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THE PHYSICS OF FLUIDS VOLUME 2, NUMBER 2 MARCH-APRIL, 1959

Theory of Electrostatic Probes in a Low-Density Plasma

Ira B. BErNSTEIN AND IRvING N. RABINOWITZ
Project Matterhorn, Princeton University, Princeton, New Jersey
(Received November 12, 1958)

The theory of sperical and eylindrical probes immersed in plasmas of such low density that colli-
sions can be neglected is formulated. The appropriate Boltzmann equation is solved, yielding the
particle density and flux as functionals of the electrostatic potential, the situation in the body of the
plasma, and the properties of the probe. This information when inserted in Poisson’s equation serves
to determine the potential, and hence the probe characteristic. No a priori separation into sheath and
plasma regions is required. Though amenable to a determination of the full probe characteristic, the
method is applied in detail and numerical results are presented only for the collection of monoener-
getic ions, for the case of negligible electron current. These results indicate that the potential is not
8o insensitive to ion energy as has been believed, and that if the probe radius is sufficiently small,
there enters the possibility of a class of ions which are trapped near the probe in troughs of the ef-
fective radial potential energy. The population of these trapped ions is determined by collisions,
however infrequent. It is difficult to calculate, and conceivably can have a marked effect on the local
potential.

Phys. Fluids 2, 112 (1959)

THE PHYSICS OF FLUIDS VOLUME 2, NUMBER 6 NOVEMBER-DECEMBER, 1959

Thermal and Electrical Properties of an Argon Plasma

H. N. OLsEN

Linde Company, Division of Union Carbide Corporation, Indianapolis, Indiana
(Received May 1, 1959; revised manuscript received September 8, 1959)

Temperatures ranging from 10 000 to 25 000°K have been measured spectroscopically in thermal
plasmas of atmospheric pressure argon arcs at currents in the range of 200 to 800 amp. Electrical
properties of the plasmas have been derived from measured radial temperature distributions using
Spitzer's theory for the temperature dependence of electrical conductivity of a completely ionized
gas. Existence of local thermal equilibrium has been demonstrated by the agreement between excita-
tion temperatures determined from both atomic and ionic spectral line intensities. Agreement be-
tween values of electrical quantities obtained by direct measurement and those derived from measured
temperatures based on the assumption of thermal equilibrium demonstrates the internal consistency
of the experimental and analytical methods.

Phys. Fluids 2, 614 (1959)
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Performance of a Hydromagnetic
Plasma Gun

JoHN MARSHALL
Los Alamos Scientific Laboratory, University of California,
Los Alamos, New Mexico
(Received September 21, 1959)

THE gun discussed here accelerates several liters of
hydrogen plasma, containing altogether about 5 X 10
protons, to a velocity of approximately 1.5 X 107 cm/sec,
and deposits more than 409, of the electrical input energy
at its terminals into kinetic energy of the jet. The familiar
coaxial tube geometry!~s is used, but with the difference
that, (1) the tubes or electrodes are longer (30 to 100 em)
than usual, (2) no auxiliary magnetic field is employed,
and, (3) the gas to be accelerated is admitted as a puff
into the previously evacuated space between the tubes.

Phys. Fluids 3, 134 (1960)

THE PHYSICS OF FLUIDS VOLUME 3, NUMBER 4 JULY-AUGUST, 1960

Diffusion Processes in a Plasma Column in a Longitudinal Magnetic Field

F. C. Hou anp B. LEHNERT

Royal Institute of Technology, Stockholm, Sweden
(Received March 18, 1960)

Earlier results, by Lehnert, on the diffusion processes in the positive column in a longitudinal
magnetic field have been confirmed in a new series of measurements over a wide range of data. Ex-
periments with helium, argon, krypton, nitrogen, and hydrogen are described. In the case of helium
good agreement is obtained between the collision diffusion theory and the experiment up to a certain
critical magnetic field. For stronger fields the potential drop along the column indicates a much higher
diffusion rate across the magnetic field than that expected from the binary collision theory. Account
is taken, in the theory, of the presence of molecular ions and of charge exchange collisions. Abnormal
voltage characteristics indicating an increased diffusion rate above a certain magnetic field strength
have also been investigated in argon, krypton, nitrogen, and hydrogen. The transition from the normal
to the abnormal branch of the characteristics seems to depend neither on the length of the discharge
tube nor on the length of the magnetic field, provided that these lengths exceed some fifty tube di-
ameters. On the other hand, the transition depends upon the gas density, the nature of the gas, the
tube radius, and, also slightly, upon the discharge current. The transition is also indicated by an
increasing noise level above the transition point. Finally, the product of the magnetic field strength
and the tube radius seems to be constant at this point.

