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THE PHYSICS OF FLUIDS VOLUME 3, NUMBER 1 JANUARY-FEBRUARY, 1960

Irreversible Processes in Ionized Gases

R. BaLescu

Faculté des Sciences, Université Libre de Bruxelles, Brussels, Belgium
(Received August 28, 1959; revised manuscript received November 2, 1959)

The general theory of irreversible processes, developed by Prigogine and Balescu, is applied to the
case of long range interactions in ionized gases. A similar diagram technique permits the systematic
selection of all the contributions to the evolution of the distribution function, to an order of approxi-
mation equivalent to Debye’s equilibrium theory. The infinite series which appear in this way can
be summed exactly. The resulting evolution equations have a clear physical significance: they de-
scribe interactions of “‘quasi particles,”” which are electrons or ions ‘“dressed” by their polarization
clouds. These clouds are not a permanent feature, as in equilibrium theory, but have a nonequilibrium,
changing shape, distorted by the motions of the particles. From the mathematical point of view,
these equations exhibit a new type of nonlinearity, which is very directly related to the collective
nature of the interactions.

Phys. Fluids 3, 52 (1960)

THE PHYSICS OF FLUIDS VOLUME 5, NUMBER 12 DECEMBER 1962

:Anomalous Diffusion Arising from Microinstabilities in a Plasma

WisLiam E. DRuMMoND AND MaRsHALL N. ROSENBLUTH
John Jay Hopkins Laboratory for Pure and Applied Science, General Atomic Division of

General Dynamics Corporation, San Diego, California
(Received June 18, 1962)

A plasma is considered in which a Maxwellian distribution of electrons with thermal velocity v, and
drift velocity vp is drifting relative to a Maxwellian distribution of ions with thermal velocity ;.
For up < v. the usual ion acoustic waves are stable, however, electrostatic ion cyclotron waves with
» o2 € are unstable for vp = 5v:. In the case when 5v; S wp < w,, and To/T; < 2 the electrostatic
ion cyclotron waves grow to a nonlinear equilibrium spectrum. This spectrum of waves leads to a
diffusion of electrons across the field lines with a diffusion coefficient D = op?,Q,, where p, is the
electron Larmor radius and Q. is the electron Larmor frequency. «, the ratio of the resulting diffusion
coefficient to the Bohm diffusion coefficient, is given by a constant X (vp/v.)(T./T;).

Phys. Fluids 5, 1507 (1962)
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Phys. Fluids 6, 394 (1963)

Phys. Fluids 8, 2255 (1965)
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THE PHYSICS OF FLUIDS VOLUME 9, NUMBER 9 SEPTEMBER 1966

A Perturbation Theory for Strong Plasma Turbulence

T. H. Dupres
Department of Nuclear Engineering and Research Laboratory of Electronics,

Massachusetts Institute of Technology, Cambridge, Massachuseils
(Received 29 April 1966)

A new perturbation theory for solving the Vlasov equation is derived. The theory is especially
designed to cope with time secularities and nonanalyticity in the expansion parameter (the field
strength). The method is based on the use of a statistical set of exact particle orbits instead of the un-
perturbed orbits conventionally used in perturbation solutions of the Vlasov equation. A principal re-
sult of the theory is a modification of the particle-wave interaction and a “broadening” of the
associated resonant denominator (@ — kev)™%. The nature of the time secularities associated with the
streaming modes exp 7k+v{ is discussed. A simple application to velocity-space diffusion and trapping
and its effect on wave growth is described.

Phys. Fluids 9, 1773 (1966)

THE PHYSICS OF FLUIDS VOLUME 9, NUMBER 12 DECEMBER 1966

Velocity Space Diffusion from Weak Plasma Turbulence
in a Magnetic Field

C. F. KenNEL* AND F. ENGELMANN

International Altomic Energy Agency, International Centre for Theoretical Physics, Trieste, Ilaly
(Received 14 March 1966; final manuscript received 8 August 1966)

