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LIST OF PRESENTATIONS
FOURTH NASA INTERCENTER CONFERENCE
ON PLASMA PHYSICS

Monday Morning, 2 Dec. 1963 8:30 a.m.

Welcome Address H. H. Kurzweg, Director of Research

NASA Headquarters, Washington, D. C.

Introductory Remarks K. Thom, NASA Hgs., Washington, D. C.

SESSION I: Plasma Theory and Plasma Generation

Chairman: E. Reshotko, NASA Lewis Research Center,
Cleveland, Ohio

Theory of Low Density Plasmas
D. A. Tidman
University of Maryland, College Park, Maryland

Studies of Pair-Correlations in Plasma Theory
C. S. Wu, E. H. Klevans, J. S. Zmuidzinas
Jet Propulsion Laboratory, Pasadena, California

Reentry Heat Transfer and Plasma Statistics
W. E. Meador
NASA Langley Research Ceater, Hampton, Virginia

MHD Problems Related to the Interplanetary Magnetlc Field
D. Adamson
NASA Langley Research Center, Hampton, Virginia

Theory of Solar Wind ~ Geomagnetic Field Interaction
C. C. Chang, Catholic University, Washington, D. C.

Experimental Study of Discharge at Neutral Point
A. Bratenanl
Jet Propulsion Laboratory, Pasadena, California

{BREAK)

Three Body Collisional Recombination of Cesium Ions and
Electrons in an Optically Thin Plasma

J. V., Dugan, Jr. '

NASA, Lewis Research Center, Cleveland, Ohio

The Afverglow Technlque in Plasma Research
E. H. Holt, R. E. Haskell, J. S. Mendell
Rensselear Polytechnic Institute, Troy, New York

Electron Collision Phenomena in Nitrogen
K. C. Stotz
Rensselear Polytechnic Institute, Troy, New York
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10. Volume Ion Production Cost and Spectroscopic Diagnostilcs
in a Hellum Plasma
R. J. Sovie
NASA Lewis Research Center, Cleveland, Ohio

11. Electron Beam Mode Discharge Studies
J. Litton, dJr.
Martin Company, Baltimore, Maryland

12, Electric Drag of Charged Spheres
W, C. Pitts and E. D. Knechtel
NASA, Ames Research Center, Mountain View, California

Monday Afternoon, 2 Dec. 1963 2:00 p.m.

SESSION II: Dynamics of Pulsed Plasmas
Chairman: I. Schwartz, NASA Headquarters, Washington, D. C.

1. The Use of a Transmission-Line Energy-Source with a Coaxial
Plasma Gun _
T. J. Gooding, B. R. Hayworth, A. V. Larson
General Dynamics Astronautics, San Diego, Californie

2. Performance Study of a Repetitively Puised Two-Stage Plasma
Propulsion Engine
B. Gorowitz, P. Gloersen, J. H. Rowe
General Electric Company, King of Prussia, Pennsylvania

3. Operating and Exhaust Characterlistics of a Coaxial Plasma Gun
C. J. Michels
NASA Lewis Research Center, Cleveland, Ohio

4, Spectroscopic Observations on a Pulsed Coaxial Plasma Gun and
Radiation Losses from Plasmas Consisting of High Z-Materials
G. Oertel, N. Jdalufka, J. Norwood
NASA Langley Researcin Center, Hampton, Virginia

(BREAK)

5. Radiation from High Temperature Plasmas
A. C, Kolb
U. 3. Naval Research Laboratory, Washington, D. C.

6. Spectral Line Intensities Emitted by Optically Thin Plasmas
G. Oertel, M. T. Raiford
NASA, Langley Research Center, Hampton, Virginia

T. Magnetic Compression Experiment
G, Qertel
NASA Langley Research Center, Hampton, Virginia



8. Pulsed Electromagnetic Gas Acceleration
R. G. Jahn, W, von Jaskowsky
Princeton University, Princeton, New Jersey

9. Measurements °§ High Energy Plasmas in Under-Water Spark
Channels at 10”2 Atmospheres
J. W. Robinson, H. C., Early
The Universlity of Michigan, Ann Arbor, Michigan

Tuesday Morning, 3 Dec. 1963 9:00 a.m.

SESSION III: DC-Plasma Acceleration and Heatin
Chairman: G. P. Wood, NASA Langley Research Center

1. The Shape of an ®lectric Arc in an Annular Gap and an
Axial Magnetic Field
J. R, Jedlicka
NASA Ames Research Center, Mountain View, California

2. The Cylindrically Constricted DC Thermal Arc with Axial
Air Flow - A Comparison of the Simplified Theoretical
Model With Experimental Results .
V. R. Watson
NASA Ames Research Center, Mountaln View, California

3. Description of a Seeded Gas Plasma for a Low Density Wind
Tunnel
‘W. Christiansen
Jet Propulsion Laboratory, Pasadezna, California

4, Heat Transfer from Ionized Argon
P, F, Massier
Jet Propulslon Laboratory, Pasadena, California

5. Discharge, Acceleration, Diffusion and Recombination in
Plasma Flows Subjected to Steady Applied Fields
G. R. Russel
Jet Propulsion Laboratory, Pasadena, Californila

(BREAK)

6. Transport-Equations for a Partially Ionized Gas in an
Electric Field
P. M. Sockol
NASA Lewis Research Center, Cleveland, Ohio

