of an island because the "large" Hall

2.2

factor w®Tt® is zero.

1. H. Grad, Sherwood Ann. Theory Mtg., Berkeley, CA. April 1974.
2. H. Grad et al., IAEA, Berchtesgaden, 1976.

T Work supported by U.S. DOE, Contract No. EY-76-C-02-3077.



>414%" 1 02,,-3'2 45 ,/6'$32 4% $03'$*63%$4% $% 4) , )ON
? 4%8 %" ? 7 6"-l

-~%-"1 34,$( 4,/ %2
% $-84 1$54'%$

+- [414$" 1 02,,-3'2 $% 3+- "$03'$*63$4% 45 3' (- ,46%3 45 $,0
16'$32 $4%0 $% 34) , )0 $0 (4,/63-" $% 3+- >5$'0(+< (+163-' -8%,- (O
(46%30 '- 3 )-% 45 3+- /414$" | -1-(3'403 3$( 53-1" 0 A-$! 0 3+-

[ 1-1]'3$(1- %" +- 3 514#0 3+ 3 -=$03 $% /6'- /1 0, $% -96$!$*O

'$6,  +- 0 ,-/',-3'$( "-/-%"-%($-0 0 '- 4*0-'A-" $% !( 34' '-
[-"$(3-" 13+468+ "-3 $!-" 96 %3$3 3$A- /'-"$(3$4%0 - 06*@-(3 34

1'8- -"4' "6- 34 3+- 6%(-'3 $%32 $% 3+- /1 0, /'45%!-0

N 4') 06//4'3-" *2 -] '3,-%3 45 %-'82 4%3' (3 D< < <F < $82

>'4@-(3 8'--,-%3 4



A2

‘ " *
INTERACTION OF CURRENT FILAMENTS IN A MAGNETIC FIELD

Cheng Chu, Ming-Sheng Chu, Jang-Yu Hsu,
and Tihiro Ohkawa

General Atomic Company
San Diego, Califormia

It has been shown1 that for a plasma in thermal equilibrium the
magnetic interaction of currents which are generated by particles moving
along magnetic field lines gives rise to a zero frequency collective
motion similar to that of the electrostatic convective cell of two-
dimensional guiding center plasma theory. Motivated by this discovery
and the existence of negative temperature states in 2D guiding center
plasmas and line vortices systems, we have derived a nonlinear differ-
ential equation which governs the steady-state current distribution for
a two dimensional line current model. This equation allows analytical
solutions of multipole current distributions (magnetic islands) which

" correspond to negative temperature states. This model may be helpful
in understanding the confinement magnetic field structures. Results

will be presented and discussed,

1. C. Chu, M. S. Chu, and T. Ohkawa, Bull. Am.Phys. Soc. 22, 1135 (1977).

%
Work supported by Department of Energy, Contract EY-76-C-03-0167,
Project Agreement No. 38. '
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ON THE TRANSPORT OF IONS WITH MULTIPLE CHARGE STATES IN NEOCLASSICAL THEORY

C. -D. Boley and E. M. Gelbard
Applied Physics Division
Argonne National Laboratory
Argonne,. I11linois 60439

and

S. P. Hirshman
Plasma Physics Laboratory
Princeton University
Princeton, New Jersey 08540

In tokamak plasma transport calculations, it is sometimes necessary to
account for the tramsport of the different charge states of impurity atoms
separately, without invoking the coronal approximation. Neoclassical trans-
port coefficients are now available for multispecies plasmas in a variety of
collisionality regimes, but the computation of these coefficients involves
the inversion of large matrices. Since, in addition, the time evolution
equations for the densities of all species are coupled, the running time for
one-dimensional diffusion calcuiations increases rapidly with the total num-
ber of species and charge states. We find, however, that neoclassical trans—
port coefficients simplify substantially in the "disparate clump" approxima-
tion. In this approximation the plasma may contain many charge states of
each atomic species, so long as the different atomic species are disparate in
mass. Using this approximation, we have calculated, in analytic form, the
Spitzer function for a multispecies plasma. Further, with the aid of general

(L

function tractable expressions for the Ware flux and bootstrap current trans—

relations which have been developed recently, we derive from this Spitzer
port coefficients. In the Pfirsch—Schl;ter'regime; we have obtained simple,
analytic results for the transport coefficients, It is found that, for a
collisionally dominated plasma, the particle and energy diffusion equatioms
can be transformed so that the matrix of diffusion coefficients becomes very
sparse. As a result, a particularly efficient method has been developed for

solving these diffusion equations.

1. S. P. HIRSHMAN and A. H. BOOZER, Princeton Plasma Physics Laboratory,
PPPL-1409 (1977).

* ‘
Work supported by the U. S. Department of Energy.
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EFFECT OF TEM ON OXYGEN IN TOKAMAKS*

N. Byrne and M. Cotsaftis .
Science Applications, Inc., La Jolla, California 92037

The trapped electron mode (TEM) is expected to produce
anomalous transport of tokamak impurities in the same way as it has
been previously shown to affect the transport of electrons and ions. 1
The particle flux which results from this effect has been calculatedz
and takes the form:

*n,
(T™M) _ _ C
I “Zj"S?l

where C(r) is a coefficient depending on ne, Ti’ and T e Such
anomalous terms are of interest, as experiment shows a discrepancy
with the predictions of neoclassical theory. 3,4 A simple model
including the TEM effect has been formulated and implemented in a
numerical model of oxygen dynamics, which calculates steady-state
density profiles with Hi.nnov5 atomic rates and Pfirsch-Schluter

- transport, 6 and again with the addition of the TEM terms. The
agreement with TFR dzd:a.7 is considerably better in the latter case,
especially with respect to the profile of Zeff’ which becomes flat when
the new terms are added.

1. N. Krall and J. McBride, Nucl. Fusion 17, (1977 T13.

2. N. Byrne and M. Cotsaftis, Sherwood Conference 1977.

3. Yu. N. Dnestrovskij, I. N. Inovenkov, and D. P. Kostomarov,
Nucl. Fusion 16, (1976) 513. |

4, M. Okamoto and T. Amano, J. Comp. Phys. 26, (1978) 80.

5. E. Hinnov, Matt-777, Princeton Plasma Physics Laboratory, 1970.

6. T. Tuda and M. Tanaka, J. Phys. Soc. Japan 38,(1975) 1228.

7. TFR Group, IAEA Conference, Tokyo (1974).

*Work supported by the U.S. Department of Energy.
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ORBITAL RESONANCES IN QUADRUPQOLE-STABILIZED MIRROR
CONFIGURATIONS * ‘

Ronald H. ‘Cohen, David V. Anderson, and Carolyn Sharp
Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

Using analytic techniques and the particle-orbit code ORBXYZ, we
demonstrate that a quadrupole field added to an axisymmetric nonvacuum
mirror configuration significantly couples the radial, azimuthal and
axial motions of single particles, and that this effect may account
for the bursting and non-bursting anomalous losses observed inthe
RECE-Berta experiment.1 At particular values of the plasma self-field,
a class of resonant particles can experience sizeable excursions from
an initial set of radial and axial oscillation amplitudes. If the
plasma radius is defined by a 1imiter, as in RECE-Berta, then resonant
particles hitting the limiter would give rise to a sudden loss of
plasma. We obtain analytic estimates for the resonance conditions and
resonance widths, and from these estimate the size of a burst. Orbit
code calculations in steady-state and time-varying fields are used to
show the effect. A movie of results from a time-varying field will be
presented. We show that, between bursts, resonances mainly affect
particles away from the limiter, giving rise to an enhancement of
classical diffusion, such as is also observed in RECE-Berta. In
2X1IB, resonance effects should be considerably smaller at a given
fraction of field reversal, and should not be manifested as bursts.

*Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore Laboratory, under contract number W-7405-Eng-48.

]S. C. Luckhardt and H. H. Fleischmann. Phys. Rev. Lett. 39, 747 (1977).
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TIME-DEPENDENT TANDEM MIRROR CONFINEMENT STUDIES*
Ronald H. Cohen
Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

The tandem mirror rate code TAMRAC integrates rate equations for
number and energy of an arbitrary number of species in a tandem mirror
machine.- In addition to sources and endToss"z; the code includes
a model for enhancement of plug loss due to the drift-cyclotron loss
cone mode (DCLC), externally supplied stream to stabilize DCLC, supple-
mental electron heating, a model for species-dependent radial diffusion,
and provision for injecting hot (not electrostatically confined) ions
in the solenoid. Results from two studies will be presented: (1) a
study of startup in the Tandem Mirror Experiment (TMX) which indicates
that near steady-state conditions can be achieved on a time scale
allowed by the power supplies if the gas feed is suitably programmed,
and (2) a study of alpha particle buildup in a tandem mirror reactor,
and ways of preventing buildup to a level that seriously degrade
reactor Q. One particular means of eliminating hot alpha particles,
nonadiabatic scattering (magnetic moment stochasticity), is discussed
in more detail.

*Work performed under the auspices of the U.S. Department of Energy by the

Lawrence Livermore Laboratory under contract number W-7405-Eng-48.
: ,

2R. H. Cohen, M. E. Rensink, T. A. Cutler, and A. A. Mirin, "Collisional
Loss of Electrostatically Confined Species in a Magnetic Mirror," Nucl.
Fusion, in press (1978).

R. H. Cohen, Lawrence Livermore Laboratory Report UCID-17544, (1977).
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Streaming Instabilities in a Plasma
With Electron or Ion Rings*
R. Kashuba and T. Kammash
University of Michigan
H. H. Fleischmann
Cornell University

We investigate in this paper the high frequency two stream
instability in a plasma situated in a magnetic field that simu-
lates a field-reversed geomeﬁry. A plasma model is used in which
one of the components is a beam which is taken to be monoener-
getic but with an angular spread in the direction of propagation.
The second component is taken to be a background magnetoactive
cold plasma. A perturbation analysis is carried out to derive
the dispersion equation from which the growth rates for the
extraordinary and electrostatic modes are calculated for mag-
netic field strengths in the range for which Gk/&@ =1/2 — 2.

A detailed examination of the dependence of the maximum
growth rate on the angle of beam propagation relative to the
magnetic field, as well as the contribution of Landau damping
is also carried out. The functional form of maximal growth
rates for the angular spread and energy of the beam will be
presented where it will be shown that these parameters have a
stabilizing effect. Application of these results to the RECE
experiment with its relativistic electron ring, as well as
devices with ion rings such as the Ion Ring Compressor(l)
reactor model will be discussed.

1. H. H. Fleischmann and T. Kammash, Nuclear Fusion 15, 1143
(1975)

*Work supported by  DOE
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Variational Methods for Electromagnetic Instabilties
R.D. Hazeltine, H.R. Strauss, S.M. Mahajan, and D.W. Ross
Fusion Research Center
The University of Texas at Austin
Austin, Texas 78712

Abstract

Recent advances in the theory of electromagnetic eigenmodes in tokamak
plasmas - including drift-tearing modes, twisting modes and drift waves -
have depended upon variational solution of the radial eigenmode equations.
Variational principles in configuration space (x) are usually unwieldy un-
less either (i) the perpendicular wavelength is much larger than the radial
mode width, k, << 3/3x , or (ii) the plasma conductivity ¢(x) is effective-
ly constant. For case (1) , a variational principle described previously‘l
can treat arbitrary variation of ¢(x) , including electron resonance and
adiabatic effects, without difficulty. It yields, in particular, a unified
dispersion relation describing accurately both m =1 and m =2 tearing
modes. For case (ii), a generalization to k.\.# 0 of Wong's variational
principle2 can be used. The equivalence between this generalization and
the variational principle of Berk and Dominguez3 is demonstrated. But
finite - k N effects are most easily treated by means of a new variational
principle in wave=-vector space (kx), which also applies to ballooning
instabilities. The k -space variational principle is used here to study

previously neglected finite-k , effects onboth m=1 and m 22 tearing
modes.

lR.D. Hazeltine and D.W. Ross, Phys. Fluids, to be published.
2H.V. Wong, University of Texas Report FRCR # 113, 1976.
3I-I.L. Berk and R.R. Dominguez, J. Plasma Phys. 18, 31(1977).

This work is supported by the U.S, Department of Energy Contract
EY-77-C-05-4478, ‘
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SHEAR DAMPING OF DRIFT MODES IN THE PRESENCE OF A STRONG
SHEAR AND A PERIODIC GRAVITY

J. JOHNER and E.K. MASCHKE

ASSOCIATION EURATOM-CEA SUR LA FUSION

Département de Physique du Plasma et de la Fusion Contrilée
Centre d’Etudes Nucléaires

Boite Postale n® 6. 92260 FONTENAY-4UX-ROSES (FRANCE)

In order to study the effect of a spatial modulation of the plas-
ma equilibrium along the lines of force of a strongly sheared magnetic field
ﬁ, we consider a slab model with density gradient dn/dx and a gravity force
gy Which varies periodically in the y - direction,assuming IBY (x) |<< B,. The
modulation couples the drift modes, centered on neighboring rational surfaces,
giving rise to a ballooning effect. We study the differential equation for the
Fourier components of the perturbed electric potential, first neglecting the
modulation of the shear term.

Expanding in powers of € (the ratio of g-drift to grad n-drift ve-
locity, € v r/R) we obtain a series expansion of the shear damping yg which
converges for mnot too large €.

For larger £, a solution is obtained by simplifying the equatiom in
different domains of the variable and joining the solutions. The yg thus ob-
tained is a decreasing function of €, depending on the shear © and the distan-
ce between uncoupled modes Ax, through A v @ (Ax)2. This effect is enhanced
when the modulation of the shear term is included. We have calculated numeri-
cally the curves of constant Yg in the plane (g, A). It is found that the re-
duction of Yg depends strongly on the perpendicular wave number ky. For cer-

tain types of drift waves, this dependence may appreciably change the spectrum
of unstable wave numbers.
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Nonlinear propagation of electrostatic

pulses. B.N.A. LAMBORN,+ Dartmouth College. -- The

collective coordinate representation for describing
‘longitudinal plasma waves has been transformed into
configuration space to facilitate comparison with the
fluid equations of motion. The resulting equations of
motion are expressed in terms of canonical variables.

For one variable they are of the form

3gq
wp p(1-8 ax)

Qe
[}

e
i

- 3p
wp(q + Bp ax) §

B = (mPNm)
The gradient of the first equation corresponds
to the continuity equation and the second equation
gives the fluid equation of motion for a cold plasma.
These equations have both oscillatory solutions and
soliton-like pulsed solutions corresponding to electron
density disturbances that propagate in a uniform ion

background.

+0n leave from Florida Atlantic University.