Phys. Fluids 3, 600 (1960)
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THE PHYSICS OF FLUIDS VOLUME 6, NUMBER 3 SEPTEMBER 1963

Plasma Sheath Formation by Radio-Frequency Fields

H. S. BurLer aAnD G, 8, Kino

W. W. Hansen Laboratories of Physics, Stanford University, Stanford, California
(Received 19 June 1962; revised manuscript received 3 April 1963)

It has been observed experimentally that the application of a radio-frequency voltage (10 ke /sec—50
Mec/sec) to any one of several electrode configurations around the outside of a plasma discharge tube
results in a constriction of the luminous portion of the plasms away from the inner walls of the glass
tube. This investigation has established that the phenomenon is basically a radio-frequency rectifica-
tion effect, leading to the formation of thick ion sheath. The interaction is deseribed mathematically
in terms of a differential equation which has an approximate solution that fits qualitatively all the
observed characteristics of the phenomenon. The differential equation, in its most general form,
has also been solved numerically and the solution is shown to guantitatively fit our experimental
observations for both radio-frequency sine and square wave signals. An applieation of this phenom-
enon as a possible external diagnostic probe technique is proposed.

Phys. Fluids 6, 1346 (1963) |

THE PHYSICS OF FLUIDS VOLUME 6, NUMBER 190 OCTOBER 1963

Continuum Theory of Spherical Electrostatic Probes

C. H. St
Plasma Physics Laboratory, Princeton University, Princelon, New Jersey
AND
8. H. Lax

Gas Dynamics Laboratory, Princeton University, Princeton, New Jersey
(Received 2 January 1963)

A continuum theory for spherical electrostatic probes in a slightly ionized plasma is developed.
The density of the plasma is taken to be sufficiently high such that both ions and electrons suffer
numerous collisions with the neutrals before being collected by an absorbing probe. A general discus-
sion of probes at an arbitrary potential is given. It is found that for very negative probe potentials
the sheath thickness can be comparable to the probe radius. Two explicit forms of current-voltage
characteristics are given; one for very negative probes, the other for probes at nearly plasma potential.
Both of these are based on the assumption that the probe radius is large compared with the Debye
length. Numerical computation is also given for negative probes of a wider range of probe sizes.

Phys. Fluids 6, 1479 (1963)
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THE PHYSICS OF FLUIDS VOLUME 6, NUMBER 12 DECEMBER 1963

Exact Solution of the Collisionless Plasma-Sheath Equation

S. A, SELF*

Microwave Laboratory, W. W. Hansen Laboratories of Physics, Stanford University, Stanford, California
(Received 4 March 1963; revised manuscript received 22 July 1963)

The plasma-sheath problem for the low-pressure discharge in plane geometry is treated exactly,
that is, with no arbitrary division into plasma and sheath regions. Numerical solutions are presented
for various values of the parameter «, which is of the order of the ratio of the Debye length to the
discharge width for 10 < « < 107%; and for three assumptions regarding the ion generation rate,
namely generation uniform, proportional to electron density, and proportional to the square of elec-
tron density.

For the higher values of a, corresponding to weak laboratory discharges, there is a smooth transition
from a quasi-neutral plasma region to a thick sheath. At the smaller values of «, the conventional
model of a quasi-neutral plasma region passing rather abruptly into a narrow sheath region is sub-
stantiated. In all cases, accurate values for the potential profile throughout the plasma and sheath
regions are given and compared with the separate asymptotie plasma and sheath solutions for & = 0.
The ion current density, wall potential, space-charge density, mean ion energy, and sheath thickness
are discussed.

Phys. Fluids 6, 1762 (1963)

THE PHYSICS OF FLUIDS VOLUME 8, NUMBER 1 JANUARY 1965

Unified Theory for the Langmuir Probe in a Collisionless Plasma

S. H. Lam

Gas Dynamics Laboratory, Princeton University, Princeton, New Jersey
(Received 2 June 1964; final manuscript received 3 September 1964)

An asymptotic analysis is presented of the Langmuir-probe problem in a quiescent, collisionless
plasma in the limit of large body dimension to Debye length ratio. The structures of the electric
potential distribution about spheres and cylinders are analyzed and discussed in detail. It is shown
that when the probe potential is smaller than a certain well defined value, there exists no sheath
adjacent to the solid surface. At large body potentials, for which a sheath is present, the electric
potential distribution is given in terms of several universal functions. Master current-voltage charac-
teristic diagrams are given which exhibit clearly the effects of all the pertinent parameters in the
problem. An explicit trapped-ion criterion is presented. The general problem with an arbitrary
body dimension to Debye length ratio is qualitatively discussed.

Phys. Fluids 8, 73 (1965)

THE PHYSICS OF FLUIDS VOLUME 11, NUMBER 4 APRIL 1968

Measurement of Low Plasma Densities in a Magnetic Field

Francis F. CHEN, CLAUDE ETIEVANT,* AND DAVID MOSHER
’

Plasma Physics Laboratory, Princeton University, Princeton, New Jersey
(Received 19 September 1967)

Absolute measurements of plasma density in the range 8 X 108 to 3 X 10" ¢m™3 were made in a
potassium plasma by four methods: (1) Langmuir probes, (2) microwave cavity, (3) microwave inter-
ferometry, and (4) propagation of electrostatic waves. Agreement to =259, between the probe and
microwave measurements was achieved by careful application of probe theory. By contrast, indis-
criminate use of probe theory would lead to an error of 6009 at low densities. The fourth method,
though less accurate, was found to be a useful independent check.