7. Theory of Non-Equilibrium Flows in Crossed Electric and Magneticl
Fields
G..R. Russel . '
Jet Propulsion Laboratory, Pasadena Callifornia
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8. Non-Equlilibrium Ionization in the Presence of Electric and
Magnetic Fields
H. Hassan
North Carolina State University, Raleigh, North Carolina

9. Non-~Equilibrium Ionizatlon in Steady Discharges Crossed with
Magnetic Fields for High Pressure MHD Studles
W, Grossmann, R. V, Hess, G. Oertel, F. W. Bowen, N.W. Jalufka
NASA Langley Research Center, Hampton, Virginla

10, Progress Report on the Design and Performance Study for a
Crossed~Fleld Plasma Accelerator for a Reentry Facllity
P, Lenn, G. BedJali, D. Ward, B, Wilkinson
Northrop Company, Hawthorne, Californilia
R, C. Brumfield, V. H. Blackman
MHD Research Corporation, Newport Beach, Californla

11, Research on Linear Crossed-Field Steady Flow Accelerators
A, P, Carter, A, P, Sabol, D, R. McFarland, W. Waever,
G, P. Wood
NASA Langley Research Center, Hampton, Virginia

12. Reduction of Electrode Erosion in Continuous Plasma
Accelerators Through Use of Externally R-F Heated Ring
Cathodes
R. H. Weinstein, R, V. Hess, 0., Jarrett, D, R. Brooks
NASA Langley Research Center, Hampton, Virginia

13. Magnetic Expansion Plasma Thrustor - Part I
G. R, Seikel
NASA Lewls Research Center, Cleveland, Ohlo

14, Magnetic Expansion Plasma Thrustor - Part II

S. Domltz
NASA Lewls Research Center, Cleveland, Ohilo
Tuesday Afternoon, 3 Dec, 196; 2:00 p.m,
SESSION IV: AC Plasma Acceleration and Hall-Current Accelerators
Chairman: R.V.Hess, L Langley Research Center

- 1. Travelling-Wave Accelerator
M. Lessen
University of Rochester, New York

2. The Travelling Magnetlc Wave Plasma Engine
R. E. Jones, R. W, Palmer -
NASA Lewis Research Cenver, Cleveland, Ohilo

3. Travelling Wave Accelerator
W. H. Braun
NASA Lewls Research Center, Cleveland, Ohio

-1V
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4, 1Inductive and Capacitive Heating of a Hydrogen Plasma by
an RF Coil
C. C. Swett
NASA Lewis Research Center, Cleveland, Chio =

5. Continuovs Microwave Magnetlc Accelerator
D. B, Miller
General Electric Company, King of Prussila, Pennsylvania

(BREAK)

6. Hall Current Ion Accelerator
D. L. Chubb, G, R. Seikel
NASA Lewis Research Center, Cleveland, Ohio

7. The Hail Current Accelerator
G, L. Cann
Electro-Optical Systems Inc., Pasadena, California

8. Hall Currents and Oscillations for Steady Low Pressure
Discharges with Crossed Magnetic Fields, Theory
R. V., Hess, P. Brockman
NASA Langley Research Center, Hampton, Virginia
H. A, Hassan
North Carolina State University, Raleigh, North Carolina

9, Hall Currents and Oscillations for Steady Low Pressure
Discharges with Crossed Magnetic Fields, Experiments
B. Sidney, J. Burlock, P. Brockman, R. V. Hess
NASA Langley Research Center, Hampton, Virginia

Wednesday Morning, 4 Dec. 1963 9:00 a.m.

SESSION V: Plasma-Wave Interaction
Chairman: E. H. Holt, Renmselear Polytechnic Institute,
Troy, New York

1. Electromagnetic Wave Propagation in Magneto Plasmas
D. A, Hutchital
Rensselear Polytechnic Institute, Troy, New York

2. Microwave Cavity Measurement of The Faraday Effect in a
Glow Discharge Plasma
F. R. Crownfield, Jr.
College of William and Mapry, Williamsburg, Virginia

3. Guided Waves in an Anisotroplc Plasma
A, M, Ferendecl . _
Case Institute of Technology, Cleveland, Ohio



4, Propagation and Dispersion of Hydromagnetic and Ion
Cyclotron Waves in Plasmas Immersed in Magnetic Fields
A. A, Dougal
The University of Texas, Austin, Texas

5. The Absorption of Vertically Polarilzed Plane Electromagnetic
Waves in Thin Slabs of Plasma
P. D. Rowley
NASA Ames Research Center, Mountaln View, California

6. Characteristics of a Magnetically Confined Steady State
Plasma Beam
D, A, Meskan, R, E. Collin
Case Institute of Technology, Cleveland, Ohio

T. Reflection of a EM-Wave from a Shockfront
W. H., Eggimann
Case Institute of Technology, Cleveland, Ohio

8. Electromagnetic Wave Coupling to Magnetized Plasmas
M. Katzin
The Electromagnetic Research Corp.; College Park, Maryland

9., Interaction of Plasma Oscillations with Conduction in a
Penning Gauge
&, R, Crownfleld
College of William and Mary, Williamsburg, Virglnia

(BREAK )

SESSION VI: Magnetohydrodynamics

Chailrman: T

. J. Rossow, NASA Ames Research Center
1. Stabllity of Magnetohydrodynamic COnfigurations