<HO7<, T B ,%7/%7T 7<<
W6 7< T% 879 (7<=

# % ) 1# %44

< 3 8 X
94 92 9!
7 3 ! , 2 8 3 (
! 13 A + + 4
‘A + ! 13 % 23 3
0 ' >R X>H# 3! + 42 + ! 13
2 2 X?H+ 4 J
34 o+ " 1 X H#
% 3 & # K
'3+ 4 3 2 $ X/H
E+ 3 ‘3
23 #
> o# # 0 o+ | <3 8
M o#H#H D + - + ( + T3# >+ - 5> 6

# # . + 1# " + 1# 1 + <3%# 8 O+ >> 5>006

# # % )+ *9? 5> -6

=K) Ot

94 92 9! 73(73 024 :DC@ &D/



A26

Interaction of Tearing Modes

Y. Satya énd G. Schmidt

Physics Department
Stevens Institute of Technology
Hoboken, N. J. 07030

A fully developed tearing mode modifies the magnetic field profile.
We investigate the effect of this profile modification on 1inear growth
rate of a different tearing mode.

First a simple slab model is investigated analytically. We find that
the local flattening of the field profile drives adjacent modes more un-
stable by increasing the value of A'.

Next we study the effect of the saturation of the internal kink
(m=1) mode on higher modes. The magnetic profile modification is based on
Kadomtsev's 1 model for m=]1 modes. We evaluate numerically the change
in A' for higher m- modes, for a range of profile parameters. No signifi-
cant change in the growth rate is found for realistic profiles.

1. B. B. Kadomtsev; Sov. J. Plasma Phys. Vol.1, 1975, p.389.
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Stability in the Field-Reversed Mirror* -

by

Edward C. Morse and George H. Miley
Fusion Studies Laboratory -
University of I1linois
Urbana, I17inois 61801

An energy principle for the Vlasov stability of an axisymmetric
field-reversed mirror is developed for magnetoacoustic perturbations.
An assumption is made of an infinite conductivity electron background
in spherical geometry. A sufficient condition for stability of m
= 0 modes is given where the equilibrium distribution function is
a function only of energy and canonical angular momentum. A
physical interpretation of the stabilizing feature of the large-
orbit system is the disappearance of ring-like poloidal energy
surfaces and the appearance of quasi-ergodic orbits with loss of
the third invariant.

*Work supported by DOE Contract #US Energy EY-76-S5-02-2218.
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Shear Stabilization of the Rayleigh-Taylor Modes+
E. Hameiri

Courant Institute of Mathematical Sciences
New York University
New York, N. ¥. 10012

Rotating plasmas are subject to a centrifugal force
which acts as an effective "gravity". This may give rise
to a Rayleigh-Taylor instability when the force points in
the direction of lower density, which is the case in the
typical plasma containment experiment. On the other hand,
shear in the flow may have a stabilizing effect if changing
the flow pattern involves an increase in the kinetic
energy.

In this work, a configuration suitable for the Tormac
experiment or any rotating 6-pinch, is investigated analyt-
ically. It is remarkable that for suitable flows, the exact
number of unstable modes can be determined analytically.
Also, if the shear is large enough compared with the density
gradient (- p'QZ/(rDQ'Z) < 3/4)* the plasma may be complete-
ly stabilized.

. .
O' = %? , P = density, @ = rotation frequency.

T Work supported by U.S. DOE, Contract No. EY-76-C-02-3077.
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%
Energy in the Linear Tearing Mode

E. A. Adler and R. M. Kulsrud
Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08540

We calculate the magnetic energy in the linear tearing mode for
the slab mode. This is done by calculating the spatially averaged mag-
netic field to second order in the perturbation amplitude. It is found
that in cases where the constant Yy approximation is wvalid, resistive
effects are important outside of the resistive layer encountered in the
first order analysis. These effects are important in resolving the
apparently singular behavior of the magnetic emergy in the external
region. A somewhat surprising result of this calculation is that the
perturbed magnetic energy density in the extermal region is positive,

except in a small strip surrounding the resistive layer.

. . .
Work supported by U.S. DoE Contracts EY-76~C-02-3073 and U.S. AFOSR
Contract F 44620-75-C-0037.
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STATUS OF NONLINEAR RESISTIVE MHD RESEARCH AT OAK RIDGE NATIONAL LABORATORY*

B. Carreras, H. R. Hicks, J. A, Holmes, D. K. Lee,
) S. J. Lynch, and B. V. Waddell
Oak Ridge National Laboratory, P, 0. Box Y, Oak Ridge, Tennessee 37830

Five main areas of the nonlinear resistive MHD program at ORNL will be
discussed: .
1) Generation of large magnetic islands in the single helicity approximation:
Large m = 2/n = | magnetic islands can be produced when the current density
falls fast enough near the limiter (there exists a cold layer). No flattening
of the g-profile near the origin is required. The use of a new nonlinear code
that employs the Fourier transform in the poloidal and toroidal directions (RSF)
avoids the numerical problems associated with saturation of large magnetic
islands in the MASS code. For comparable accuracy, the computer time required
is in favor of RSF by a factor of 40 to 1.
2) Poloidal magnetic field fluctuations in tokamaks: It is shown with no free
parameters that the amplitude of the Mirnov oscillations at the limiter and
their scaling with total current can be explained in ORMAK and T-4 on the basis
of nonlinear tearing mode theory. A semi=analytic model allows a possible
correlation between the MHD activity and the presence of a cold layer near the
limiter.
3) Major disruptions in tokamaks: Using the new code RSF, we can study the
nonlinear interactions of tearing modes for higher values of S than before. We
have been able to confirm the basic dynamical mechanism for destabilization of
other modes by the 2/1 mode for the PLT profile with S = lO6 at r =0,
(s = TR/TA). The fast time scale for the process is compatible with previous
results. We have also studied a similar process for a T-4 q profile.
L) Magnetic field lines generated by tearing modes in Tokamaks: The possible
ergodic nature of the field associated with overlapping m = 2/n = 1 and
m = 3/n = 2 islands during the major disruption is presently being investigated.
5) Some preliminary results on feedback stabilization of tearing modes show the
possibility of greatly delaying the m = 2/n = 1 magnetic island expansion at
values of S ~ 10 .

“Research sponsored by theVOFfice of Fusion Energy (ETM), U.S. Department of
Energy under contract W-7405-eng-26 with the Union Carbide Corporation.
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ANALYTIC COMPUTATION OF MINIMUM BETA AT IGNITION
FOR VARIOUS TRANSPORT SCALING LAWS*

John M. Rawls
and
Robert W. Harvey
General Atomic Company
San Diego, California

A tokamak reactor must have an ignition point which is compatible with
the constraints imposed by MHD stability. One important consideration in ’
this regard is the achievable value of 8. For a wide élass of transport
scaling laws, ignition is emnergetically possible only if B exceeds a speci-
fied value, denotaed by Bmin; Bmin must be less than the upper bound on B
consistent with MHD stability. For energy confinement times of the form
Tg = n Ij, j < 1, we obtain algebraic relationships for Bmin in terms of j
and the parameters of the device. These results are then applied to a

typical design using those scaling laws most commonly adopted in the reactor

regime.

*
Work supported by Department of Energy, Contract EY-76-C-03-0167,
Project Agreement No. 38.
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COUPLING OF SINGLE WAVEGUIDE RADIATION TO PLASMA
WHISTLER AND LOWER HYBRID MODES*

R. W. Harvey
General Atomic Company
San Diego, Cglifornia

Several mechanisms can modify the plasma equilibrium so that the
density gradient (Vm) is not perpendicular to the ambient magnetic field
(B). Examples are the nonlinear ponderomotive force due to radiation
incident on a plasma from a spatially localized source, or the effects
of a limiter. In this case, TEO1 - radiation from a single waveguide can
be effectively coupled into the plasma. Also, the wave refractive index
(n“) parallel to B is no longer a constant along the ray trajectory, as
in the Vn L B, slab-geometry case. Thus an oy = 0 - wave in the vacuum
can be transformed to a m > 1 - wave within the plasma. Assuming Vn /B,
results from a sharp boundary plasma model and from a finite density

gradient model, will be presented.

- A
Work supported by Department of Energy, Contract EY-76-C-03-0167,
Project Agreement No. 38.
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STABILITY THEORY AT INTERMEDIATE FREQUENCY *
IN FUSION SYSTEMS

J. B. McBride, S. Hamasaki, and N. A. Krall
Science Applications, Inc., La Jolla, California 92037

This paper describes a detailed analytical study of the linear stability
properties of plasma systems to drift waves in the frequency range from the
lower hybrid MLH down to the ion cyclotron frequency wci . This rather
broad frequency range allows the study of systems with profﬂes ranging
from very sharp L_~a, to quite diffuse L _~a, (M /m )2 , where L _ is the
plasma density scale length and 3, the ion gyroradms. Our reformulation of
drift wave theory includes finite gyroradius for both ions and electrons,
profile effects including electron and ion temperature gradients as well as
density gradients, magnetic gradients and curvature and magnetic shear.
The principal instabilities that we study are the lower hybfid drift instability
at the high frequency end w >> wci , and the drift cyclotron instability at the
low frequency end w= wci . The lower hybrid and ion cyclotron drift modes
are particularly important, e.g., in the behavior of the linear theta pinch,
the reversed field pinch, imploding liner devices and the sheath region of
Tormac. In environments where the plasma evolves steep profiles into
broad profiles, the unstable lower hybrid modes go over into drift cyclotron
modes. 1 Important new results of the analysis for shearless systems
include the fact that the instability condition for lower hybrid modes in terms
of the various gradients arid wavelength persists in the resonant drift cyclo-
tron limit. We will discuss the instability criteria which indicate the
importance of these modes over the entire frequency range in a variety of
applications. In sheared magnetic fields, the effect of shear becomes less
pronounced as the hybrid mode evolves toward the drift cyclotron mode des-
pite the fact that the mode is becoming apparently more resonant. In the
drift cyclotron limit shear becomes significant for fLs/Ln1< (M, a, /me |.Ln 2

where LS is the shear length.

1. J. P. Friedberg and R. A. ‘Gerwin, Phys. Fluids 20, 1314 (1977).
*Work supported by the U.S. Department of Energy
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Multispecie Tonfinement in
Tandem Mirror Reactors*
D. L. Galbraith and T. Kammash
University of Michigan
Ann Arbor, Mich. 48109

The confinement characteristics of a multispecie plasma in
a Tandem Mirror Reactor(l) are examined using a zero-dimensional,
time dependent code that solves a set of self consistent particle
and energy balance equations. For the electrons in the plugs we
use the confinement times derived by Pastukhov(z), while for the
ion confinement in these cells we utilize formulas we have de-
rived using a simple binary collision theory whose results agree
very well with Fokker-Planck calculations. Since the confinement
of all particles in the solenoid is primarily due to the electro-
static potential, we have derived(3) a modified version of
Pastukhov's results that apply to particle and energy confinement
times in this region. We find that "Q" (ratio of fusion to injec-
tion energies) wvalues of 4-5 are attainable for reasonable geo-
metric configurations only if the alpha particles are selectively
removed. We also find that this value of Q will be sharply
reduced if the alphas along with other ions are allowed to undergo
classical or anomalous (e.g., Bohm type) cross field diffusion.
1. T. K. Fowler and B. E. Logan, Comments on Plasma Physics and

Controlled Fusion 2, 167 (13977)

2. V. P. Pastukhov, Nuclear Fusion 14, 3 (1974)
3. D. L. Galbraith and T. Kammash, Plasma Physics (To be
published)

*Work supported by DOE




 NONLINEAR WAVE-PLASMA COUPLING AT THE LOWER HYBRID FREQUENCY*

S. C. Chiu and V. S. Chan

General Atomic Company
- San Diego, California 92138

ABSTRACT

B89

In order to study the problem of steady-state nonlinear

wave-plasma coupling at the lower hybrid frequency, we de-

rived a self-consistent nonlinear equation for the electric

field of the slow mode at the plasma edge. Analytical
solutions obtainéd for simple step models of the density
profile enable us to compare results with those of the
linear theory. At low amplitudes, results agree with
those of linear theory. At high amplitudes, the pondero-

motive force causes an evanescent region to be formed at

the outermost edge, and significantly reduces the coupling

efficiency.

*Work supported by the Department of Energy
Contract No., EY-76-C-03-0167, Project Agree-
ment No. 38.
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TRANSPORT IN DOUBLETS#*

R. L. Miller

Geﬁeral Atomic Company
San Diego, California 92138

ABSTRACT

The 1-1/2-D GA transport code is used to study transport in
doublet geometry. The transport equations are averaged over flux
surfaces and then advanced in time numerically. Geometric quan=-
tities which arise from the flux surface averaging process are
determined from 2-D MHD equilibria calculatioms. Iteration
between transport and equilibrium calculation is performed to
insure a self-consistent solution. The evolution of the plasma
shape is determined by the programmed field-shaping coils and the
assumed transport scaling laws. Several programming scenarios

and scaling laws will be considered.

*Work supported by the Department of Energy,
Contract No. EY-76-C-03-0167, Project Agree-
ment No. 38.
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KINETIC DESCRIPTION OF MHD BALLOONING MODE
IN TOKAMAKS WITH GENERAL CROSS SECTION*

M. S. Chu, C. Chu, G. Guest, J. Y. Hsu, R. Moore, and T. Ohkawa
General Atomic Company
San Diego, Califormia 92138
ABSTRACT

A variational principle1 derived from particle kinetic equations of
wmotion is used to study the high toroidal mode number MHD ballooning,mode2
in tokamaks with general cross section. Near marginal stability, the mode
rotates at one half of the ion diamagnetic frequency. The finite ion Larmor
radius and perturbed electron pressure anisotropy are stabilizing.effects;
whereas the perturbed ion pressure anisotropy and the longitudinal electric
field are destabilizing. Depending on the mode numbér, the mode frequency
can be either in the :éapped ion regime or flute ion regime. The lowest
threshold value of beta occurs at the low frequency end of the flute ion
regime. The dominant additional destabilizing feature is the coupling of
the perpendicular motion to the longitudinal electric field. The Euler
‘equation for the mode scructure along the field line is derived and solved
numerically. The critical beta obtained from the kinetic variational

principle will be compared with that from MHD.

M. N. Rosenbluth and M. L. Sloan, Physics Fluids 14, 1725 (1971).
2D, Dobrott, D. B, Nelscm, J. M. Greene, A. H. Glasser, M. S. Chance,

and E. A. Frieman, Phys. Rev. Lett. 39, 943 (1977).