The quasi-linear velocity space diffusion is considered for waves of any oscillation branch propa-
gating at an arbitrary angle to a uniform magnetic field in a spatially uniform plasma. The space-
averaged distribution function is assumed to change slowly compared to a gyroperiod and charac-
teristic times of the wave motion. Nonlinear mode coupling is neglected. An H-like theorem shows
that both resonant and nonresonant quasi-linear diffusion force the particle distributions towards
marginal stablity. Creation of the marginally stable state in the presence of a sufficiently broad wave
spectrum in general involves diffusing particles to infinite energies, and so the marginally stable plateau
is not accessible physically, except in special cases. Resonant particles with velocities much larger
than typical phase velocities in the excited spectrum are scattered primarily in pitch angle about the
magnetic field: Only particles with velocities the order of the wave phase velocities or less are scat-
tered in energy at a rate comparable with their pitch angle scattering rate.

Phys. Fluids 9, 2377 (1966)
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THE PHYSITCS OF FLUILIDS VOLUME 10, NUMBER 2 FEBRUARY 1967

Transport Coefficients of Partially Ionized Argon

R. 8. Devoro

Department of Aeronautics and Astronautics and Institute for Plasma Research
Stanford University, Stanford, California
(Received 25 May 1966; final manuscript received 17 October 1966)

The complete Chapman-Enskog-Burnett expressions for the transport coefficients of multicom-
ponent gas mixtures are applied to the computation of the properties of partially ionized argon.
Studies of the rate of convergence of the approximations to the coefficients show that the third
approximation to the thermal conductivity and the second to the viscosity are adequate at all degrees
of ionization. The ordinary ambipolar diffusion coefficient is given to excellent accuracy by twice
the binary ion—atom diffusion coefficient but, at low ionization, apparently not even the fourth approxi-
mation to the electrical conductivity has converged to the true value. The computed electrical and
thermal conductivities are compared with experimental measurements.

Phys. Fluids 10, 354 (1967) |

THE PHYSICS OF FLUIDS VOLUME 10, NUMBER 4 APRIL 1967

Anomalous Skin Effect in a Plasma

EricH S. WEIBEL

Laboratoire de Recherches en Physigue des Plasmas, Lausanne, Swilzerland
(Received 10 August 1966)

The theory of the skin effect in a plasma is developed for the case in which the relation between
current and electric field is not local.

Phys. Fluids 10, 741 (1967)

THE PHYSICS OF FLUIDS VOLUME 10, NUMBER 5 MAY 1967

Nonlinear Theory of Drift-Wave Turbulence and Enhanced Diffusion

T. H. DuprreEE
Department of Nuclear Engineering and Research Laboratory of Electronics,
Massachuselts Institute of Technology, Cambridge, Massachusetls
(Received 13 October 1966)

The turbulent plasma state which develops from unstable, current-driven drift waves is analyzed.
In the nonlinear theory, the wave growth predicted by the linear theory is ultimately suppressed by
ion damping. Since the phase speeds of the unstable waves are much greater than the ion thermal
velocity, the ions cannot absorb wave energy until they become trapped. The amplitude of the tur-
bulent spectrum grows until trapping occurs, and a quasi-steady state is reached in which the di-
rected electron energy is converted into ion thermal energy at a constant rate. In this state the pertur-
bation of the density gradient due to the turbulence is equal to the mean gradient. Nonlinear limita-
tion due to mode coupling does not suppress the unstable wave growth until much larger density
perturbations have developed. Therefore, ion trapping is established as the controlling nonlinear
mechanism. In the steady state, the ions diffuse across the magnetic field with a diffusion coefficient
D, = (k1% )mex, Where v is the growth rate predicted by the linear theory and k; is a perpendicular
wavenumber. Although the detailed treatment is for a specific instability, the general conclusions
appear to apply to a variety of drift waves.

Phys. Fluids 10, 1049 (1967)
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THE PHYSICS OF FLUIDS VOLUME 11, NUMBER 38 AUGUST 1968

Nonlinear Effects of Large-Amplitude Plasma Waves

C. B. WuarTton,* J. H. MaLmBere,t aNp T. M. O’NEIL?

Gulf General Atomic Incorporated, San Diego, California
(Received 5 February 1968)

The oscillations of resonant electrons in the potential of a large-amplitude, spatially propagating
plasma wave result in: (1) periodic maxima in space of wave amplitude, (2) growth of sidebands on the
transmitted frequency, and (3) periodic enhancement of the energy of the trapped electrons. Measure-
ment, of these effects is reported.