Eli Reshotko

NASA Lewis Research Center, Cleveland, Ohio

2. Structure of Shock Waves in Collision-Free, Tepld Plasmas
W. P, Jones, V. J. Rossow
NASA Ames Research Center, Mountain View, California

3. Hypersonlc Magnetohydrodynamlcs
R. H., Levy, E. V. Locke, H, E, Petschek, P. H. Rose
Avco Everett Research Laboratory, Everett, Massachusetts

4, Magnetoaerodynamic Drag and Shock Stand-Off Distance

T. P. Anderson, Ching Shi Liuw, R, C. Warder, Jr., A, B. Cambel
Northwestern Universlty, Evanston, Illinois

Vi



5. Preliminary Tests in the JPL Liquid Sodium Tunnel
T, Maxworthy
Jet Propulsion Laboratory, Pasadena, California

Wednesday Afternoon, 4 Dec, 1963 1:30 p.m,

SESSION VII: Plasma Ener Conversion
Chairman: G. Seikel, NASA Lewls Research Center

1. Theoretical Current-Voltage Curve in Low~Pressure
Cesium Diode for Jon-Rich Emission
C. M. Goldstein _
NASA Lewls Research Center, Cleveland, Ohlo

2. The Effects of Electron Heating and Ion Slip on the
Performance of an MHD Generator
F., A, Lyman
NASA Lewis Research Center, Cleveland, Ohlo

3. MHD Power Generation With Non-Equilibrium Ionization
L, D. Nichols
NASA Lewis Research Center, Cieveland, Ohilo

b, Rotating.MHD Induction Generators
R. E. Schwirian, E. J. Morgan
Case Institute of Technology, Cleveland, Ohlo

5. A MHD Electric Power Generator Using Seeded Combustion
Products of Cyonogen and Oxygen
I. Fruchtmann
NASA Langley Research Center, Hampton, Virginia

6. MHD A-C Power Generation
H. H. Woodson
Massachusetts Institute of Technology, Cambridge, Mass.
(BREAK )

SESSION VIII: Plasma Diagnostics
Chairman: O. K. Mawardi, Case Institute of Technology

1. Experimental Probing of Plasmas with Optical Lasers
A, A. Dougal
The University of Texas, Austin, Texas

2. Rate of Energy Loss of Energetic Electrons in a Plasma,
Part I, Theoretical
M. R, Smith, W, B. Johason
. Cage Institute of Technology. Cleveland, Ohio

Vii



Rate of Energy Loss of Energetic Electrons Iln a Plasma,
Part II, Experimental

W. B, Johnson, M. R, Smith

Case Institute of Technology, Cleveland, Ohlo

Plasma Flux Measurenent
D, N. Bowditch
NASA Lewis Research Center, Cleveland, Ohlo

Measurement of Stream Velocity with Fareday Probes
J. R. Jedllcka .
NASA Ames Research Center, Mountain View, California

A RF Probe System to Measure the Conductivity and Velocity
of Plasmas

V. J. Rossow )

NASA Ames Research Center, Mountaln View, California

Viil



I 1 PLASMA KINETLC THEORY

DeAs Tidman
University of Maryland
College Park, Maryland

NaG 220-62

Our research is in the fileld of fundamencal plesme kinetie
theory with applications to problems in space physlcs. Some of our
current activity is the following:

Drs. Montgomery and Tiduan have been studylng methods for obtaining
asymptotic series solutions to non-linear differential equations (methods
developed by Bogoliubov, Krylov, and others). We have applied these
methods to calculate some frequency shlfts which occur in non~lineer
wavesg in cold plesmas. These may be detectable in laboratory plasmes.

The problem of the structure of a plasma shoek wave in a hot plasms
18 being attempted using these technlques. It seems possible to calculste
the asymptotic structure of the leading edge of & shock wave thls way. A
rigourous shock wave theory is a prerequisite for any theory of Type II
solar radlo outburcts. These bursts are thought to originate in shock
waves in the salar corona - but no convinecing theory for them yet -~xists.

Dr. Guernsey has succeeded in deriving a divergence - free kinetic
equation for a plasma. The mogt fundamental kinetlc equation derived to
date is the so-called Balescu~Lenard equation. (the counterpart for a
Coulomb ges of the Boltzmann equetlon for a molecular gas) However the
Balescu-Lenard equation has been plegued by a divergence associated with
the short range.part of the coulomb potential, and which previously was
removed by an uwnsatlsfactory cut-off procedure.

The followlng problems are being carried out by students:

A study of initial value problems (using & computer) for the Guernsey-
Balescu~Lenard equation in 1ts exact non~linear form is being made. The
sgimplifying sssumption which makes this possible is to restrict con-
glderaticn only to homogeneous plasmas in which tha velocity dilstributions
are lsotrapic.