*WYork supported by the Department of Energy,
Contract No. EY-76-C-03-0167, Project Agree-
ment No. 38.
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INDUCTION OF FORCE-FREE CURRENTS BY BOUNDARY
DISPLACEMENTS IN A SCREW PINCH*
H. C. Lui

Columbia University

The main plasma column in a screw pinch under equilibrium will
expand or shrink with further heating or ccoling. When force-free cur-
rents are present in the region between the main plasma column and the
outer wall, this column motion represents a moving inner boundary to
the low density plasma carrying the force~free currents, and the force-
free currents will grow or decay as a result. A theory suitable for this
problem is presented to describe the time evolution of these force-free
currents. A set of conservation equations is derived for the magnetic
fields, and an ordinary differential equation is obtained from the force-
free condition for the plasma velocity. The magnetic fields obtained
from these equations are uniquely determined by the displacement of the
inner boundary, regardless of the velocity of this boundary; but the plasma
velocity is of course completely determined by this boundary velocity.
Both analytical and numerical solutions are presented for representative’

cases to demonstrate this induction effect.

*  Work sﬁpported by U.S.D.0.E. under contract EY-76-5-02-2456.
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TRANSPORT AND RADIATION STUDIES OF BELT PINCHES
AND HIGH-BETA TOKAMAKS"
R. N. Byrne and C. K. Chu®

Science Applications, Inc.

Transport and radiation studies are performed for 2:1 ratio elliptical
cross-section plasmas, using the two-dimensional diffusion code G2M. The
Torus I and II machines at Columbia are used as medels. From the viewpoint
of radiation, these machines represent the_qeneral classes of cocld pinch=-
tokamaks (10-20 eV) and hot pinch-tokamaks (50-100 eV), which are qualitative=
ly different because of oxygen imgurities. Two types of profiles are studied:

parabolic density and temperature distributions, and force-free current pro-

files, with density peaked near the center and temperature almost flat. -
For the cold machines, small amounts of oxygen cause near-uniform de-
crease of_temperature throqqhéut the profiles. Power balance shows radiation
+to dominate all other losses. The toroidal field distribution often becomes
paramagnetic, agreeing with the Maryland TERP experiments. For the hot ma-
chines at 100 eV, the profiles cool slcwly, with other losses comparable to
radiation. At 50 eV, a qualitative difference appears between the parabolic
profiles and the force-free current profiles. In the former, the cuter edges
cool more rapidly, and eat into the core of the profile. In the latter, the
outer regionsr(at lower density) remain hot, while the center cools and gives
a hollow temperature profile. The decay of the plasma toroidal beta, however,

is much slower in the latter profiles.

* Work supported by U.S. Dept. of Energy under contract #E7-76-C-03-1018.

% Permanent address: Columbia University.



B14

Spatial Structure of the Beam Driven chi Mode

W. Horton, Jr. and D.A. Hitchcock
Fusion Research Center and Department of Physics
University of Texas at Austin
| Austin, Texas 78712
and
S.H. Brecht
Science Applications, Inc.

Washington, D.C. 20375

Abstract

In previous workl, it was found that the slow wave at 2o i could éasily
be destabilized in an infinite homogeneous deuterium beam plasma system.
The effects of magnetic shear and particle density variations on this mode
are studied here. Three important questions are addressed: is the mode
radially localized by magnetic shear; is the mode localized along the mag-
netic line of force by the variation of | B |; and is there linear mode con-
version between this mode and the fast (magnetosonic) mode inside the
plasma. The radial structure is found to be proportional to exp (-10 X /2)
with o ~ (p; LS)% VbJ_/Ve)% The mode is localized along the fleld line
with length of the order of (Lg ve/w . The mode coupling problem
studied is central for understanding the emission from beam driven tokamak
plasmas. In addition it is the inverse problem to the usual ICRF heating
problem in which the fast mode converts to the slow mode. |
I. S.H. Brecht, D.A. Hitchcock, and W. Horton, Jr., Phys. Fluids 21,
447(1978).

2. J. Jaquinot, B.D., McVey, and J.E. Scharer, Phys. Rev., Lett. 39,
88(1977).

This work is supported by the U.S. Department of Energy Contract
EY-77-C-05-4478.
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Localized Trapped Electron Drift Instability
' S.M. Mahajan and D.W. Ross
Fusion Research Center
The University of Texas at Austin
Austin, Texas 78712

Abstract

Using the full electron dynamics including temperature gradients in the
electrostatic collisionless drift wave radial mode equation %"+ Qlx.,w)®
= (0 , where @ is the fluctuating potential, we find two distinct even pari-
ty elgenmodes, which are localized well within the acoustic turning point,
and hence do not need ion dynamics for localization. The modes are un-
changed by the presence or absence of the acoustic term in Q(x,w). This
happens because the temperature gradient terms in’ Q(x,w) provide a well
near the mode rational surface for the localization of the mode. Inclusion
of trapped electrons in Q(x,w ) drives these modes strongly unstable.
Since these modes are more localized than the conventional trapped
electron mode, i.e., the drift-acoustic mode, the toroidal mode coupling
is unimportant for a larger range of shear and azimuthal mode number.
Analytical and numerical results, which are in very good agreement, are
presented; these include the radial structure of the mode, the wvariation of
the growth rate with shear and radial mode number, etc, The importance of
these strongly growing modes for current and future tokamaks is considered.
We believe that these are the first reported localized drift modes which do
not depend on the ion acoustic localization.

This work is supported by the U.S. Department of Energy Contract
EY-77-C-05-4478,
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Numerical Calculation of Impurity Diffusion in Tokamaks
J.C. Wiley and F.L. Hinton
Fusion Research Center
The University of Texas at Austin

Austin, Texas 78712
Abstract

Two transport codes have been developed to solve the equations de-
scribing the simultaneous diffusion and ionization-recombination of several
impurity states in a tokamak plasma. The impurity diffusion is assumed to
be in the Pfirsch-Schluter regime and the full diffusion coefficient matrix is
retained in both codes. Code 1 uses a spline Galerkin method in which the
unknown functions are expanded in terms of cubic splines on a non-uniform
knot sequence. Code 2 uses a collocation scheme with Hermite cubic
splines as the trial functions with the unique feature that each function
is expanded on a different dynamically changing knot sequence. A model
problem has been examined in which oxygen or carbon is allowed to diffuse
into a plasma determined by programed ng and T, profiles. The total
radiation from each state is computed. One interesting feature of the re=~
sults is that for long times the maximum oxygen concentration is not at
the center,

This work is supported by the U.S, Department of Energy Contract
EY-77-C=-05-4478,
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INTERNAL KINK INSTARILITIES IN REVERSED FIELD PINCHES*
7 Joon Y. Choe
Dept. of Physics & Astronomy, Univ. of Maryland, College Park, Md. 20742
Ronald C. Davidson

Dept. of Magnetic Fusion Energy, DOE, Washingtom, D. C., 20545

This paper investigates the MHD stability properties in reversed field
pinch (RFP) configurations. The maximum growth rates (y2) of the intermal
m=1 kink modes can generally be separated into three types, depending on the

radial locatiom rg of the singular surface [E°§ (rg) = o]. We denote these

by: (1) sz’ for interchange-like modes, where the singular surface is near
the axis (rg ~ o), (2) yﬁl, for the Robinson modes®
face locates near the wall (rg ~ R), and (3) YSZ’ for the generalized Suydam
modes, where Ty lies between the axis and the wall. Making use of local

stability analyses, a detailed parameter survey is presented which shows

, where the singular sur-

that the internal kink mode growth rates are reduced by increasing the follow-

ing relevant quantities: . B |2 B 12
s . i o (Pe) [a% _ _Ba)" yp
(1) v,* is decreased by increasing I = 2 1;j =t 2[1?j ;Fl;-iz ,
r=0
Be

(2) ¥W2 is decreased by increasing W = - u(r=R)/u(r=0), where u 3

i .
and (3) YSZ is decreased by increasing S =1 + 8 %%'Z [iiidrj
z

The dependence of growth rates on the choice of equilibrium profiles is ex-
amined both analytically and numerically in an effort to determine those
equilibrium profiles with optimum stability properties. Emphasis in these
studies is placed on RFP systems with parameters analogous to 2ZT-40 experi-
ment. The present analysis is part of .a more complete study of the sensi-
tivity of MHD stability property to vafiations in the equilibrium profiles

for RFP configurationms.

1
*

‘D. C. Robinsom, Plasma Phys. 13, 439 (1971).

Research supportad by the Department of Energy.
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A KINETIC STUDY OF NON-LINEAR SATURATION OF
TRAPPED ION MODES BY MCDE COUPLING
M. TAGGER, R. PELLAT
ASSOCIATION EURATOM-CEA SUR 1.4 FUSION

Département de Physique du Plasma et de la Fusion © ontrolée
Centre " Etudes Nucléaires

Boite Postale n°® 6. 92260 FONTENAY-AU X-ROSES (FRANCE)

A kinetic derivation is given for the non-~linear coupling of trapped-ion
modes in Tokomak gecmetry. This is done by a systematic resclutiomn of

Vlasov equation order by order in &, to second order in the perturbed po-

Qe

tential.

All important kinetic effects are incorporated (temperature gradient, ma-
gnetic gradient drifts, realistic collision operator, Landau damping), but
turbulent detrapping is neglected, assuming 5 T (<1 where ¢ is the pertur-
bed potential and £ the inverse aspect ratioc of the torus. Then a full
non-linear dispersion relation is established, wvalid in all collisionality
regimes and for any value of the magnetic gradient and temperature gradient
drift frequencies. This equation involves full integration in velocity
space, and takes into account the mode structure alcng magnetic field
lines. In a simple case (& = \7 Tl = o, Wep K o <'<\7.,f ) it confirms
the coupling coefficients derived by Laquey et al. from Kadomstev and
Poqﬁtse's four-£fluid model. This is done by keeping only the dominant non-
linear term, establishing a quadratic form and performing the velocity in-
tegrals with a test function for the mode structure along magnetic field
lines.

Solving this equation in various regimes is then only a matter of taking
into account the linear characteristics of the instability in the domain
of paremeters considered. First results are given in various cases

('77.‘1' # 0, Wy # O, weak collisions...).

This work is valid only for one-dimensional modes (kx = Q) or for convec-
tive modes with constant wave numbers. Work 1s in progress to take into
account the radial structure of modes localised by rational magnetic
surfaces, thus providing a full investigation of mede coupling in two

dimensions.

* Ecole Polytechnique de Palaiseau = France
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SPUDNUT - A Fast Neutral Transport Routine.*-- K. Audenaerde,
G. Emmert, and M. Gordinier, University Qf Wisconsin, Madison.

The transport of neutral hydrogen-like particles in a plasma with re-
actor parameters has been studied using a statistical transport model.

Slab geometry was used, and charge exchange sources are thought to be con-
centrated at the meshpoint inside each slab and supposed to be monoenergetic
at the Tocal temperature. )

An integral equatioh for the charge exchange source is developed and
transformed into a discretized system which rigorously conserves particles
and energy(]). This system is solved exactly by a singie matrix inversion.
From the solution for the charge exchange source one calculates the energy
transfer from the neutrals to the plasma, the local ionization rate and the
flux of neutrals (and their spectrum) to and from the wall. Reflections at
the wall are incorporated, using data from Oen and Robinson(z).

Results compare favorably with ANISN (PPL)(3) and FASTSLAB (ORNL)(4)
calculations; SPUDNUT is extremely fast, using about .1 sec CPU-time on the
MFE CDC-7600 computer.

References:

1) Khelladi, M., private communication.

2) Oen, 0.S. and M.T. Robinson, Nucl. Instr. and Methods 132 (1976) 647.
3) Gilligan, J.G., et al., Nucl. Fusion 18 (1978) 63.
4) Howe, H., private communication.

)

(
(
(
(
( Research supported by W.E.U.R.F. and D.0.E. contract #ET-78-S-02-4636.
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NUMERICAL MODELING OF PLASMA HEATING IN TORMAC*

M. C. Yella and H. L. Berk
Lawrence Berkeley Laboratory, University of California
Berkeley, California 94720

and

S. Hamasaki

Sciencé Applications Incorporated, La Jolla, California

A numerical study of plasma heating in Tormac has been undertaken using
a 10 hybrid code.1 Initial runs have been carried out in slab geometry. In
present experiments, a stabilized pinch is created in the chamber, followed
by application of the Tormac cusp field. Attention has focused on heating
as the cusp is applied. The advantage of this code is that in addition to
ohmic heating and adiabatic compression, ion diffusion and ion heating due
to reflection from the imploding cusp can be studied. Also, any anomalous

resistivity associated with instabilities, e.g. lower hybrid dm‘ft,2 is
obtained self-consistently,

's. Hamasaki, N. A. Krall, C. E. Wagner, and R. N. Byrne, Phys. Flds. 20, 65

(1977).

26, C. Liewer and N. A. Krall, Phys. Flds. 16, 1953 (1973).

« ‘
This work was supported by the Office of Fusion Energy of the Department of
Energy. ‘



B27

SIMULATION OF LOWER HYBRID HEATING OF A -NONUNIFORM PLASMA*

V. K. Decyk, G. J. Morales, and J. M. Dawson

Center for Plasma Physics and Fusion Engineering
University of California, Los Angeles, California 90024

A computer simulation is used to study the collective processes which
are expected to occur in a nonuniform plasma when driven by RF sources in
the lower hybrid frequency range. This work uses an electrostatic particle
simulation code developed earlier! which models a 2! dimensional, magnetized -
plasma slab, periodic in one direction and bounded in the other, with a
vacuum-plasma boundary along which various excitation sources are located.
In this study, the zero order den;ity increases away from the RF source
across a uniform magnetic field, and the exciter consists of two capacitor
plates oscillating out of phase. Those wavenumbers which experience small
electron Landau damping are observed to penetrate to the lower hybrid layer.
Correlation measurements are used to identify the propagation characteris-
tics of the various waves traveling across the magnetic field. Nonlinear
effects at the low density edge near the antenna are found to be important.
Some of the related observations include the creation of ion bursts near
the antenna, which proceed to diffuse through the plasma, and electron
heating at the plasma surface. The spatial distribution of the plasma

heating is being investigated.
*Work supported by USDOE and ONR.

ly. K. Decyk and J. M. Dawson, UCLA Center for Plasma Physics and Fusion
Engineering, Report PPG-331 (1977), submitted to J. Comp. Physics.
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Numerical Simulation of the Tormac Experiment?®

J. U, Brackbill
Los Alamos Scientifie Laboratory
University of California
Los Alamos, New Mexico 87545 USA

By means of‘numerical calculations, we seek to understand the effect of
the magnetic field geometry on the confinement properties of the Tormac
experiment. .