Phys. Fluids 11, 811 (1968)
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Electric sheath and presheath in a collisionless, finite ion
temperature plasma

G. A. Emmert

University of Wisconsin, Madison, Wisconsin 53706

R. M. Wieland and A. T. Mense
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

J. N. Davidson

Georgia Institute of Technology, Atlanta, Georgia 30332
(Received 4 June 1979; accepted 10 January 1980)

The plasma-sheath equation for a collisionless plasma with arbitrary ion temperature in plane geometry is
formulated. Outside the sheath, this equation is approximated by the plasma equation, for which an
analytic solution for the electrostatic potential is obtained. In addition, the ion distribution function, the
wall potential, and the ion energy and particle flux into the sheath are explicitly calculated. The plasma-
sheath equation is also solved numerically with no approximation of the Debye length. The numerical
results compare well with the analytical results when the Debye length is small.

Phys. Fluids 23, 803 (1980)

Plasma-wall transition in an oblique magnetic field

R. Chodura
Max-Planck-Institut fiir Plasmaphysik, EURATOM-Association, D-8046 Garching, Federal Republic of
Germany

(Received 16 October 1981; accepted 6 May 1982}

The effect of a magnetic field on the transition layer between a plasma and an absorbing wall is
studied. A numerical model is used which simulates the motion of plasma particles in the electric
and magnetic fields for a prescribed particle influx at the plasma boundary. Bohm’s condition for
the existence of a monotonic profile of the layer is generalized. The transition layer proves to have
a double structure comprising a quasineutral magnetic presheath preceding the electrostatic
Debye sheath. The magnetic presheath scales with the ion gyroradius at the sound speed and with
the angle of the magnetic field. The total electric potential drop between plasma and wall proves to
be fairly insensitive to the magnitude and angle of the magnetic field.

Phys. Fluids 25, 1628 (1982)|
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A fluid theory of ion collection by probes in strong magnetic fields with
plasma flow

I. H. Hutchinson
Plasma Fusion Center, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received 24 November 1986; accepted 3 September 1987)

A one-dimensional fluid theory of Langmuir probe operation in strong magnetic fields is
presented. Cross-field diffusion of ions both into and out of the the collection region is
consistently accounted for, in effect taking momentum and particle diffusivity to be equal. The
results differ by significant factors from previous analyses, which did not account for outward
diffusion but in effect set momentum diffusivity to zero. The differences are especially large
when parallel flow of the external plasma is present. It is thus clear that the value assumed for
the momentum diffusivity strongly affects the interpretation of recent probe measurements. It
is argued that the present results offer a more reliable basis for this interpretation.

Phys. Fluids 30, 3777 (1987)

PHYSICS OF PLASMAS VOLUME &, NUMBER 12 DECEMBER 2001

Plasma flow and plasma-wall transition in Hall thruster channel

M. Keidar? and I. D. Boyd
Department of Aerospace Engineering, University of Michigan, Ann Arbor, Michigan 48109

I. 1. Beilis
FElectrical Discharge and Plasma Laboratory, Fleischman Faculty of Engineering, Tel Aviv University,
P O. Box 39040, Tel Aviv 69978, Israel

(Received 27 August 2001; accepted 2 October 2001)

In this paper a model of the quasineutral plasma and the transition between the plasma and the
dielectric wall in a Hall thruster channel is developed. The plasma is considered using a
two-dimensional hydrodynamic approximation while the sheath in front of the dielectric surface is
considered to be one dimensional and collisionless. The dielectric wall effect is taken into account
by introducing an effective coefficient of the secondary electron emission (SEE), s. In order to
develop a self-consistent model, the boundary parameters at the sheath edge (ion velocity and
electric field) are obtained from the two-dimensional plasma bulk model. In the considered
condition, i.e., ion temperature much smaller than that of electrons and significant ion acceleration
in the axial direction, the presheath scale length becomes comparable to the channel width so that
the plasma channel becomes an effective presheath. It is found that the radial ion velocity
component at the plasma—sheath interface varies along the thruster channel from about 0.5C, (C,
is the Bohm velocity) near the anode up to the Bohm velocity near the exit plane dependent on the
SEE coefficient. In addition, the secondary electron emission significantly affects the electron
temperature distribution along the channel. For instance in the case of s=0.95, the electron
temperature peaks at about 16 eV, while in the case of s =0.8 it peaks at about 30 eV. The predicted
electron temperature is close to that measured experimentally. The model predictions of the
dependence of the current—voltage characteristic of the £X B discharge on the SEE coefficient
are found to be consistent with experiment. © 200! American Institute of Physics.
[DOI: 10.1063/1.1421370]

Phys. Plasmas 8, 5315 (2001)
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