Phys. Fluids 11, 1761 (1968) |

THE PHYSICS OF FLUIDS VOLUME 11, NUMBER 11 NOVEMBER 1968

Collisional Drift Waves—Identification, Stabilization, and
Enhanced Plasma Transport

H. W. Henper, * T. K. Cuy, anp P. A. PoLirzer

Plasma Physics Laboratory, Princeton University, Princeton, New Jersey
(Received 24 January 1967; final manuscript received 3 July 1968)

Density-gradient-driven collisional drift waves are identified by the dependences of » and k on
density, temperature, magnetic field, and ion mass, and by comparisons with a linear theory which
includes resistivity and viscosity. Abrupt stabilization of azimuthal modes is observed when the sta-
bilizing ion diffusion over the transverse wavelength due to the combined effects of ion Larmor radius
and ion-ion collisions (viscosity) balances the destabilizing electron-fluid expansion over the parallel
wavelength, determined by electron-ion collisions (resistivity). The finite-amplitude (fi/n, >~ 10%,)
coherent oscillation, involving the entire plasma body, shows a phase difference between density and
potential waves (which is predicted by linear theory for growing perturbations). The wave-induced
radial transport exceeds classical diffusion, but is below the Bohm value by an order of magnitude.
Although observations have been extended to magnetic fields three times those for drift-wave onset,
turbulence has not been encountered.

Phys. Fluids 11, 2426 (1968)
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THE PHYSICS OF FLUIDS VOLUME 12, NUMBER 3 MAY 1969

Formulation of a Statistical Theory of Strong Plasma Turbulence

JeroME WEINSTOCK

Aeronomy Laboralory, Environmental Science Services Administration, Boulder, Colorado
(Received 6 September 1968; final manuscript received 3 February 1969)

A new formulation of methods introduced by Dupree, and Orszag and Kraichnan, for solving the
Viasov equation for turbulent plasmas based on algebraic use of an averaging operalor is described.
Formally exact sets of integrodifferential equations are thereby derived for determining the ensemble
average of the one-particle distribution function, and the electric field spectrum of turbulent plasmas.
The formal difference between these equations and the approximate equations of Dupree, and Orszag
and Kraichnan, is that the average ‘‘Vlasov’’ propagator U(}t,) of the latter is replaced by a new
propagator U, (i,t) which involves the averaging operator. The potential usefulness of the present
equations can be judged by the fact that, in a simple lowest-order limit, they immediately reduce to the
turbulence equation of Dupree. These equations are used to develop a modified perturbation theory
which avoids certain time secularities. Cumulant expansions are introduced to evaluate average
“Vlasov”’ propagators, and to rigorously treat the variation of the diffusion coefficient with velocity.
It is explicitly shown that (diffusive) perturbed trajector corrections are equal to mean square devia-
tions from the mean of “Vlasov’ trajectories.

Phys. Fluids 12, 1045 (1969)

THE PHYSICS OF FLUIDS VOLUME 12, NUMBER 11 NOVEMBER 1969

Numerical Simulation of Warm Two-Beam Plasma

R. L. Mogrse aND C. W. NIELSON

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mezxico
(Received 14 February 1969; final manuscript received 3 June 1969)

One-dimensional numerical simulation of plasmas consisting of two unequal warm beams has
shown flattening of the small beam and, in most cases, a strong single mode structure at about the
wavelength of largest linear growth rate, accompanied by an eddylike arrangement of trapped par-
ticles in phase space. The total electrostatic field energy first increases at the linear growth rate and
then, after saturating abruptly, decreases at about the same rate to an intermediate level where a
much slower decay begins.

Phys. Fluids 12, 2418 (1969)

THE PHYSICS OF FLUIDS VOLUME 12, NUMBER 12 DECEMBER 1969

Laser-Induced Anomalous Heating of a Plasma

P. K. Kaw anp J. M. DawsoN

Plasma Physics Laboratory, Princeton University, Princeton, New Jersey
(Received 23 December 1968; final manuscript received 25 June 1969)

It is shown that a sufficiently intense laser beam can drive low-frequency instabilities in a fully
ionized plasma; these instabilities may eause considerable enhancement of the high-frequency re-
sistivity of the plasma around certain frequencies and thus lead to an anomalous heating effect.