The experiment is modelled on a two-dimensional, axisymmetric domain by
the equations for time-dependent, magnetohydrodynamic flow with anistropic
resistive diffusion. The domain is periodic in z, with conducting boundaries
at r=a and r=b, bda. '

The magnetic fields in the domain include a toroidal field and a poloidal’
field with periodic line cusps cgreated by fixed toroidal conductors. A
toroidal, high~beta plasma 1is confined on closed magnetic surfaces, and its
pressure is supported by a sheath separating it from the poloidal field.
Initially, the plasma is not in equilibrium but in a relatively short time
moves into its equilibrium configuration. |

Plasma confinement is determined by the lifetime of the plasma in the
sheath and by the diffusion of plasma from the confinement region into the
sheath. The loss of plasma from the sheath is determined in the calculations
by mass decay in an annihilation region near the cusps in the poloidal field.
When mass decay time is short, the plasma pressure at the cusp is small, and
the sheath plasma will flow along poloidal field lines to a cusp as in a
linear theta pinch. When the decay time is long, the plasma pressure will be
essentially constant along field 1lines in the sheath. The two-dimensional
diffusion into the sheath i3 modelled by transport with c¢lassical depéndence
on the plasma parameters, but with a variable anomaly factor.

The dependence of plasma confinement on the decay time and the anomaly

factor is examined.

*Work performed under the auspices of the U, 3. Department of Energy.
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Magnetoacoustic Heating of a Collisionless Pinch#

H. Ralph Lewis
Los Alamos Scientifie Laboratory
University of California
Los Alamos, New Mexico 87545 UsA

The effect of finite ion gyroradius on magnetoacoustic heating of a
sharp-boundary screw pinch is being syudied theoretically and the results are
being applied to cases of expefimental interest. The theofetical calculation
is based on the Vlasov-fluid model'! in which collisionless ions and massless,
fluid electrons are treated under the assumptions of quasi charge neutrality
and negligible displacement current. In order to take proper account of the
sharp boundary, the starting equations are those derived by Lewis and Turner
for applying the Vlasov-fluid model to a sharp-boundary screw pinch.2 Within
the pinch the collisionless Boltzmann equation for the Vliasov-fluid model has
been solved analytically for small values compared to unity of kr; and AP
where k is the largest relevant wavenumber, r; is the ion gyroradius, w is the
frequency, and Wayi is the ion cyclotron frequency. Finite-ion-gyroradius
effects were kept to zeroth and first order and the solution is valid up ¢to
the sharp boundary. Because this approach uses a general ordering, it also
should be possible to determine whether dissipative mechanisms other than
Landau damping are operative for magnetoacoustic heating in a collisionless
plasma. A differential equation for ¢ (4(1) = §X§(°)) containing finite
gyroradius effects was derived by substituting the solution of the
collisionless Boltzmann equation into the <transverse force-balance equation
(the component perpendicular to B of the Maxwell VXB equation). An analytical
solution of the equation for £ was used to calculate the heating of the pinch
in the presence of an oscillatory driving electric field on a cylindrical
surface. in the vacuum region surrounding the pinch. Whem there is a finite
longitudinal wavelength (kzﬁo), significant additional heating can occur as a
result of finite ion gyroradius. Illustrative numerical examples of enhanced

heating computed with this approach will be presented.

References

1) J. P, Freidberg, Phys. Fluids 15, 1102 (1972).
2) H. R. Lewis and L. Turner, Nuclear Fusion 16, 993 (1976).
*WYork performed under the auspices of U.S. Department of Energy.
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Resonant Instabilities of a Field-Reversed Ion Ring*
J. M. Finn and R. N. Sudan

Laboratory of Plasma Studies
Cornell University
Ithaca, New York 14853

Low frequency MHD stability of field reversed ion rings in a background
plasma is studied. The background ion and electron épecies- are treated by
fluid equations, whereas the beam is treated by kinetic theory. The energy
principle of Sudan and Rosenbluthl is used with both the resonant and nonres-
onant parts of the beam energy computed in terms of an autocorrelation function
of the beam orbits. For a mode with variation §\,B v exp(if® - iwt) along the
symmetry direction, resonances with the betatron frequencies Wy of the beam,
w -~ <B> * wg = 0, occur. It is found that these resonant effects can lead
to instability for waves whose phase velocity is in the same direction as the
beam current. Waves whose phase velocity is opposite to the current are
damped. Thus the beam breaks the degeneracy of a stable MHD mode of the back-
ground plasma. Since the beam also leads to a change in the real part of the
frequency of the mode, we recognize the possibility of stabilization due to
resonances with the background plasma. In addition, the instability is
discussed for parameters pertinént to a field-reversed mirror.

*Work supported by U.S. Department of Energy Contract #EY-76-S-02-3170.

1. R. N. Sudan and M. N. Rosenbluth, Cornell Laboratory of Plasma Studies
Report #239 (1978).
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SIMULATION MODELS FOR EFFECT OF RF TURBULENCE ON ZXIIB*
W. C. Condit, R. P. Freis, R. M. Glaser
T. B. Kaiser, S. L. Rompel and J. A. Byers

Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

An improved Monte Car1o] model of the effact of RF turbulence
generated by the DCLC mode has been incorporated into the Superlayer
particle simulation code. Diffusive effects of the turbulence on ion
energy and velocity phase and the associated spatial transport have
been studied in the density regime of 2XIIB. Plasma electrons have
been treated as a pressureless background which carries no current,
but neutralizes the ions electrostatically and exerts a drag on them.
This is felt to be appropriate for the open-field-line cases to which
we have devoted most of our efforts.

*Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore Laboratory under contract number W-7405-Eng-48.

7. 8. Kaiser, Bull. Am. Phys. Soc. 22, 1175 (1977).
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SIMPLE ROTATING FIELD REVERSED PLASMA EQUILIBRIA*
Brendan McNamara

Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

Rotating equilibria, such as are generated in the LASL reversed
field theta pinch, are surveyed as a function of five parameters:
plasma beta, pressure profile, rotation velocity, aspect ratio of the
theta pinch, and the mirror ratio of the vacuum field. Several models
have been examined, the simplest of which is the one fluid, scalar
pressure, rigid rotator model. The equilibrium is described by two
equations: a Bernoulli type relation between the density, p, and the
electric potential ¢(v), (CS - sound speed)

: 2 2
.7 |2 _r (3 =
B-v Cs Inp 5 <kmp> 0

and the radial pressure balance equation for the poloidal magnetic flux v

2.2

A* g + 4nCr Bo(w,rz)

/3 =0
These equilibria represent a starting point for MHD stability studies of

the reversed field pinch and for the more complicated two-dimensional
equilibria in tandem mirror devices.

*Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore Laboratory under contract number W-7405-Eng-48.
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MONTE CARLO CALCULATION OF ELECTRON HEAT FLOW
FOR THE TRANSITION FROM COLLISIONAL TO COLLISIONLESS REGIMES*

T. D. Rognlien

Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

In the 2XIIB mirror machine, the plasma density is sufficiently high
that at moderate electron temperatures, the electron mean-free~path can be
on the order of the plasma length. This parameter regime poses a difficulty
for calculating the axial electron heat flow because it is the transition
regime between collisional and collisionless cases. In order to solve this
problem we have developed a Monte Carlo computer code to determine the
axial profile of electron temperature. The Monte Carlo calculation is
valid for both short and long mean-free-paths.

The particular operation of 2XIIB modeled is that which uses a gas box
located at one mirror to produce a source of cold ions for suppressing
microinstabilities. The Monte Carlo code is solved by coupling it to the
one-dimensional fluid code PHLOW which gives the axial density profile of
cold ions for assumed magnetic field and electron temperature profiles.

The axial orbits of the Monte Carlo electrons are followed using both the
ambipolar potential profile calculated from PHLOW and the assumed magnetic
field profile. These electrons are also randomly scattered according to
their collision probabﬂity.T After a sufficient number of steps, the axial
temperature profile of the Monte Carlo electrons is calculated and used as
new input to the PHLOW code. The PHLOW code is then run to produce another
ambipolar potential profile. The whole procedure is iterated until the

electron temperature profile does not change. Comparisons with experimental
data from 2XIIB will be made.

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore Laboratory under contract number W-7405-Eng-48.

1K. D. Marx, R. W. Moir, W. L. Barr, and C. E. McDowell, "Monte Carlo
Calculation of Collisional Effects in a Mirror-Confined Plasma," Proc.
Theor. Aspects CTR, 1C-11, Univ. Wisconsin, Madison, Wis., 1976.
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TOKAMAK EMPIRICAL SCALING LAWS AND THE
MULTIREGIME TRAPPED ELECTRON MODES*

R. E. Waltz and W. W. Pfeiffer

General Atomic Company
San Diego, California 92138
The interpretation and empirical determination of scaling laws for
energy confinement are discussed. Special emphasis is given to the diffi-
culty of determining the temperature dependence of energy confinement time
from steady-state ohmically—héatad discharges. A large collection of docu-

mented data is statistically analyzed to determine an ohmic temperature law:

<T>=] =@
e

x R0.66:0.15 I0.88:‘:9.09 zeff0.4620.06 .

-9.321.8 -0.10£0.06 =1.29%0.18
< ne> a

This corresponds to the electron energy confinement time scaling:

T =2

~43.8£3.5 0.90+x0.08 0.89%0.20 _1.63%0.31
E,e e <ue> a R

0.23x0.11 Y
<T > .
X zeff ( Te /M
The density averaged temperature is in keV, the volume-averaged density
<ne>, minor radius a, major radius R, and current I are in mks units; v is
undetermined but probably bounded between :1 from supplementary evidence to

be discussed. No significant magnetic field dependence was found.

We have reexamined the multiregime trapped electron mode theory in
comparison with these scaling laws.: We have numerically evaluated pub-
lished estimates of the growth rates. Combined with quasilinear estimates
for the diffusivity and several wave amplitude saturation models we have
attempted to derive a confinement time scaling for these modes. While the
density dependence is in qualitative agreement as noted bv previous workers,
the strong magnetic field dependence and temperature dependence are not in

agreement with empirical formulas.

*Work supported bv the Department of Energy,
Contract No. EY-76-C-03-0167, Project Agree- .
ment Mo. 38. '
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Numerical Investigation of the Two Dimensional Fokker Planck
and Quasilinear Equations
D. Choi, J. Wiley, R. Estes, and W. Horton
Fusion Research Center
The University of Texas at Austin
Austin, Texas 78712

Abstract

We investigate the stability of the coilisional electron distribution
against the high frequency electrostatic modes by solving the Fokker-~
Planck equation and follow the associated quasilinear evolution of the
wave spectrum and distribution function by solving the Fokker-Planck
quasilinear equations simultaneously. An implicit collocation scheme
using a tensor product of Hermite cubic splines is used to solve the 2D
Fokker-Planck equation in the presence of an electric field. Presently,
we restrict ourselves to the collision operator which is accurate for the
high velocity region (v 2 v e)' The runaway production rates are com-
puted and are compared with the published results. The stability of the
resulting distributions agaf.nst high frequency electrostatic modes is also
monitored. From an initial marginally stable distribution function the
coupled quasilinear equations of the wave spectrum I(k, , K, t) and the
particle distribution function f(vy , v ., t) are solved using a finite
- difference method. The nonlinear development of the instabilities from
the anomalous (4= -1) cyclotron resonance, the creation of the positive
slopes, and the plateau formation at the 2= 0 resonance are investigated.

This work is supported by the U.S. Department of Energy Contract
EY-77=-C=05~4478.
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Nurﬁerical Methods for Electromagnetic Instabilities
D.W. Ross, R.D. Hazeltine, F.L. Hinton, S.M. Mahajan,
W.H. Miner, and H.R. Strauss

Fusion Research Center
The University of Texas at Austin
Austin, Texas 78712

Abstract

The cubic spline cocle,l"2 developed to find the 2-D structure of trapped
electron modes in a torus, has been adapted to the coupled equations for
Ay and ¢ in slab geometry. A generalized WKB formalism has been deve-
loped and is used to deal with boundary conditions, to which particular
attention is paid. Solutions are presented which describe finite beta
drift waves, 3 tearing modes ,4 twisting modes ,5 and finite beta effec.ts on -
localized trapped particle modes. 6 This method is complementary to the
variational approach:7'8 it requires input from known solutions as a
starting point but is capable of dealing with more general cases.

1W.I-lf. Miner, Ph.D. dissertation, University of Texas, 1978.

D.W. Ross and W.H. Miner, Phys. Fluids 20, 1957(1977).

3S.l\/I. Mahajan and D, W, Ross, University of Texas Report, FRCR # 157,

1977,
4R.D. Hazeltine and H.R. Strauss, Phys. Fluids, to be published.

5H.R. Strauss, et.al., presented at this meeting.

6S.I\/I. Mahajan, and D.W. Ross, presented at this meeting.

7R.D. _Hazeltinev, at.al., presented at this meeting.

8R.D. Hazeltine and D, W. Rossg, Phys.v Fluids, to be published.

This work is supported by the U.S, Department & Energy Contract
EY-77-C~05-4478.

*Present address Science Applications, Inc., Washington, D.C.
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AXTAL HEATING OF LINEAR MAGNETIC FUSION SYSTEMS

by

R. Morse, P. McKenty & G. Sowers
Department of Nuclear Engineering
University of Arizona
Tucson, Arizoma 85721

The heating of linear magnetic fusion systems by collisional
damping of strong axial magneto acoustic waves has been studied
with a numerical model which includes radial and axial MHD, physical
viscosity, and separate electron and ion temperatures and thermal
conduction. Increases of plasma temperature by about a factor of
1.5 to 2.0 are seen on each cycle of the low frequency extermal
magnetic pumping field whigh produces the axial waves. Parameter
studies of heating rate as a function of axial wavelength and
frequency of the pump field will be shown. It is shown that this
heating method could be an effective and economical altermative

to radial shock heating in linear magnetic fusion reactor systems.
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Lower Hybrid Wave Propagation in a Turbulent Plasma*
Abhijit Sen

Plasma Fusion Center,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Recent experimental measurements' on the ALCATOR-A tokamak plasma have
established the existence of low frequency density fluctuations with amplitudes én/n ranging
-from 0.1 to I. The large amplitude fluctuations occur for high density discharges (average
density A > 1x10'" ) and are found to be peaked near the plasma edge. They can therefore
significantly affect externally launched lower hybrid waves propagating through this region. We
obtain a propagation equatien which is a linear differential equation with stochastic operators
describing  the coupling of such steady state electrostatic lower hybrid waves with the
background random density fluctuations. Taking an ensemble average and using an operator
expansion technique developed by Keller® results in an equation for the average wave
amplitude. Retaining terms up to second order in the fluctuation amplitudes and Fourier
transforming we find a modified dispersion relation for the lower hybrid waves. We analytically
solve the dispersion -relation for a Gaussian spectral distribution of the fluctuations, to find the
damping rate. In the interesting regime of k, L-> 1, where &, is the perpendicular
wavenumber of the tower hybrid wave and L is the correlation length of the turbulence in the
perpendiéular direction, attenuation can be significant even for moderate levels of fluctuations.