Wave propagetion in relativistic plasmas is belng studied using the
relativistic Vliasov equatilons.
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STUDIES OF PAIR-CORRELATIONS IN PLASMA THEORY

C. S. Wu, E., H. Klevans, J. 8. Zmuldzinas
Jet Propulsion Laboratory
Pasadena, California

We have started a series of systematic studies on various
fundamental problems in plasma physics.- The approach 1s based
on the so-called BRGKY hierarchy equations. The purpose of
the research is to investigate the effects of the two-particle
correlations in numerous plasma phenomena. Extensive study
along this line seems to be very significant and important in
the most recent development of advanced plasma kinetic theory.
In the past few years, the self-consistent field apprcximation
(or the Vlasov theoryj based on the collisionless Boltzmann
equation has been extensively exploited and been proved very
useful to understand many high-frequency wave and stability
problems in a plasma. The theory indeed gives falrly accurate
results for the wave dispersion relation for a high temperature
and low density plasma. This is reasonable since the wave
frequency is usually much higher than the collision frequency,
so that collision cannot produce any important effect. However,
for the phenomena of damping or growth of the waves, the
characteristic time scale may be of the same order as the
collision time and thus the two-particle correlations may give
rise to significant modifications to the results obtained from
collisionless theory. This conjecture has been verified in
the first of a series of theoretical studies taking place here.{l)
We have extended the Landau Vlasov theory of plasma oscillations,
which indicates that in the long wavelength limit the damping
would vanish, and found a damping lndependent of wave number K
due to electron-ion correlation., Since this correlation damping
1s much greater than the Landau damping, one may easily imagine
the correlation would tend to stabilize or to delay fthose
microinstabilities predicted by tvhe collisionless theory. This

(1) Wu, C. S, and Klevans, E. H., "Theory of Plasma Oscilla-
tions with Pair Correlations” to be published in the
Proceedings of 6th International Conference on Ionization
Phenomena in Gases, Paris, France, July, 1963,



motivates us to re-examine the well known two stream instability
with binary correlation taken into account.

At the present time, our group is investigating several
problems simultaneously, all based on the kinetic theory
with two-particle correlations. These problems can be listed
as follows:

l.

The effect of different electron and ion temperatures ua-
conductivity,

Electron-ion %emperature relaxation,

Kinetic equation for a plasma in a weak external
electric field,

As an extension of (3), the electron runaway phenomenon,

Effect of pair=-correlations on a two stream instability.



REENTRY. HEAT TRANSFER AND PLASMA STATISTICS

by

Willard E. Meador, Jr.
NASA Langley Research Center
Hampton, Virginia

- -Efforts to understand the nechanisms of energy, mass,
momentum, and charge transfer from one region of a gas to
another, for example heat flux through the boundary layer of
a reentering space vehicle, necessarily involve two general
areas of study: (1) collision dynamics (evaluation of
Hirschfelder omega integrals and/or Chandrasekhar diffusion
coefficients), and (2) statistical frameworks in which the
collisions occur. Research at Langley has been concerned
primarily with the quantum mechanical aspects of particle
interaction potentials up to and including dissociation pro-
ducts, some results being obtained at the same time in such
sideline topics as basic quantum and statistical theories,
statistical simplifications, Liouville chain breaking,
relativistic effects, inelastic collisions, and resonant
exchange phenomena. These will be discussed in more or less
general terms with the main emphasis on the following two
current projects, they being the ones most pertinent to plasma
physics.,

_ Project I is an evaluation of the binary diffusion model
in connection with stagnation point heat transfer. This
model treats a partially ionized gas as consisting of only
two components, molecules on the cne hand and atoms, lons,

" and electrons on the other, for purposes of calculating
reaction thermal conductivity. It is felt that previous
applications of this technique all involved unrealistic
assumptions concerning the behavior of ions and charge ex-
change effects on of”-diagonal matrix elements; reasons for
this speculation, purtly supported by data already obtained,
will be presented. New ways of determining electron-electron,
electron-ion, and ion-ion cross sections will be listed, as
well as a discussion on the physical interpretations of
diffusion models and boundary layer properties (frozen versus
equilibrium, atomic insulation or not}.

Project II is an attempt to develop systematic checks on
binary collision statistics such as the Boltzmann and Fokker-
Planck equations. Long range coulomb forces are such as to



render extremely dubious the assumptions that multiple
interactions are not important and that cluster effects apart
from deDye shielding do not occur. Of particular interest is
the possibility that these clouds become somewhat warped and
difficult to form as the temperature increases. In this
connection the conditions for the validity of Vlassov's
equation have been made more explicit and a method outlined
for introducing collision terms in a formal way, the next
step being a derivation and check of Fokker-Planck correla-
tion functions.

As time permits, discussion will be offered concerning
our present feelings on resonant and nonresonant charge ex-
change, electron-neutral quantum collisions and statistics
for partially ilonized gases.



MHD PROBLEMS RELATED TO THE INTERPLANETARY
MAGNETIC FIELD

D. Adamson
NASA Langley Reseaich Center
Hampton, Virginiea

An investigation of the stability of the bounding surface
of the magnevospheric cavity is being made, Whether or not
this interface is scable has important bearing on a variety
of geophysical phenomena. In view of the sparsity of particles
in the neighborhcod of the interface (some tens per ecm3), the
assumption of continuum flow invoked in analyses made to date
is open to question. Further thought. is being given to this
problem,.  It-appears that by virtue of the existence .of an
interplanetary magnetic field a constraint is plased on the
particle motions and "modified" continuum equations are appli-
cable., The outcome of these basic considerations have not
only relevance to the problem of interface stability but will
reflect on all aspects of behavior of the interplanetary
medium and the kinds of instability to which it may be subject.