Phys. Fluids 12, 2586 (1969)
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Nonlinear Development of the
Beam-Plasma Instability

W. E. DruMMOND
University of Texas at Austin, Austin, Texas 78712
J. H. MALMBERG
Gulf General Atomic Incorporated, San Diego, California and
University of California, San Diego, La Jolla, California 92037
T. M. O’NE1L
University of California, San Diego, La Jolla, California 92037
AND
J. R. THOMPSON

University of Texas at Austin, Austin, Tezas 78712
(Received 12 January 1970; final manuscript received
27 April 1970)

The nonlinear limit of wave growth induced by a low density
cold electron beam in a collisionless plasma is calculated
from a simple physical model. The bandwidth of the growing
“noise’’ i so small that the beam interacts with a nearly
ginusoidal electric field.

Phys. Fluids 13, 2422 (1970)

THE PHYSICS OF FLUIDS VOLUME 14, NUMBER 6 JUNE 1971

Nonlinear Interaction of a Small Cold Beam and a Plasma

T. M. O’New, J. H. Winrrey, anp J. H. MALMBERG
University of California at San Diego, La Jolla, California 92037
(Received 17 August 1970; final manuscript received 4 February 1971)

Recently, a simple model was proposed for the nonlinear interaction of a low-density monoenergetic
electron beam and a relatively cold infinite homogeneous one-dimensional plasma. The essential feature
of this model is the observation that after several e-foldings the bandwidth of the growing waves is so
narrow that the electrons interact with a very neatly pure sinusoidal field. In terms of this single wave
model, a properly scaled solution of the nonlinear beam-plasma problem which depends analytically on
all the basic parameters of the problem (i.e., plasma density, beam density, plasma thermal velocity, and
beam drift velocity) is presented. This solution shows that the single wave grows exponentially at the
linear growth rate until the beam electrons are trapped. At that time the wave amplitude stops growing
and begins to oscillate about a mean value. During the trapping process the beam electrons are bunched
in space and a power spectrum of the higher harmonics of the electric field is produced. Both the oscillation
in wave amplitude and the power spectrum are given a simple physical interpretation.

Phys. Fluids 14, 1204 (1971)
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THE PHYSICS OF FLUIDS VOLUME 14, NUMBER 7 JULY 1971

Plasma Diffusion in Two Dimensions

J. B. TayLor AND B. McNamAra
Culham Laboratory, United Kingdom Atomic Energy Authority, Abingdon, Berkshire, England
(Received 12 October 1970)

Diffusion of plasma in two dimensions is studied in the guiding center model. It is shown that in this
model diffusion always exhibits the anomalous 1/B variation with magnetic field. The velocity correlation
function and the diffusion coefficient are calculated in detail using functional probabilities. In addition
to the 1/B field dependence, the diffusion coefficient is unusual in that it depends weakly on the size of
the system, These theoretical results are compared with those from computer experiments and their signif-
icance for real plasma is discussed.

Phys. Fluids 14, 1492 (1971) |

THE PHYSICS OF FLUIDS VOLUME 14, NUMBER 12 DECEMBER 1971
Parallel Propagation of Nonlinear Low-Frequency Waves in High-g Plasma

ANDRE ROGISTER
European Space Research Institute of the European Space Research Organisation, Frascati, Italy

(Received 7 July 1970; final manuscript received 2 August 1971)

A pair of coupled, nonlinear, partial differential equations which describe the evolution of low-frequency,
large-scale-length perturbations propagating parallel, or nearly paralle], to the equilibrium magnetic
field in high-8 plasma have been obtained. The equations account for irreversible resonant particle effects.
In the regime of small but finite propagation angles, the pair of equations collapses into a single Korteweg—
de Vries equation (neglecting irreversible terms) which agrees with known results.