* Work supported - by ‘National Science Foundation (Grant ENG 77-00340) and US.
~Department of Energy (Grant EG 77-G-01-4107). :

I R. E. Slusher and C. M. Surko, Phys. Rev. Letts, 40 400 (1978).

2], B. Keller, in 13th Symp. Applied Mathematics: Hydrodynamic Instability, (Proc.:
Symp. Am. Math. Soc., New York 1960).
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The Efféct of Convection on the Stability of the
Plane Magnetized Plasma Slab ’

R. Y. Dagazian
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico 87545 USA

An MHD boundary layer analysis is performed treating the effect of
convective term of the equation of motion near the singular surface.
nonlinear equations in this region are separable; the time evolution of
solution is determined by the Riccati equation and nonlinear harmonics

generated at wavenumbers which are multiples of the fundamental.

the
The
the

are

This

solution is matched to the linear soluticn in the outer region yielding modes

reminiscent of resistive instabilities which nevertheless are not normal modes

of the systen.

*Work performed under the auspices of the U.S. Department of Energy.



C17

Finite-Larmor-Radius Stabilization of @=1 Kink Modes in a Screw Pinch*

T. E. Cayton and J. P. Freidberg
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico, 87545 USA

In a recent article, Pearlstein and E‘r’eidberg1 derived a set of
macroscopie equations governing perturbations of arbitrary near theta-pineh
equilibria from the Vlasov-fluid model; this derivation retained the lowest
order effects of finite ion gyro radii. Here, ve utilize these FLR equations
and write down a dispersion differential equation governing perturbations of a
eylindrical high-8 sérew pinch. The dispersion differential equation reduces
to the cne derived from ideal magnetohydrodynamics when the ratic of ion gyrd
radius to pinch radius vanishes. Numerical solutions of the dispersion
equation illustrating the dependence of kink mode stability on various
parameters (ratico of gyro radius to pinch radius, rL/a; ratio of wall radius
to pinen radius, b/a; plasma R; mode numbers m and k) are presented. We show
that a combination of finite gyro radius and wall effects can effectively
stabilize all weak magnetchydrodynamic instabilities in a cylindrical screw

pinch, including the m=1 mode.

References

1) L. D. Pearlstein and J. P. Freidberg, submitted to Phys. Fluids.
#York performed under the auspices of the U.S. Department of Energy.
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Modeling of a Reversed-Field Configuration

with a 1D Quasiequilibrium Code

by

B. H. Hui
Science Applications, Inc.
McLean, Virginia 22101

D. L. Book and P. C. Liewer
Naval Research Laboratory
Washingtom, D.C. 20375

A 1D radial code called QUEST, for Quasiequilibrium Stability
and Tranmsport, has been developed to study the diffusion of plasma,
heat and magnetic flux in reversgd-field (belt and theta-pinch)
configurations. The code maintains quasiequilibrium (Vp = J x B)
and can model compression by a moving wall, as well as classical
and anomalous (enhanced) cross-field tramnsport. The code has been
run (without comprassion) using initial conditions corresponding
to those observed by Hammer, et al. in the SEEBIE experiment.l
Good agreement with measured magnetic f£lux and Be traces is
obtained using purely classical tramnsport ccefficients, provided

Ohmic heating and axial electron thermal conduction are included

in the model.

*Permanent address: Dept. of Physics and Astronomy,
University of Maryland, College Park, Maryland 20T42.

1D. A. Hammer, A. E. Robsom, K. A. Garber, J. D. Sethian,
Phys. Lett. 50 4, 31 (1977)..
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*
CYLINDRICAL, AXTALLY SYMMETRIC MHD TURBULENCE

George Vahala, College of William and Mary

Incompressible MHD turbulence is treated in the presence of
cylindrical boundaries. The model treated is non-dissipative and axially
symmetric. A spectral expansion-is performed for the fields but with d4if-
ferent eigenfunction bases depending on whether (I) BZ is constrained to
be constantl gg.(II) BZ is unconstrained. The absolute equilibrium expec-
tation values of the spectral coefficients can be determined from the Gibbs
ensemble appropriate with the constraints imposed by the rugged invariants
as well as by any physically iﬁposed constraints.

For (I), it is found that there is a wique state (i.e., a unique
Be profile) for which large velocity fluctuations are not expected. All
other states are unstable. The stable state exists for arbitrary toroidal
current.l For (II) and for sufficiently low values of the toroidal current
there is a unique stable state which corresponds to the force-free Taylor
state.> As the toroidal current increases one obtains (stable) B, reversal.
If the toroidal current is increased further then one obtains magnetic
islands and all states are now unstable.

These results are in striking contrast to both a linear &W analy-
sis and to a linearized treatment of the spectral coefficients. Both these
linearized theories predict stability for all k = 0 modes for arbitrary
Be profiles.

'S )

Work supported in part by D.0.E. Grant EY-T6=8-05-5260

1. D. Montgomery and G. Vahala, William and Mary preprint (Nov. 197T).
2. J. B. Taylor, in 'Pulsed High B Plasmas', p. 59 (1976).
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SIMULATION OF 2XIIB EXPERIMENTS WITH A GUIDING CENTER CODE*

R. S. Devoto, D. R. Faul, B. W. Stallard "
Lawrence Livermore Laboratory, University of California
ABSTRACT

Recent 2XIIB experiments have included three types of neutral-beam
injection: (1) tangential with ions displaced inward from the point of
deposition and leading to high 8 values; (2) tangential with ions dis-
placed outward leading to a flat or hollow density profile at lower B;
(3) head-on injection giving a nearly flat density profi]e. We have
used a code which computes the evolution of the density of guiding
centersf to simulate these experiments. The code includes displacement
of the trapped ions, multiple generation charge-exchange off injected
beams, surface erosion by reflux atoms and molecules, but, at present,
does not include energy equations. In using the code to simulate the
experiments, we consider the particle confinement time (ntp) as a pa-
rameter to be adjusted to fit the observed steady-state central line
density. The behavior of the streaming target plasma is modeled to
reproduce the initial plasma build-up rate. Resultant values for nt
are in the range 5 - 7 X 1O]Ocm'3-s. Best agreement between computeg
and experimental line density profiles occursfor case (1) above. For
cases (2) and (3) the profiles are somewhat broader than those measured.
The simulation also yielded somewhat more of a dip in the central density
for case (2) than was observed. Possible explanations for less dip include
inward fluting, since such a profile is MHD unstable, diffusion in the
gver present rf, or increased penetration of streaming plasma because of
the Tower electrostatic potential.

+ B.W. Stallard, LLL UCRL-51684.

* Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore Laboratory, under contract number W-7405-Eng-48.
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Stability of Axisymmetric Field-Reversed Equilibria
of Arb_itrary Ion Gyro-Radius®

"R, N. Sudan and M. N. Rosenbluthf

Laboratory of Plasma Studies
Cornell University
Ithaca, New York 14853

An alternative derivation of the "'energy principle'" for axisymmetric
field reversed equilibria obtained previouslyl by varying the total system
energy, angular momentum and entropy has now been obtained directly from
the dynamical equations. Particles that carry the azimuthal current are
described in the Vlasov formalism allowing for arbitrary gyro-radius while
the background plasma is approximated by two-fluid equations. The '"energy
- principle'" is developed in two limits: (a) n; > ny and (b) n, <<, where
n; and n, are the background ion and the ring ion densities respectively,
Two special cases viz. a long, thin P-layer and thin, bicycle tire shaped
ion ring are examined in detail.

*Work supported by U.S. Department of Energy Contract #EY-76-S-02-3170.
tPermanent address: Institute for Advanced Study, Princeton, NJ 08540,

1. R. N. Sudan and M, N. Rosenbluth, Phys. Rev. Lett. 36, 972 (1976).
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STRONGLY INHOMOGENEOUS VLASOV SLAB EQUILIBRIA*

W. M. Sharp and H. E. Mynick
Lawrence Berkeley Laboratory, University of California

Berkeley, Califormia 94720

ABSTRACT

We describe a method for comstructing exact Vlasov slab equilibria
to model high-density plasmas having scale lengths for density varia-
tion and magnetic shear that are comparable with typical fon gyroradii.
To demonstrate the method, we presentnumerically calculated equilibria

amodeling the sheath tegi:on outside a Tormac plasma.

*This work was supported by the Office of Fusion Emergy of the Department

of Energy.
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NONLOCAL THEORY OF DRIFT WAVES*

D. Kelly, Y. C. Lee, A. Banos, and B. D. Fried

Center for Plasma Physics and Fusion Engineering

University of California, Los Angeles, California 90024

Qur ealier étudyl of drift waves in shearless plasma sheaths having
density gradient length, L, comparable to the ion cyclotron radius T used
a differential equation approximation to the integral-differential equation
satisfied by the electrostatic potential. We have now examined the properties
of the full equation, taking advantage of the fact that the integral operator-
involved has Hermite polynomials as eigenfunctions in the small frequency
(w << wci) and small transverse wavenumber (klrci << 1) regime. Expansion in
Hermite polynomials and truncation of the resulting infinite set of equatioms
yields the eigenfunctions and associated growth rates of the ion acoustic type
modes as functions of (ky/kz) (me/mi)%' .

*Work supported by NSF and USDOE.

1Bull. APS 21, 1121 (1976)
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PHYSICAL PROPERTIES OF "DISCONNECTED" BALLOONING MODES*

B. Coppri, A.vFerreira,J. Filreis, J. W-K Mark and
J. Ramos
Massachusetts Institute of Technology, Cambridge, Mass. 02139

Ideal MHD, "disconnected" ballooning modes can be driven
unstable by the locally unfavorable magnetic curvature, in finite
B confinement configurations, over consecutive segments of a
givén field line as if these were independent of each other. Their
topology is determined by minimizing the associated variation of
magnetic energy and the influence of shear. We have evaluated
the properties of the marginal stability condition B8 = Bc where
Bo ~ GrpRo(Zw/L)z, T, -(dlnp/dr)-l, L is the periodicity distance
of the poloidal magnetic field along a given line of force, RO
the radius of magnetic curvature and G a finite function of magnetic

shear. Our analysis takes into account that, as B becomes finite,

(1) L tends to become shorter than 2mgR, (g is the rationalized

inverse rotational transform), (2) rp decreases and (3) the magnetic
shear parameter becomes a function of the poloidal angle.

Supported in part by Department of Energy.
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NONLINEAR PROPAGATION OF ION CYCLOTRON WAVES IN A HOMOGENEOUS PLASMA®
_ C. S. Liu and J. R. Myra
Dept. of Physics & Astronomy, Uﬁiversity of Maryland, College Park, Md. 20742
Large amplitude ion cyclotron waves in a homogeneous plasma are studied
in the electrostatic approximation. The nonlinear mechanism considered is
the frequency shift of the ion gyrofrequency due to the presence of the elec-
trostatic wave. This nonlinear frequency shift was previously applied to the
case of the drift-cyclotron instability in an inhomogeneous plasma and was
seen to lead to a detuning of the resone_mce.l In the present, homogeneous
case, we do not consider an instability, but examine the space—~time
evolution of wave packets. The frequency shift, which for large kpi is
proportional to the ponderoﬁotive potential w=e2k21¢|2/M(m-nQ)2 is seen to
importantly affect the nonlinear behavior. Equations describing the evolution
of the envelope are derived in various regimes of interest. In particular,
it is shown that the nonlinear Schrédinger equation results. Solitons and
soliton collapse phenomena are discussed with application to magnetic
confinement devices and the magnetosphere.
*Work supported by DOE and National Research Council of Canada.
1. R. E. Aamodt, Y. C. Lee, C. S. Liu, and M. N. Rosembluth, Phys. Rev.
Lett. 39, 1660 (1977).
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DENSITY FLATTENING AND QUASILINEAR EVOLUTION
OF INDIVIDUAL MICROMAGNETIC CELLS*

Jang=Yu Hsu, Ming-Sheng Chu, and Cheng Chu

General Atomic Company
San Diego, California 92138

ABSTRACT

A number of collective phenomena ﬁave been identified which
can destroy magnetic surfaces in tokamaks through creation of
fine-scale magnetic islands. Due to micromagnetic island forma-
tion, the pressure gradient tends to diminish along the recon=-
nected field line on a fast or MHD time scale. From a linear
profile, the pressure evolving according to 3 - $p =0 (E, the
total magnetic field) is not analytic around the separatrix
where the island rotational transform is practically aull. A
boundary layer, allowing an irreversible process, permits the
quasilinear evolution of the instability to be calculated.
Results and possible applications to a macro-island will be

discussed.

*Work supported by the Department of Energy
Contract No. EY-76+C-03-0167, Project Agree-
ment No. 38.



THE ROLE GF EQUILIBRIA IN NONCIROULAR
TRANSPORT CALCULATIONS
M S. McCoy, M E Rensink, A A Mirin, J. Killeen

National Magnetic Fusion Energy Computer Center
Lawrence Livermore Laboratory

A transport code for tokamaks with non-circular flux surfaces is
under development at the National M.F.E. Computer Center. Two questions
concerning the formulation have arisen: What are the effects of ani-
sotropic pressure on the equilibrium, and in what manner should the
magnetic fields be advanced in time?

The first question has not been addressed in past transport code
formulations; these calculations have assumed scalar plasma pressure,
which is a function of only the poloidal magnetic flux coordinate
However, in tokamak devices where energetic neutral beams supply a
significant fraction of the energy input, the plasma pressure may become
anisotropic due to the directed nature of the beams. To study the effects
of anisotropy, we compute equilibria using model tensor pressures of the
form B=HI, + (™ B 8 where Bis the magnetic field and the pressure
components t~and P, depend on both ~ and ]Bj. Diamagnetic and paramagnetic
responses of the plasma to the vacuum toroidal field are also examined.

The maximum attainable beta is limited by the requirements that reversed-
current regions be avoided, the safety factor be greater than unity, and
mirror and firehose modes be stable.