In an investigation made recently and reported in NASA
TN D-1010 a correlation was established between the occurrence
of solar proton events and intense geomagnetic storms (thgse
having an A, index exceeding 80). A subsequent superficial
statistical analysis of such intense storm data revealed a
periodicity of approximately 12 months which was thought to
" indicate that the magnetic fields at the earth's orbital
distance are stationary instead of corotating with the sun, .
Actually, a more detailed analysis has disclosed the periodi-
city is more nearly 13 months, indicating a slow rotation of
the magnetic fields in the direction of the earth's motion.
Such a concept is at variance with the water hose model.



In water hose model, recur-
rence would be every 27 days,
the rotation period of sun.

In annuel recurrence model,
the recurrence period would be

data.




THEORY OF SOLAR WIND-
GEOMAGNETIC FIELD INTERACTION

C. C. Chang
Catholic University
Washington, D. C,.
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I, 6
EXPERIMENTAL STUDY OF DISCHARGE AT NEUTRAL POINT

A, Bratenahl
Jet Propulsion Laboratory
Pasadena, California

Currently in preparation is an experiment to facilitate
the study of a discharge at a neutral point in a.magnetic
field. Isolated points, llnes, or planes; where the field
vanishes, we shall refer to as "neutral points." If the
field lines encircle the point, we shall call it an O-point.
If the field lines are hyperbolic in the neighborhood of the
point we shall call it an X-point. Through the agency of a .
neutral point the total flux of a system may be changed., The
X-point is of special interest in a plasma since, besides the
total flux, the general topology of the field may be changed
through the severing and reconnection of lines of forge :
These matters are systematically discussed by Dungey. )

The process at an X~-point can evolve very rapldly even in
systems where the conductivity is extremely high and the hydro-
magnetic approximation is valid. In this case, the usual
assumption of infinite conductivity everywhere must be aban-
doned at least in the neighborhood of the point and due
account paid to the fact that all natural plasma systems have
a finite resistivity.

The X~-type neutral point 1s of general interest in
hydromagnetic plasmas on the astrophysical scale., For ex-
ample, it is an essentlal %nﬁredient in Babcock's theory of
the solar magnetic dynamo. A rather dramatlic example in
solar physics 1ls almost certainly to be seen in the flare,
which is currently understood in terms of an explos ve r
lease of stored magnetic ?n?rgy at a neutral polnt. -~-

On the other hand, Parker\9) has prepared a rather exhaustive
summary and analysis of various theories of the solar flare,
and concludes that no presently proposed.theory is adequate
to explain 1t. He then makes several interesting alternative
suggestions including the possibility that some unknown
instability might be present.

Simultaneously, but quite inde in?ently of Parker's
study, Furth, Kileen and Rosenbluth identified not one
but three instabilities at X-type neutral points and calcu-
lated their rates of growth, Although their analysis was
applied to a study of laborat?rY plasmas of controlled
thermonuclear interest, Jagel(l ) has already applied thelr



theory to the solar flare with interesting results. It is
clear that current theoretical treatments differ rather
widely in essential points and one is left with the impression
that some experimental studies might be helpful and timely.

Our current experiments produce an X-type neutral point
along the line of contact formed at the instant of collision
of two outwardly expanding c¢ylindrical shock waves. These
shock waves are produced by two inverse pinch devices mounted
side by side in a common vacuum system, The advantage of
this. arrangement lies in the fact that the initial and final
states of the system are well behaved and can be calculated
with reasonable confidence. The transition, which lnvolves a
change in topology of field lines, will be studied by well
known techniques, for example, magnetic probes and the Kerr
cell camersa.

We are under no illusion that we are making a working
scale model of the solar flare. What we hope to do, is gain
some insight through experiment to a problem that turns out
to be somewhat more complicated than had heretofor been supposed.
For example, it may be expected that tThe behavior at an X-type
point would be strongly dependent on the relation of the initial
state of the system to those final states that are topolo-
gically accessible to it through the agency of the neutral
point itself. Hence contrary to Dungey's simplified analysis,
the intrinsic property of the point is not likely to be the
primary factor determining the transition.

REFERENCES
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THREE BODY COLLISIONAL RECOMBINATION OF CESIUM IONS
AND ELECTRONS IN AN OPTICALLY THIN PLASMA

J. V., Dugan, Jr.
NASA Lewls Research Center
Cleveland, Ohio

The rate of three body recombination between cesium ions
and electrons in a non-equilibriuvm plasma is calculated em-
ploying the method of Byron et al.l,2,3 The main postulate
of the Byron model is that de-excitation of bound electrons
from excited states is the rate limiting step in the kinetics
of recombination. Once captured, the rate at which electrons
can reach the ground state (recombination) is governed solely
by the rate at which supesrelastic collisions cause de-excitation,
Rprx. These scattering events occur when free electrons recelve
tRe de-exclitation energy of the atomic collision as kinetic
energy. This de-excitation rate 1s computed for all states and
is found to have a minimum at a particular energy level for a
given electron temperature. This minimun rate is effectively
the recombination rate. Radiative emission is neglected as a
de-excitation process in the range of electron densities con-
sidered and all atomic levels are assumed to be in equilibrium
with the free electrons.

The &ross section for atomic excitation as derived by
Gryzynski™ dis utilized with the statistical mechanical
principle of detailed balancing to compute Rppy through the -
various energy levels. Seventy-two known elecfronic ievéls-

of the cesium atom are treated discretely for each transition,
Byron et al obtained Rpgy for potassium by assuming that a
continuum of levels existed above and below any level E¥*, Also,
the exact form of the inelastic cross section has been used
rather than the approximation of reference 3.