Phys. Fluids 14, 2733 (1971) |
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THE PHYSICS OF FLUIDS VOLUME 15, NUMBER 1 JANUARY 1972

Plasma Transport in Toroidal Confinement Systems

M. N. RoseNBLUTH AND R. D. HAZELTINE
Institute for Advanced Study, Princeton, New Jersey 08540
AND
F. L. HiNTON
Center for Plasma Physics, The University of Texas, Austin, Texas 78712
(Received 3 June 1971; final manuscript received 25 August 1971)

The neoclassical theory of plasma transport in axisymmetric, toroidal confinement systems, is developed
by means of a variational principle for the rate of irreversible entropy production. The variational principle
derived here employs the full Fokker-Planck collision operator, including both like and unlike species
collisions. Using the variational principle,all the relevant neoclassical transport coefficients are systematically
evaluated in the “banana” regime of small collisional frequency, to lowest order in the inverse aspect ratio.
These results include both the “diagonal” and “cross” coefficients for the particle fluxes, ion and electron
heat flux, and electric current. By combining the transport coefficients with appropriate moments of the
drift equation, a closed set of equations which accurately summarize the predictions of neoclassical theory
in the banana regime is obtained. The significance of these equations, in particular with regard to recent
tokamak experiments, is discussed briefly.

Phys. Fluids 15, 116 (1972)

THE PHYSICS OF FLUIDS VOLUME 15, NUMBER 2 FEBRUARY 1972

Theory of Phase Space Density Granulation in Plasma

TroMas H. DUPREE
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 12 October 1971)

A novel state of turbulent plasma characterized by small scale phase-space granulations called “clumps”
is proposed. Clumps are produced when regions of different phase space density are mixed by
the fluctuating electric field. They move along ballistic orbits and drive the turbulent field in a manner
similar to that in which thermal fluctuations are driven by particle discreteness. In the coherent wave
limit the clumps become the familiar trapped particle eddies of a Bernstein-Green-Kruskal mode. The
turbulent state can exist in the absence of linear instability although it is more likely to occur in a linearly
unstable plasma. The spectrum contains a ballistic portion as well as resonances at the wave
(collective) frequencies. The discreteness of the clumps produces collision-like process. For example, the
average distribution function satisfies a Fokker-Planck equation instead of a quasilinear diffusion
equation.

Phys. Fluids 15, 334 (1972)
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THE PHYSICS OF FLUIDS VOLUME 15, NUMBER 3 MARCH 1972

Anomalous High-Frequency Resistivity of a Plasma

W. L. Krugr AND J. M. DAwWsON
Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08540
(Received 28 June 1971)

In one- and two-dimensional computer simulations an anomalous high-frequency resistivity in a plasma
driven by a large electric field oscillating near the electron plasma frequency is investigated. The large
field excites the oscillating two-stream and the ion-acoustic decay instabilities in agreement with the linear
theory. When the ion and electron fluctuations saturate, a strong anomalous heating of the plasma sets
in. This strong heating is due to an efficient coupling of the externally imposed large electric field to the
plasma by ion fluctuations. The anomalous collision frequency and the saturation fluctuation amplitudes
are determined as a function of the external field amplitude and frequency, and the electron-ion mass
ratio. A simple nonlinear theory gives results in reasonable agreement with simulations.

Phys. Fluids 15, 446 (1972)

THE PHYSICS OF FLU1DS VOLUME 15, NUMBER 3 MAY 1972

Theory and Computer Experiment on Self-Trapping Instability of Plasma Cyclotron Waves

AxirA Hasecawa
Bell Lahoratories, Murray Hill, New Jersey 07974
(Received 27 August 1971; final manuscript received 17 December 1971)

A theory explaining the self-trapping instability (modulational instability) of plasma cyclotron waves
is developed and the results are compared with computer experiments using a sheet current model. The
observed growth rate at an initial phase of the instability is in rough agreement with that given
by perturbation theory. However, as the level of the modulation increases, the rate of the growth of the
modulation increases due to excitation of additional side bands, and finally, the carrier wave is found to
collapse suddenly leading to rapid thermalization. The cause of the sudden collapse of the wave is attributed
to the crossing of particles which are accelerated in the direction parallel to the ambient magnetic field
by a large pressure gradient force, V(B12/2u,), developed by the instability, where B is the transverse
magnetic field associated with the wave.

Phys. Fluids 15, 870 (1972)
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