Other transport code difficulties relate to whether or not the
equilibrium condition 0 = -V** + XB" should be ignored while the poloidal
and/or toroidal magnetic field components are advanced in time via Faraday's
lLaw — i?-+ WE = 0; the particle and energy fluxes in the plasma are
assumed to be given in terms of local or flux surface averaged transport

coefficients. We are currently investigating these options with a simple
one-dimensional model.

*Work performed under the auspices of the U S. Department of Energy
by the Lawrence Livermore Laboratory under contract number W-7405-ENG-48.
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Fusion Product Heating of Field-Reversed Mirrors*
by

D. E. Driemeyer, G. H. Miley, and M. Y. Wang’
Fusion Studies Laboratory
Nuclear Engineering Program
University of I[1linois
Urbana, I11inois 61801

and

W. C. Condit
Lawrence Livermore Laboratory
Livermore, California 94550

Recent estimates of fusion product (fp) heating in D-3He field-reversed

mirror (FRM) plasmas indicate that near-ignited operation (Q>10) is possible.
Using an absolute confinement critarion developed by M. Wa.ng,1 we find that
88% of the 3.67-MeV alphas and 55% of the 14.1-MeV protons are absolutely
confined in a 60-kG FRM with 20-cm plasma radius. This is quite encouraging,
however, many particles that are absolutely confined only spend a sma11
fraction of their time in the closed-field region. In order to obtain a
more accurate evaluation of the actual energy deposition, a Monte-Carlo
particle code (MCFRM) has been written. This code follows particle
trajectories during slowing down, and will eventually include pitch angle
scattering effects in order to determine the deposition of fusion "ash."
Heating profiles from MCFRM for typical FRM parameters will be presented
along with a discussion of the sensitivity of the FRM energy multiplication
to fp heating.

1. Wang, et al., Trans. 4m. Nuel. Soe., 27, 93 (1977).
* N
Work supported by Electric Power Research Institute.

"Present address: Physits International, San Leandro, CA.



CURRENT DRIVEN DRIFT WAVES AND TRAPPED ELECTRON MODES IN SHEARED MAGNETIC FIELD*
N. T. Gladd and C. S. Liu
Dept, of Physics & Astronomy, University of Maryland, College Park, Md. 20742
Recently it was shown that the universal instability is suppressed by
any amount, however small, of shear in the magnetic field. In this paper we
analyze, numerically, the current driven drift wave in a sheared field, 1in
both slab geometry and toroidal geometry. We use full Z-functions and also
include the effects of temperature gradients, electron-ion collisions, and
trapped electrons. In slab geometry we find that the collisionless
current-driven, drift wave remains unstable provided the threshold u/v/A>LN/LA
is satisfied, a result in agreement with previous analytic results. A
negative electron temperature gradient, r)=dinT/dinN<Q, which does not, by
itself, produce instability in a sheared field, reduces the current threshold
for instability and enhances the growth of the instability. A positive
temperature gradient, n>0, does not readily stabilize the current-driven
drift wave as is the case in an unsheared field, but merely increases
the current threshold, even for rt=+l. Interestingly, the growth rate for
the current-driven instabilities maximizes for long-wavelength modes kp”~<<lI,
which are effective in producing radial diffusion. The radial extent of
these modes is also quite broad. Electron-ion collisions reduce the growth
rate of short wavelength spectrum of the current-driven drift mode, while
enhancing the growth rate for the long-wavelength spectrum. In toroidal
geometry trapped electron modes are found to be unstable when the Z-functions

for the free-streaming electrons are introduced. Also, we report on the com-
bined effects of current and trapped electrons on drift wave stability.

Research supported by DOE.
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FINITE BETA EFFECTS ON THE ION-CYCLOTRON-DRIFT INSTABILITY*
N. T. Gladd
University of Maryland, College Park, Maryland 20742
' and
J. D. Huba
Science Applications, Inc., Mclean, Virginia 22101

The ionfcyélotron-drift instability, resulting from coupling of an ion
drift wave to ion cyclotron waves, may lead to anomalous transport im plas-
mas with moderate inhomogeneities [r /LNN(m /m )1/2]. This instability can
be present in late time post—implosion theta plnches and may be relevant to
the straight sectiom of the Tandem Mirror Experiment (TMX), the first high
density solenoidal plasma with a millisecond lifetime. We present a detailed
analysis of the effects of finite plasma beta [B=8vM(Ti+Te)/BZ] on this
instability. The analysis is based on numerical solutions of a fully
electromagnetic kinetic dispersion equation which treats the magnetic drifts
of both electrons and ions. A numerical formulationm is chosen which allows
for strong ion inhomogeneities and permits the continuous tracking of the
instability for arbitrary m/m

The ion-cyclotron-drift 1nstabilxty has a real frequency, W, g’1\’.‘)‘ ci
and growth rate y=£(m /m ) /s Woy for an equilibrium inhomogenelty (rLi/LN)=
Zz(me/m )1/2. Maximum growth occurs for wavenumbers by kv, %VibLH with k-B=0.
For inhomogeneities, (me/m )llzﬁrLi/LNE( e/m )1/4
exhibits a complicated banded structure.

Analytic theories predict a reduction of the ion=-cyclotron-drift

, the unstable k-spectrum

growth rate by ion magnetic drift resonances,l’z and complete stabilization
of the mode by electron magnetic drift resonances.2 We find that while both
of these effects have a stabilizing influence on the mode, electromagnetic
effects prevent actual stabilization. When only the first harmonic is
excited the various finite beta effects act to reduce the electrostatic
growth rate by 507 for Te=0 and by 907 for Te=Ti for the value 3=1. When
several unstable harmonics are present, finite g8 skews the spectrum so that

the longer wavelength modes are more unstable than their shorter wavelength

counterparts.

*Researcﬁ supported by DOE.

1. A. B. Mikhailovsky, Nucl. Fus. 11, 323 (1971).

2. N. K. Bajaj and N. A. Krall, Phys. Fluids 13, 657 (1972).



A UNIFIED APPROACH TO BALLOONING AND TRAPPED PARTICLE INSTABILITIES
P. C. Liewer and C. S. Liu
University of Maryland, College Park, Md. 20742

A unified, electromagnetic dispersion relation for the curvature-drift
driven MHD ballooning instabilities and the trapped electron drift instabilities
has been derived from the drift-kinetic equation in toroidal geometry.*** The
two branches of the dispersion relation, the shear Alfven (MHD) and the
electron drift (trapped electron) are coupled by curvature drift as well as
finite ion gyroradius effects. This unified dispersion relation has been used
to study Kkinetic effects on ballooning modes, as well as curvature drift
effects on the trapped electron modes.

In the MHD limit, the dispersion relation yields the usual MHD ballooning

mode and the critical g, stability in a tokamak with circular cross

section g_ _ =L /g”R where L = * A2 and *q is the safety factor and R is
Tcrit n* n n dr

the major radius. Finite ion gyroradius effects lead to a real frequency

contribution to the eigenvalue =y k~V”™ where kj_=m/r and is the ion

diamagnetic drift velocity. Thus different poloidal mode (m) have different
eigenvalues and thus the global degenerate modes seen in the MHD analysis are
converted to radially localized modes. This may have important consequences
in the nonlinear phase. Other kinetic effects analyzed are found to only
weakly affect the growth rate and critical 6.

The effects of the curvature drift of the untrapped particles on the
trapped electron mode has been found to be destabilizing in the absence of
an electron temperature gradient. For modes with m~<<v , where is the
electron diamagnetic drift frequency and v is the effective collision frequency

for detrapping, and with (k”*p”) >>L~/q R where p” is the 1ion gyroradius, the

growth rate and eigenmode are, in the absence of an electron temperature

gradient

e !(l /2Rr (jjq)

<(<=1+/2*cos8

where ¢ =T /m., k=1/(gR) and t.=T /T,. The k.p. contribution is the usual
finite ion gyroradius destabilization and the L~/R contribution is from the

curvature drift. The eigenfunction balloons out in the region of bad curvature.

1. P. C. Liewer and C. S. Liu (submitted for publication).
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THEORY OF NONTHERMAL RADIATION AT mpe FROM TOKAMAKS*
Y. Mok and C. S. Liu

Intense electromagnetic radiation near w has been observed in TFR,l
Alcator,2 Microtor,3 and PLT4 in both high angeintermediate density regimes.
The power spectrumshows a peak near mpe of the order of black body level as
well as other peaks at cyclotrom harmonics. In the present analysis, this
emission is interpreted as the collective bremsstrahlung radiation induced
by the runaway electrons. Because the runaway distribution is flat and
anisotropic, the fluctuation is enhanced over the thermal level due to the
reduction of Landau damping and the enhancement of spontaneous emission
through the multiple cyclotron resonances. The fluctuation collides with

e

low frequency ion fluctuation to produce radiation in the neighborhood of mpe'

The two polarizations, ordinary and extraordinary, are also distinguished,

and show significant modification to the one calculated by Papadopoulos et al.5

for the unmagnetized case. The time evolution of the radiation is also

demonstrated. The intensity decays during the discharge in the case that the

runaways are not very well confined. But in the case of extremely good

confinement such as PLT the radiation level actually increases in some cases.

The detailed spectrum is to.be compared with experimental results.

*Work supported by DOE.

1. TFR group, private communication.

2. I. Hutchingson and D. Komm, private cgmmunication.

3. D. Hammer, N. C. Luhmann, and G. Morales, Bull. Am. Phys. Soc. 22, 1201
(1977).

4., Maryland Synchrotron Radiation Group, private communication.

5. K. Papadopoulos, Phys. Fluids 12, 2185 (1968); D. Tidman and T. Du;ree,

Phys. Fluids 8, 1860 (1965).
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Sizmulation of a High Frequency Loss Cone Instability®

D. Winske
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico 37545 UsSA

Results of particle simulation of the higzh frequency (- lower hnybrid)
mirror loss acne i:xszability1 are presented. The simulations were done in the
two spatial direcctions perpendicular to the external magnetic field in a
finite peta (icam beta - ,3), strongly inhomcgeneocus (denaiﬁy scale length - .2
ion Larmor radius) configuration. In this regime the instability is basically
fluid-like and resembles the lower hybrid drift instability. Comparisons with
linear and nonlinear theory as well as with sizulation results for the lowér
hybrid drift instability2 will be discussed. Also, measurements of the rata
of diffusion of ions inte the loss cone and calculations based om quasilinear

theory will bDe presented.

References

1) R. C. Davidscn and N. T. Gladd, Phys. Fluids 20, 1516 (1977).
2) D. Winske and D. W. Hewett, Phys. Rev. Lett. 35, 937 (1975).
*Work performed under the auspices of the Department of Energy.



Hamilton®"s Principle for a Hydromagnetic Fluid with a Free Boundary

R. L. Dewar
Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08540

(i) We have generalized Newcomb®"s"** nonlinear Lagrangian by the in-
clusion of a vacuum region. The availability of a nonlinear Lagrangian
offers the possibility of investigating mode coupling effects.

(i) We have found a method of expansion for the Lagrangian which
needs only a linearization to treat linear problems and which produces
the familiar form of the potential energy 6W in a natural manner.

(i) We have found variational principles for the inductance matrix
L~, and scalar magnetic potential x which allows Galerkin®s method to be
used in the vacuum region.

(iv) We have introduced generalized coordinates to describe the
currents flowing in the plasma and external conductors, thus allowing

the treatment of external circuits: e.g. the effect of passive feedback

on axisymmetric stability.

~Newcomb, W. A., Nucl. Fusion Suppl. Pt. 2, 451 (1962).

Work supported by U.S. DoE Contract EY-76-C-02-3073
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' %*
Theory of Dissipative Drift Instabilities in Sheared Magnetic Field

Liu Chen, P. N. Guzdar, J. Y. Hsuf,,P. K. Kaw, C. Oberman and R. White

Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08540

Using several different non=-perturbative techniques, we have investi-
gated the stability of elettrostatic drift-wave eigenmodes in a resistive
plasma with finite magnetic shear. It is found that in the slab approxim-
ation, where usual shear damping is operative, resistivity contributes to
an enhancement of this damping and the enhancement factor increases with
the electron-ion collision frequency vei . Thus, no unstable eigenmodes
result. If the shear damping is nullified, either by introducing a strong
spatial variation of the demsity gradient or by working in toroidal geometry
with strong toroidal coupling effects, then unstable eigenmodes are re-
covered and the growth rata increases with Vai A perturbation calcula-
tion shows that inclusion of finite electron thermal conductivity as well
as temperature gradients does not alter these conclusions. Extensive nu~
merical calculations and relation to published experimental results are

also presented.

¥ Present address: Gulf General Atomic, San Diego, Califormia.
%*

Work supported by U.S. DoE Contract EY-76-C-02-3073 and U.S. AFOSR
Contract F-44620-75-C-0037.
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Numerical Study of Strong Ion Ring Trapping Efficiency®
A. Mankofsky, A. Friedman, and R. N. Sudan
Cornell University

The RINGA cocl.e]"2 has been used to study the resistive trapping of strong
ion rings. We simulate the injection of an ion beam from a magnetically insu-
lated annular diode through a cusp-like magnetic field, The cusp imparts
a rotation to the beam, thus forming a ring which propagates down the tank
towards a magnetic mirror (of mirror ratio Ml) , beyond which is a region
of azimuthal wall resistors (of conductivity o, determined by requiring the
L/R time of a resistor to be roughly comparable to the transit time of
the ring under the resistor), and finally a larger mirror (of mirror ratio
MZ) . The ring bounces between the mirrors while dissipating axial energy
to the resistors, and is eventually trapped.

The trapping efficiency, defined as the percentage of particles finally
. trapped, is found to be governed by three parameters: Ml’ g, and N, the
mumber of particles injected. The dependence on ¢ is not critical; the
dominant effect is the interaction between the mirror field and the ring's
self-field, and hence the important parameters are M1 and N, For given
values of ¢ and Ml’ trapping efficiency rises with N, then peaks and begins
to decline. Rings which did not trap at this value of M1 were successfully
trapped by either raising M1 (for large N) or lowering M1 (for small N), but
trapping could not be achieved by keeping M1 constant and varying o.

Typical trapping efficiency is 99% for N = 8.55 x 10%°

Ml =1,11:1.

*Work supported by U.S. Department of Energy Contract #EY-76-S-02-3170.°
1. A, Friedman, R. L. Ferch, R. N, Sudan, A. T. Drobot, Plasma Physics 19,
1101 (1977).