The model is applied to a cesium seeded argon plasma (of
interest for MHD generator work) where Cs+ is_the only ion in
the range of electron number densities Ng, 1013 1018 em~3,
and electron temperature O, 500-10,000° K., Trapping of
emitted radiation was ignored.

Supplementary calculations were made employing the D'Angelo6
recombination model where competing steps are considered with
electrons "traced" through the atomic levels. When Bohr-

Thomson inelastic cross sections are used, the method yields
8 divergent recombination rate., A similay calculation using
the Gryzynski crosgs sections is now in progress.
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Results are within an order of magnitude of reference 3
but the plot of R V8 Oy display more fine structure and
the minlma for cesgum are shifted from the potassium values.
It can be safely concluded that the attainment of conductively
levels necessary for MHD power generation will be difficult
especlally at temperatures below 3000° K.

References:
1. Petsclknk, H. and Byron, S.: Annals of Physilcs 1 270, 1957.

2. Byron, S.,. Stabler, R.C., and Bortz, P.I.: Phys Rev.
Letters 8, 376, 1962.

3. Byron, S., Bortz, P.I., and Russell, G.R,: Proc. Fourth
Symp. on Eng'g. Aspects of MHD. April 1962

L4, GQryzynski, M.: Phys. Rev. __Q, 374, 1959,
5. NBS Circular 467, Vol. 3, U.S. G.P.0., 1952,
6. J'Angelo, N.: Phys., Rev., 121, 505, 1961,
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THE AFTERGLOW TECHNIQUE IN PLASMA RESEARCH

E. H. Holt, R, E. Haskelll J. S. Mendell?
Rensselaer Polytechnic Institute '
Troy, New York

The paper reviews a number of projects recently completed
at Rensselaer. An analysis of the plasma afterglow in_nitro-
gen has been made using multiple diagnostic technlques—+.

This work is reported by K. C. Stotz in a separate paper. In
connect%on with 1t a gated microwave radiometer has been de-
veloped® which.detects a 10°K. difference between the tempera-
ture of the electron gas of the plasma and the temperature
(room) of the loh and neutrali molecule gas. With larger
temperature differences a time resolution of the temperature
variation of the ele~tron gas to within 1 microsecond can be
made.

A new theoretical approach to the problem of electro-
maghetic wave propagation in ﬂagnetoplasmas.has been formulated
and experimentally verified3, The electromagnet used in
this work is of a particularly simple and flexible design-.

A magnetic field of 10,000 gauss is generated in a volume. 16
inchies long and 6 inches in dlameter by a flat helix of 100
turns which is energized by a bank of wet cells. The magnet
operates for one minute at a time and no cooling arrangements
are necessary. The magnetoplasma is represented by a trans-
formation matrix which operates on the input wave to produce the
output wave.  The terms of this matrix are functions of the
orthogonal components of certain input and output wave polar-~
izations. If the response of th2 medium to these wave polari-
zations can be measured, then the transformation matrix can be
calculated and the behavior of the medium for all other waves
can.be predicted. The experimental circult used to verify

this theory is shown in Flgure 1. A K-band klystron suppliles

a signal which is given a pre-determined polarization by means
of suitable microwave components, This wave is laundered

along the axlis of the magnetic fleld. It traverses a plasma
created by a pulse of r.f, energy at 4.7 me,. The output wave
impinges on a second conical horn and is gulded into a trimode
turngtile Jjunction which serves ag a polarimeter to divide the
wave into orthogonal components, After two stages of hetero~

- dyning the two signals are applied to the plates of an X-Y
oscilloscope and the polarizbion ellipse of the wave is dis-
played directly. The transformation matrix has been measured
for this experimental arrangement. It has been used to predict
the wave polarization which propagates unchanged through the '
plasma and the wave pclarization which propagates with maximum
intensity. .

1l Now at Air Force Cambridge Researoh Laborator Bedford, M
2 Now at Pratt and Whitney Airoraft, I Hartfoﬁ%: Conn, ass.
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A study of the interaction between a quiescent plasma and
a bunched, relativistic electron.beam has been made both
theoretlcally and experimentailyb. The purpose of the work
was to detect radiation outsloe the plasma vessel due to the
propagation of Cerenkov~type waves in the plasma electron gas,
Such waves were expected to be generated by the electron
bunches of the beam. .The experimental arrangement is shown
in Figure 2. The high voltage generator is pulsed to produce
plasma in the cell at discrete intervals. The plasma density
1s monitored by means of a microwave bridge. AT pre-determined
times In the afterglow the linear accelerator is triggered and
a burst of electron bunches is fired through the plasma,
Provision was made to detect the radiation with a microwave
receiver, No radiation above threshold was detectable showing
that the radiaf&on produced must have a power level of less
than 0.4 x 10™*+Y watts per em. path traversed by the beam,

REFERENCES

1. K. C. Stotz, "Investigation of Plasms After Glows with
Application in Nitrogen", Rensselaer Polytechnic Institute,
Plasma Research Laboratory, Tech. Rep. No. 9, June 1963.

2. W, C., Taft, K. C. Stotz, E. H. Holt, "A Gated Radlometer
for Plasma Afterglow Study", Trans. IEEE Instrumentation

~ and Measurement, (tc be published),

3. R. E, Haskell, E. H, Holt, "Study of Electromagnetic Wave
Polarization in Magneto-Plasmas by a Matrix Method of
Crystal Optins"f Proc, IRE, 49, 1584 (October 1961).