2. A. Mankofsky, R. N, Sudan, and J. Denavit, Bull. Am. Phys. Soc. 22,
1069 (1977).

protons and



A Linearized 3-D Hybrid Code for S tability Studies
of Axisym metric Field-Reversed E quilibria*

A. Friedman and R. N. Sudan, Cornell University

J. Denavit, Northwestern University

We have developed a linearized hybrid simulation code suitable for appli-
cation to the study of the low frequency (m < H”) stability of field-reversed
equilibria, in particular those of ion rings and m irror configurations. The
model is a generalization of the purely particle-in-cell system described
previously.”®

In addition to the energetic ion component modeled by discrete particles,

a cold, unifoim density background of ions is described by an ion fluid equa-

tion, and a complement of cold electrons (of density such that charge neutrality
obtains) is described by an electron fluid equation. We neglect electron
inertia and the displacement current. Collisions between background electrons

and ions are modeled by a scalar collision frequency.

The equilibrium magnetic field and hot-ion charge density are obtained
from the zero-order module, a complete 2~ D magnetostatic particle code in
its e If. 6J". is obtained from the first-order particle-code module, which
advances particles along their equilibrium orbits and at the same time follows
first-order particle displacements of fixed toroidal mode number &, via
6r = 3E + v x (533 + (5r*V)B) + 6r x B, where all fields are evaluated at
r(t). To implement the hybrid model, we solve the electron momentum equation
for 5E and obtain 5B, 5J7~, 5Jt in terms of 5E and quantities known from the
previous timestep, using over-relaxation to solve the resulting equation.

Improved finite-size-particle shape functions have been developed (with

continuous derivatives to reduce noise in the first-order calculation), and

a new, improved method for obtaining quiet equilibria is employed, using a

resistive term -c3A g”/3t to damp collective oscillations from the system .”

Alfven wave propagation using both fluid and particle modules has been
verified . We are at present examining the behaviour of in finitely long
layers in a background plasma.

*Work supported by U.S. Department of Energy Contract #EY-76-S-02-3170.

1. A. Friedman, R. N. Sudan, J. Denavit, Paper 16, Sherwood Theory Meeting,
San Diego, CA (1977).

2. A. Friedman and R. N. Sudan, Cornell Laboratory of Plasma Studies
Report #2337 (1978).
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FINITE GYRORADIUS GUIDING CENTER HAMILTONTIAN
Harry E. Mynick

Lawrence Berkeley Laboratory
University of Califormia
Berkeley, Califormia 94720

The standard guiding-center Hamiltonlan is valid only in the
limit €_ -0, vwhere €, is the ratio of gyroradius to magnetic scale
length normel to the magnetic field. In scme plasmas, e.g., in the
Tormac sheath and in mirror machines, €, may be apprecisble, and
finite-§, corrections must be cbtained for a proper guiding-center
theory. Axisymmetric devices possess a second parameter &, , the
ratio of the longitudinal bounce frequency to the gyrofrequency.

One may treat €, as a small perameter, though in these
devices (where it may reach a value €, ~ 1/3), one may need to proceed
to higher order to obtain sufficient accuracy. The parameter ¢, 1s a
genuinely small parameter in all axisymmetric devices of cwrrent in-
terest. In the limit €, = O, the problem has only one nontrivial
degree of freedom (slab model), and can be solved exactly for arbitrary
€ .

We have established procedures for explicitly cbtaining the
finite ¢,, finite ¢, guiding-center Hemiltonian H, to arbitrary
order in €&, apd €_, by pu:r:ely canonical means. The dependence of
E on gyrophase is iteratively removed by 2 new variaat of Lie per-
turbative methods, tailored to this "mear slab” problem. The initial
finite transformation from position and momentum to action-angle var-
iables is achieved, for arbitrary ¢€,, by & mixed-variable generating
function. To explicitly effect this finite transformation, we have
used another variant of Lie methods. This aprroach yields the expa.ﬁ-
sion in €, , and replaces the previously-used ordering in afe .

*
This work supported by the U. S. Department of Enerzy.



71 # % &) ##
&l 1" 44 B ES H O HS &-% %
| o# 1 %
| & 32 1IN
% % 1" % - 1" 541# # o+ $ 411 : . #
P . )4 %% !4 1" 14 #3$% 4 % # & 541# #  +
$ o+ 11 S 9> g g1 & $ # %% %U ? @
%& I( %! 1#E%' 2.@ 4 %l THE% . #8$ ( ' # 2@
4 %l THE% (& & ! #! # %% - ( & #" ¢
L4 44 4 % (& & ##! 5 % # % # % $ .- #R
4% & 4% 4 % . l# " # L $# " # & HES % # &
! I # " /- $ %4 lo' = +1' # #$
& B E % %% g g # ) %
& . ) v (%)t ! & . 1y4 %% !¢
T4 #$% # L(+ )4 L% LE . S E 4 %) # (& &
4 %) # % # 8 % . L1 #$ " B' & : . #$ 1R
4 %% I# "5 - & % . 1 " H L# 21 4@-H & | 8 = K? + 9@>
2 + 9@ S K # # £ 1)4 %% 1# & %' " $ /1 #
& S % . l# " # 14 9@ # & %%! 48-% . #R
% # . 1)4 - % 1y4 %% 4 N 1)4 %R
%lHE %o # % %" & . # % I D 21" 9@
D4 %% 1# &% . # "I 1 4 1 309 ) % & # + ( &
/| % % 4 | BB & % % # & & " I % % |
% & ) # #$ 4 4 $- # #$ % 1 #L %
4 # # $- %4 & #$ 4 % $ # % % " % & #
& ) # # $-  1# %) )l % & I( #$ 1" & # % . 14
% 1% [ " $ 1)4 %% 4 I % & / S $ 1) - ) -
& #S % S# " # - % % L4 % # L& T # 1 #
Y4l #S  # 14 %% 1# % &) %
> 441 -+ # L # +06+ +0B+BN3D >000
3@ o " 1 % - 41 N2 4 3D0 @
B@ 7 !/ C L) I &% %'l # 1 % - 41

BT % %! & % #" #



021

NUMERICAL MODELING OF INWARD TRANSPORT
IN MAGNETICALLY CONFINED PLASMAS

R. Englade, T. Antonsen and B. Coppi

We have incorporated the anomalous transport co-
efficients derived for the ion mixing model in a radial transport.
code which includes the well known neoclassical transport
coefficients and neutral transport and ionization. In addition, we
have included ancmalous (outward) transport of electron energy
and particles necessary to achieve steady state discharges that
reproduce those observed experimentally. The basic parameters of .
the code were chosen so as to model the gas injection experiments
in the Alcator tokamak. The functional dependence of the ion
mixing mode transport coefficients was chosen so that the co-
efficients increased from zero to some large value, Do (estimgted
by the quasilinear approximation in the familiar way) as the
local temperature and density profiles passed from a linearly
stable to unstable state. We found that the resulting profiles
were fairly insensitive to the values of Dq in the upper part of
the range within which DO has heen estimated. In general the
heating of ions in the center of the plasma column combined with
production of cold plasma at the edge was sufficient to excite
the ion temperature gradient driven modes and carry plasma toward
the center. ’

lT. Antonsen, B. Coppi, and R. Englade, paper presented at this

meeting.
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DIRECT PARTICLE LOSSES IN THE ELMO BUMPY TORUS (EBT)*

J. D. Callen and C. L. He&rick, Jr.
Oak Ridge Natiomal Laboratory
Oak Ridge, Tennessee 37830

The ELMO Bumpy Torus (EBT) is comprised of a set of 24 toroidally linked
mirrors. In conventional mifror machines, there are loss-regions in velocity
Space (U = Wl/v > /fi;:I77§;) where the particles are not trapped by the
magnetic mirrors; they escape by motion along magnetic field lines through the
mirror throat. In EBT the untrapped particles of a single mirror become
toroidally passing particles that contribute to a toroidal core plasma. Thus,
there is no loss-cone as in a conventional mirror machine. However, there is
a loss-region for pitch angles near the boundary between trapped and passing
particles, provided the energy exceeds a critical value. It is causad by the
fact that the (poloidal) precessional drift nearly vanishes for these particles.
Such particles exhibit a vertical drift due to the R“l falloff of the magnetic
field, and in the absence of collisions, drift vertically out of the plasma
confinement region. When Coulomb scattering is taken into account, the mean
particle containment time against scattering into the loss-cone in a convential
mirror machine is T riilog10 - Here the logarithm arises from a solutiom
of the diffusion equation governing pitch-angle scattering. In EBT the corres-
ponding expression is significantly altered because the direct loss region is
limited to energies above one of two critical values. One of the critical
values occurs because the radial ambipolar electric field causes a poloidal
E x B drift which confines low energy particles. Since magnetic drifts are
Proportional to energy, only when a particle energy exceeds a critical vaiue
can it escape the confinement region. A second contraint on energy occurs
because collisions may scatter particles out of the loss region before they
drift out of the plasma confinement region. Letting sc be the maximum of
these energy cutoffs, the ion containment time associated with pitch angle
scattering into the loss region is given by T N Tii(lo%ﬂRngc/Ti)exP(ec/Ti)
and similarly for electromns. Taking into account energy scattering across sc
reduces the direct loss life time by about a factor of two. Since typically

sc >> T, the direct loss life time is much larger than in a conventional mirror.

#*Research sponsored by the Office of Fusion Energy (ETM), U. S. Department of
Energy under contract W-7405-eng-26 with the Union Carbide Corporation.
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EFFECT OF TENSOR PRESSURE ON TOKAMAK EQUILIBRIUM AND STABILITY*

A. Cooper, G. Bateman, D. B. Nelson, and T. Kammash
Oak Ridge National Laboratory
- Oak Ridge, Tennessee 37830

-It is expected that intense'neutral beam injection into -tokamaks will
produce an anisotropic equilibrium pressure tensor with, for example
Py >> D, . In addition to determining how this affects the equilibrium
plasma shift and distortion of the flux surfaces, it is of interest to
determine what effect'p” # Py has on ballooning modes at finite beta.
Expressions for the poloidal beta and current demsities are obtained from
the anisotropic equilibrium equatiom.

As a first estimate for the stability limit on beta, we model the
tokamak as a segment of a cylindrical slab with fixed ends. This model
demonstrates the essential features of an instability with finite &I driven
by toroidal curvature. A form of the Suydam stability criterion applicable
to a tensor pressure plasma is evaluated to determine the upper bound on
beta. The criteriom is then altered to account for Hl # 0, as in balloon-
ing modes.

Finally, the ORNL 3-D MHD instability code has been modified to follow
the double adiabatic equations for Py and Py and to include forces from the
pressure tensor. When p“ =P in the equilibrium, the instability results
agree with those of ideal MHD. Work is in progress to pump p" >> P, and

observe the effect on ballooning instabilities.

*
Research sponsored by the Office of Fusion Energy (ETM), U. S. Department

of Energy under contract W-7405-eng-26 with the Union Carbide Corporatiom.
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PRE -IGNITION PLASMA STUDIES OF SMALL HIGH-FIELD OHMICALLY
HEATED TOKAMAKS *

C. E. Wagner
Science Applications, Inc., La Jolla, CA 92037

ABSTRACT

Studies have been made of the feasibility of attaining
thermonuclear ignition in a small high-density high-magnetic field
tokamak reactors heated solely by ohmic heating. We have used both
the 1-D reactor code MAK1 and a simple point model to determine
viable regions in parameter space, Scaling, and parametric sensitivi-
ties of such a reactor. The codes use a transport model based upon
neoclassical plus anomalous transport. They have been benchmarked
against Alcator-A data. Results of the studies show that within the
large uncertainties present in transport coefficients and scaling it may
be possible to reach ignition in an ohmically heated tokamak having
parameters R= .57Tm., a=.22m, B=15.75 T, and I = 3.33 MA.,

the parameters of the proposed RIGGATRON (PHIBEX) experiment.

*Work supported by INESCO under contract S003 -4068.



LARGE-SCALE PLASMA SIMULATION ON THE CHI COMPUTER*

Robert W. Huff, Cheng-chin Wu, and John M. Dawson

Center for Plasma Physics and Fusion Engineering

University of California, Los Angeles, California 90024

Three large plasma simulation models are being run on the recently in-
stalled Culler-Harrison, Inc. (CHI) computer:

(1) A 233-dimensional electrostatic particle code with constant magnetic
field plus mirroring. Runs of one half million particles have been made,
using two of the four disks, at a speed of 30 nsec per particle update.
Energy is conserved to within 0.3 parts per million per timestep, and within
2 parts per million for a run of 512 timesteps. Four-disk operation will
allow 2.6-million-particle runs, at an expected speed of 15-20 nsec per par-
ticle update. The corresponding IBM 360/91 time is 55 nsec for assembly-
language source code.

(2 A 233-dimensional MHD fluid code with spatially dependent resistiv-

ity. Grids as large as 100 x 20 have been used, at 44 nsec per gridpoint
update. The corresponding IBM 360/91 time is 160 nsec for Fortran-H source
code.

(3 A 3-dimensional MHD fluid code with constant resistivity. Runs

for a 16 x 16 x 24 grid have been made, without use of disks, at a timing
of 83 nsec per gridpoint update. Use of disks will allow a 500 x 60 x 60
grid, at expected times of approximately 100 nsec per gridpoint update.

The corresponding IBM 360/91 time is 230 nsec for Fortran-H source code.

*Work supported by USDOE.
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Toroidal Effects on Lower Hybrid Wave Propagation®
E. Ott, J.-M, Wersinger, and P. T. Bonoli

Department of Electrical Engineering
Cornell University
Ithaca, New York 14853

In toroidal gecmetry, the equilibrium magnetic field does not lie in
the lower hybrid surface, w = wu_l(,g). As a consequence, cold lower hybrid
waves can be reflected from the lower hybrid surface rather than encountering
a resonance there, Using a toroidal ray tracing code, we find that the ray
makes successive bounces off the lower hybrid surface converging toward the
meridian plane of the torus.® The addition of thermal effects can, hawever,
have a dramatic effect on this phenomenon. With sufficient thermal effects
included, the ray trajectory code indicates a picture similar to that obtained
in planar geametry, i.e. mode conversion to a hot plasma wave which then
propagates outward. The integrated effects of electron and ion resonant
particle damping along the ray are included in the ray code, and will be
used to assess the spatial distribution of energy deposition.

*Work supported by U.S. Department of Energy Contract #EY-76-5-02-3170.

1. E. Ott, J.-M. Wersinger, and P, T. Bonoli, Cornell University Laboratory
of Plasma Studies Report #234 (1977) (to be published in Phys. Fluids);
K. Comnor and P. Colestock, Proc. 3rd Conf. on RF Plasma Heating
(Pasadena, CA, Jan., 1978).
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Theory of Drift and Trapped-Electron Instabilities in Tokamak Geometry*
G. Rewoldt, W. M. Tang, and E. A. Frieman

Plasma Physics Laboratory, Princeton University, Princeton, N. J. 08540

This paper deals with the linear theory of low-frequency drift and trapped-
alectron instabilities in tokamak geometry. In particular, results are
presented for the first completely 2-D toreidal calculations of trapped-electron
modes (as well as collisionless and collisional drift-waves), including the slow
spatial variation in equilibrium quantities and their gradients, and valid for
arbitrary wavelengths. In order to properly assess the danger of these insta-
bilities for tokamak confinement, it is essential to take into account the
fully 2-D nature of the axisymmetric toroidal gecmetry. This fact has been .
underscored by recent calculations which have shown that the familiar universal
(collisionless) drift modes are actually stable in a simple slab geometry with
shear, if the proper nonresonant selectron respouse 1s taken into account.

These results have been reproduced in the present 2-D calculations by
suppressing the toroidal terms in the basic eigenmode equation. In addition,
since the present analysis is valid for arbitrary wavelengths, it was possible
to extend the earlier long wavelength (K tpi < 1) calculations te the short wave-
length regime (krpiz 1). The main conclusion‘here is that the drift modes
apparently remain stable in a slab geometry even when the usual second-order
differential eguation becomes invalid. In toroidal geometry, however, the
picture is quite different. To treat this 2-D problem the general approach here
is to coavert the intagral eigenmode eguation into a matrix equation, by ex-
panding the perturbed electrdstatic potential 3 in complete sets of appropriate
radial and poloidal basis functions.  However, unlike earlier calculations, the
slow radial variation in equilibrium quantities and their gradients is now taken
into account. This new feature enmables us to realistically study the large-
scale radial localization of the eigenmodes. Using representative profiles from
PLT and ALCATOR, the computed characteristics of the eigenfunctions are found to
se in reasonable agreement with features of the measured fluctuation spectra.

In addition, reascnable agreement, both in featurss of the mode structure and
2stimates of'the growth rate, ara found when the calculated results are compared
with corresponding results obtained during the linear phase of recent 3-D
toroidal simulations of trapped-electron modes.

*Research supported by UJ.S. Department of Energy Contract No. EY-76-C-02-3073.



A Thermodynamic Approach to Dissipative Drift Instabilities

W. M. Nevins
Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08540

The transport of electrons and energy across a plasma slab asso-

ciated with various dissipative drift instabilities (e.g., the dissipa-
tive trapped electron instability) is examined. A single electrostatic
wave 1is considered. Equations describing the evolution of the plasma

number density, momentum density, energy density, and entropy density
are derived from the drift kinetic equation, while an equation for the
evolution of the wave amplitude is obtained using the local approxim-
ation. The (possibly nonlinear) growth rate of the wave is found to
be directly related to the electron flux. This connection between

the wave growth and the electron flux is interpreted as a consequence
of momentum conservation; this allows a simple and direct estimate of
the growth rates of the various dissipative drift instabilities. In
addition, it is shown that, when the thermodynamic forces are properly
identified, the drift wave transport coefficients derived by previous
authors do indeed satisfy the Onsager realtions, and that the resulting

plasma transport produces a net increase in the plasma entropy.

Work supported by U.S. DoE contracts, EY-76-C-02-3073 & EY-76-S-03-0034-PA128
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AXISYMMETRIC TRANSPORT IN TOKAMAKS

J. T. Hogan and D. 8. Nelson
Qak Ridge National Laboratory
Qak Ridge, Tennessee 37830

In a series of numerical models we have embodied ideas about axi-
symmetric transport suggested by Harold Grad for the evolution of tokamak
plasmas to high-3 states. The problems studied with these models range from
an evaluation of the predictions of popular empirical scaling laws under
conditions of intense beam heating, to the self-consistent investigation of
the nature of collisional, time-dependent transport at arbitrary 8.

The Qak Ridge Tokamak Transport Code employs a formulation for axi-
symmetric transport which is suitable for evaluating and extrapolating models
suggested by experiments or models based on astimates from plasma kinetic
theory. This code treats the motion of (toroidal) flux contours by an
implicitly Lagrangian method, and accepts postulated models, assumed local
to a flux surface, for the cross-surface transport rates. Studies of the ATC
and TUMAN compression experiments and neutral beam heating results show that
this approach is adequate for a Timited range of extrapolation. Such effects
as beam deposition in a noncircular geometry and of beam pressure on
equilibrium and stability, and the evolution of neutral gas and impurity
processas have been studied with this model.

A second method is used to solve the collisional particle, energy, and
field equations self-consistently to determine the plasma transport--both
convective and diffusive. [t represents an extension of Pfirsch-Schliter
transport to the fully time dependent case at arbitrary 3 and aspect ratia.
The total fluid velocity can be solved analytically and all time-dependeht
transport coefficients are displayed explicitly. The resultant transport
can differ significantly from the Pfirsch-Schliiter rates.

Both methods solve one-dimensional transport equations coupled with
two-dimensional equilibrium solutions of the Grad-Shafranov equation [1],
and thus are not significantly more costly than conventional radial transport
calculations.

(1] ADIABAT Code courtesy of D. C. Stevens, Courant Institute.

* .
Research sponsored by the Qffice of Fusion Energy (ETM), U. S. Department
of Energy under contract W-7405-eng-26 with the Union Carbide Corporation.




BALLOONING MODES IN HIGHLY ELONGATED TOKAMAKS*

Glenn Bateman
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

and

C. H. An
University of Tennessee
Knoxville, Tennessee 37916

Ballooning modes are studied in highly elongated toroidal plasmas with
fixed boundaries. Computational studies have indicated that even mildly
diamagnetic plasmas ([3™ > D ere unstable to ballooning modes if the
toroidal current profile is broad enough so that the inner flux surfaces
are highly elongated. In spite of the fact that the toroidal current con-
centrates near the outer edge of the toroidal plasma, we have shown that the
pressure gradient rather than the parallel current provides the main driving
force for these instabilities away from the magnetic axis. A cylindrical
slab model can be used to study these modes in more detail using non-ideal
MHD models. In particular, the effect of "collisionless" (“parallel™)
viscosity is studied. While the true marginal stability point is not
changed, viscosity can reduce the growth rate of the instability by orders
of magnitude unless the flow pattern of the instability conforms to the
functional null space of the viscosity operator. Using this constrained

velocity field, a new effective marginal point is obtained.
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THE TOPOLOGY OF LARGE BANANA-WIDTH TOKAMAK ORBITS™

James A. Rome and Y-K. M. Peng
Oak Ridge Natiomal Laboratory
Qak Ridge, Tennessee, U.S.A.

To properly understand neutral injectiom or a-particle heating in
large banana width systems, a detailed knowledge of guiding center orbits
is required. Previous treatments of such orbit-related topics as beam
deposition, loss-regions and wall loadingrhave relied on large amounts of
computational effort to account for the possible orbits, birth points in the
Plasma, pitch angles, and energies of interest. These approaches become
increasingly more difficult when high R, non-circular plasmas are involved.
These problems can be systematically treated'by proper categorization and
description of the orbits.

In an axisymmetric tokamak, each guiding-center orbit is completely
described by a point in a three-dimensional "constants of motion" space.
In particular, we choose the speed (v), the maximum value of poloidal flux
along the orbit (wm), and the value of Wl/v at wm(g). The various types of
orbits (banana, circulating, stagnation, etc.) can be depicted by different
regions and surfaces in this space. 1In this space, each orbit is represented
only once, and the loss-regions are easily and fully represented. Beam
deposition and the complete fast ion slowing down problem may be more easily
done in the constants of motion space.

Some preliminary results of this detailed analysis are: 1) for high
encugh energies, no particles are trapped, 2) particles with pitch angles of

" to being "counter"

90° are barely trapped, 3) particles can go from being '"co
only by scattering through the orbit on which the points of the banana meet,
4) all topological properties of the orbits depend only upon B({), F(y), and

their ¥ derivatives on the equatorial plane.

%* . . .
Research sponsored by the Office of Fusion Energy (ETM), U. S. Department
of Energy under contract w-7405-eng-26 with the Union Carbide Corporation.
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Perturpation of the Alfvén Wave Continuum by the Hall Effect

G. Conn
Michigan State University Matn. Dept., East Lansing, MI 48824

J. A. Tataronis®

N.Y.U., Courant Inst. of Math. Sciences, New York, NY 10012
The objective of this analysis is to determine the influence
of the #all effect on the Alfvén wave continuum of ideal MHD.
The Hall effect introduces the ion cyclotron frequency and
allows analysis at frequencies higher than in ideal MHD. We
assume a screw pinch equilibrium surrounded by a vacuum region
and describe the plasma dynamics in terms of the linearized
MHD equations with Ohm's law written in the formE + v X B
= (¢/0)J X B, where £ is the ion mass to charge ratio. As-
suming ;he 1inearized variables depend on time t and the ¢y~
lindrical coordinates (r,6,2z) in the form g(r) exp i(wt-m@=kz),
we obtain a fourth order system of ordinary differential equa-
tions for the linearized radial velocity u and the linearized
total pressure p* in place of the second order system of ideal
MHD. This system has a turning point at the ideal MHD Alfvén
wave singularities. We specify two further boundary condi-
tions in addition to those of ideal MHD. First the component
of the magnetic field normal to the fluctuating plasma-vacuum
interface must vanish on both sides of the interface, and sec-
ond an additional regularity condition is imposed on the lin-
earized magnetic field at r = 0. For small ¢, we analyze the
fourth order system by the method of matched asymptotic exgan—
sions. For the special case of a theta pinch with m = 0 and
bev = 0, the solution in the turning point region is given ex- .
plicitly in terms of Fresnel integrals éhd a related function.
We show that the Alfvén wave continuum of ideal MHD is re-
placed by a discrete set of eigenva;ues with a spacing of or-
der £. We consider passage to the limit of ideal MHD in terms
of the initial value problem by letting =+0 and discuss the

significance of our results for Alfvén wave heating.
Tsupported by the U.S. DOE Contract No. EY-76-C-02-3077
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ANOMALOUS SLOWING DOWN OF ALPHA PARTICLES
IN TOROIDAL PLASMA*

K. Molvig® and D. J. Sigmar®
Oak Ridge Natiomal Laboratory
Oak Ridge, Tennessee, 37830

A systematic search for alpha driven high frequency instabilities
with substantial anomalous transport consequencas results in bands of
modes in the frequency range €,

i B}
wpi being mainly electrostatic. For the wave vector k such that

<w < wpi, with the fastest mode near
m=2=0, k = kr, to lowest order, the lack of poloidal mode structure
leads to spatial detuning of the destabilizing term and an essentially
unmagnetized response function.

We calculate the linear growth rate, the alpha threshold density,
golve the steady state quasilinear equations for fla and Dla and
determine the relaxation time of perpendicular alpha energy. (The
resonance does not affect the parallel energy, to leading order.) This
instability provides anomalous slowing down to near thermal energy at a

rate much faster than collisional, as will be shown quantitatively.

*Research sponsored by the Office of Fusiom Energy (ETM), U. S. Department
of Energy under contract W-7405-eng-26 with the Union Carbide Corporatiom.
‘Massachusetts Institute of Technology.
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MAJOR DISRUPTIONS IN TOKAMAKS: = T-h AND PLT"

H. R. Hicks, B, Carreras, J. A. Holmes, D. K. Lee,
S. J. Lynch, and 8, V. Waddel]

Oak Ridge National Laboratory, P. 0. Box Y, Oak Ridge, Tennessee 37830

In Ref, 1, we reported that according to the analysis of the
reduced resistive MHD equations for highly resistive plasmas (Saxis < IOS)
with a nonlinear finite difference code, a possibie mechanism for major dis-
ruptions for safety factor profiles flat in the tokamak core, is the nonlinear
interaction of the m=2/n =1 and m = 3/n = 2 tearing modes, both of which
are linearly unstable for these profiles. Specifically, employing a finite
difference code we found that for S as large as 105 the 2/1 mode further
destabilizes the 3/2 mode .and other modes, particularly the 5/3. The toroidal
current density is severely deformed due to the development of many magnetic
islands across the tokamak cross section, and we expect a corresponding loss
of heat and plasma along the ergodic field lines.

In order to confirm this result for smaller resistivity (larger S), a
new code, has been constructed that uses the Fourier transform in the poloidal
and toroidal directions with the number of modes retained being variable. For
Saxl‘s
and the rapid time scale reported in Ref. | has been confirmed for the PLT

6 . . . .
as large as 10" at the plasma center, the essential six-mode interaction

safety factor profile. For this value of S, the destabilization of the 3/2
takes place as the 2/1 island width grows linearly with time, i.e., as the 2/1

mode evalves in the Rutherford regime.

“Resesarch sponsored by the Office of Fusion Energy (ETM), U.S. Department of
Energy under contract W-7405-eng=26 with the Union Carbide Corporation.

1
B. V. Waddell, Bull. Amer. Phys. Soc. 22, 1104=5 (1977); H. R. Hicks et al.,
Bull. Amer. Phys. Soc. 22, 1171 (1977); H. R, Hicks et al., ORNL/TM-6096,
Oak Ridge, TN (December 1977): B. Carreras et al., ORNL/TM-6175, QOak Ridge

National Laboratory, Oak Ridge, TN (March 1978).
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High Order Methods for Nonlinear Time Dependent MED "

Eli Turkel and William -Grossmann

New York University
Courant Institute of Mathematical Sciences
New York, N. Y. 10012

With the advent of the newer computers the computation
of three dimensional nonlinear MHD dynamics into the
saturated state for long times is becoming a real possibility.
It is therefore necessary to insure that the computational
methods be as accurate and efficient as possible. This work
concerns a comparison of several high order difference
methods for multidimensional nonlinear time dependent MHD
equations.

We present results showing fourth order difference
methods to be more effective than similar second order
methods. The fourth order methods require less running time
and less computer storage than the second order schemes.

A Fourier (spectral) method is also introduced which further
reduces core storage and hence allows the computation of
plasmas with higher order structure. Detailed comparisons
are given for a 2-D linearized set of equations. Stability
results are also presented for the 3-D nonlinear problem in
both cartesian and cylindrical gecmetry using simple analytic
equilibria*.

* Bateman, G., Hicks, H.R., Wooten, J.W.,"3-D Nonlinear
Evolution of MHD Stabilities™, ORNL/TM-5796, March 1977.

—

Work supported by DOE, Contract No. EY-76-C-02-3077.
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