4, R, B, Haskell, "Polarization Transforming Properties of
Anisotropic Plasmas", Rensselaer Polytechnic Institute,
Plasma Research Laboratory{ Tech.Rep.No. 8, August 1963.

5, J. E. Rudzki, E. H., Holt, "Ten Kilogauss, Air Cooled
Magnet for Plasma Research", Rev. Sci. Instr., 34, 1155,
October 1963. - '

6. J. S. Mendell, "Investigation of Plasma Oscillations
Stimulated by a Pre-Bunched Electron Beam from the Ren-

sselaer Accelerator," Rensselaer Polytechnic Institute,
Ph. D. Thesis, September 1963.
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ELECTRON COLLISION PHENOMENA IN NITROGEN

K. C. Stotz
RENSSELAER POLYTECHNIC INSTITUTE
Troy, New York

There is a continuing need for cross-section miasurements
of electron collision processes in gases. Bourdeau~, for
example, has pointed to the need of data on the recombination
coefficient in atmospheric gases in order to understand ionos-
pheric phenoniena. This paper reports the results of a study
of electron collision processes in nitrogen obtained by the
afterglow technique. Multiple diagnostic techniques were
used to arrive at a clear understanding of the experimental
conditions.

A block diagram of the apparatus is shown in Figure 1.
The basic microwave interferometer shown by the solid lines
is used to obtain measurements of the electron density and
collision frequency. In the past, coefficients obtained
using the interferometer circuit have differed from values
obtained by the cavity technique. It was suspected that the
difference could be accounted for by the fact that the elec-
trons had not relaxed to room temperature in early interfero-
meter experiments. Therefore a gated microwave radiometer
was developed and used to monitor the electron temperature
in the afterglow. It is shown schematically as the dotted
lines in the figure. Results employing this device have
verified that earlier measurements were made in non-thermal
plasmas.

The monochromator in the figure was used in an attempt to
identify the ions through visible spectra. Onliy No spectra
were gbtained, but this does not eliminate the presence of
the N} ion (since dissociative recombination of Nﬁ would be
dindicated by the presence of an Np spectra).

The ambipolar diffusion coefflident times_pressure obtained
for nitrogen is, Dgp = 123 ¥ 24 em” Torr sec~l in the pressure
range 0.2 to 4.5 Torr at room temperature Thi correipends
to a mobility at 0°C, 760 Torr of 2.85 cm? sec-L volt~L, The
recombination coefficient increases_with presgure from 4 x 10‘8
em3 sec~l at 0.25 Torr to 6.8 x 1077 em? see~l at 7.1 Torr.

The recombination .mechanism is attributed to the dissoclative
recombination of tne NE ion, although the three-body recom-
bination of the Ni ion may play a significant role. The
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temperature measurements have indicated a source of hot
electrons in the early afterglow which has been attributed
to the presence of metastable molecules.

Further temperature measurements are in progress and a
time of flight mass spectrometer is under construction to
provide data on the density of the several ion species as a
function of time in the afterglow.

In the future it is proposed to apply these multiple
dlagnostic techniques to the measurement of transport coef-
ficients in the presence of a magnetic field. This program
is discussed further in the paper by D. A, Huchital. :

1. Bourdeau, Robert E., "Space Flight Studies of the
. Ionosphere", Proc. of the NASA-University Conference on
the Science and Technology of Space Exploration, Vol. 1,
NASA SP-11, p. 118, December. 1962.

2, Taft, W. C., Stotz, K. C., Holt, E. H., "A Gated Radiometer
for Plasma Afterglow Study", Trans. IEEE Instrumentation
and Measurement, (to be published).
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VOLUME ION PRODUCTION COST AND SPECTROSCOPIC
DIAGNOSTICS IN A HELIUM PLASMA

R. J. Sovie
NASA Lewis Research Center
Cleveland, Ohio
&
A theoretical calculation of the energy redquired for
volume ion production has been made for the core of a partially
ionized helium plasma that is optically thin and in which a Max-
wellian distribution of electron velocities prevails. Inelastic
electron-atom collisions that result in excitation of atomic
energy levels are the only loss mechanisms considered. The
energy requirement is computed by considering the rates for
the competing processes of excitation and ionization.-...The
results show that the energy required for volume ian produc-
tion decreases sharply from.78 to 43.5 ev/ion as the electron
kinetic temgerature increases from 6 to 60 ev and then decreases
slowly to 38.5 ev/ion at an electron kinetic temperature of
200 ev. The ion production rate and the power consumed in ion
production for a steady state plasma have also been evaluated
as a function of electron kinetic temperature. These quanti-
ties are found to increase at a decreasing rate as the electron
energy is increased, : L

Investigation of a previously published spectroscopic
diagnostic technique for determinationd electron temperature
and percent ionization in a helium plasma has shown that the
results obtained by using this method will be pressure dependent
due to the effects of secondary processes on the intensity
ratios studled. This technique has been revised using helium
excltation functions that are insensitive to pressure in the
range 0 - 130 microns. The results of this revised technique
are presented in the accompanying figure. In this filgure the
electron kinetic temperature 1s obtained directly from the
observed intensity ratio of the helium neutral spectral lines
at 5047 A and 4713 A. The quantity F(kTe) which is the ratio
of the averaged excitatloncross-sections of the 4686 A HgII
spectral line and the 5047 A Hel line is then determined from
the known value of the electron kinetic temperature. The
percentage ionized, P, is then calculated by using F(kTe) and
the observed intensity ratio.of the 4686 A HeIIl line and the
5047 A HeI line. : ‘ ‘

—
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ELECTRON BEAM MODE DISCHARGE STUDIES

J. Litton, Jr.
Electronic Systems & Products Division
Martin Company :
Baltimore 3, Maryland

NASw~T714

Under NASA contract NASw-7T1l4, The Martin Company is con~-
ducting research to determine the bagic mechanisms of the
Electron Beam Mode Discharge (Fig. 1). The work consists of
a set of dlagnostic experiments and their analysis in terms
of events which cause a perforated or open wall hollow cathode
discharge to generate a high impedance, energetic electron:
beam.

The various types of dircnostic experiments being conducted
are: Langmuir probe, electron beam probe, microwave diagnostic
and spectroscopic methods. These several approaches have
resulted in data which does in fact indicate that the Electron
Beam Mode Discharge is an entirely different form of discharge
from its bi-stable mode in the same cathode. These results
were first confirmed experimentally by observation of the
Helium lines in the discharge.

The microwave studies have demonstrated the effect of the
transparency of the mesh upon volume ionization interior to
the negative glow. e Langmuir probe data indicates that
electron densities ;1 this region are higher, and electron
temperatures lower, than intuitively expected for a high
impedance discharge.

It is clear from both the Langmuir probe data and the
spectroscopic data that the Electron Beam Mode Discharge is a
fundamentally different effect from the normal hollow cathode
discharge even when the latter is one of the modes of the same
cathode which produces the Electron Beam Mode Discharge., Ob-
servation of spectral line intensity radiation in both the
hollow cathode discharge and electron Beam Mode Discharge
indicates the relative effect of electrons and positive ions
in th gse two modes respectively are dominant. - The orange line

(58754) for the Electron Beam Mode Discharge is gignificantly
larger thap that of the hollow cathode discharge and the green
line. (5015A) for tne hollow cathode discharge is greater than
that of the Electron Beam Mode Discharge. Classically, these
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two lines have been used to indicate the occurrence of
different types of ionization taking place. The green line
is stronger when electrons produce the ionizatiocn and the
orange line is stronger when positive ions are the ionizing
agent,

The latest data and interpretation will be presented at
the symposium, and a discussion of the experimental benefits
of each of the methods being utilized will be given.
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L, 12 Electric Drag of Charged Spheres
We Co Pitts and E. D, Knechtel

NASA Ames Research Centexr
Mountain View, California

Measurements have been made of the electric drag of conducting
-~ sheres having a charged surface, in order to obtain a better under-
standing of the electric-drag problem and to help resolve the differ-
ences between various theories, Albroad mercury-plasma besm has been
employed to permit simulation of the flow about a satellite in an
ionized medium.

The experimental apparatus provides a directed mercury plasma beam
variable in enexgy over the range from 60 to 300 electron volts, with
.a number density of apprdximately 108 ifons per cc. and a useable core
diameter of over five centimeters., Drag is measured with a quartz
térsion microbalance operated remotely through the vacuum wall, with
provision for electrical contact to control the model's surface poten-
tial. The satellite models are hollow glass spheres up to one inch in
diameter, having a gold surface applied by vacuum evaporation. Diag-
nosis and control of the plasma beam was accomplished with Langmuir
probes and a Faraday cage.

The ion drag results showed a definite effect of negative potential
gpplied to the model surface and gave quite good agreement with the
glectric drag theories of Jastrow and Pearse and of Hohlvand Wood, while
ruling out various other ;heories for which the predicted drag was

either much higher or much lower. To relate experimental results to



29

satellite conditions, it was found necessary to use three scaling
parameters involving the surface potential, ion energy, ion number
density, body size, and electron temperature. An empirical relation
between the theoretical electric drag and the scaling parameters has
been devised which covers the ranges of practical interest,

The conclusions from the lon drag measurements and correlations
ars that electric drag can be significant for certain practical con-
ditions -~ for instance, a 2-foot diameter spherical satellite at 600
miles altitude with a surface potential of «4 volts would have a drag
of about one and oneshalf times that of the uncharged satellite. These
results also indinate that for practical sizes of satellites, any
eleétric-drag theory ahouid account primarily for ion-surface c-llisions,

as in the Jastrow-Pearse theory.
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II
The Use of a Transmission Line Energy«~Source
With a Coaxia! Plasma Gun

Re Jo Gooding, B. R. Hayworth, A. V. Larson
NAS-3-2594
General Dynamics/Astronautics
San Diego; California

Previously reported experiments on the development of the coaxial
plasma gun for space propulsion have indicated that an optimum energy-
storage capacitor might have a capacity of approximately 204 farads,
an inductance of 1 nanchenry and be operated at about 10 kv. The con-
ventional method of fabricating such an energy scurce is to parallel a
large number of small capacitors on a coaxial transmission line.

In oxder to reduce the overall weight and size of the engine a
single toroidal capacitor, 204 farads, 3 nh, 10 kv was fabricated
(illustrated in figures 1 and 2). With the coaxial gun operated in the
gas triggered mode (for minimum load inductance) the capacitor acts as
a distributed constant pulse<line with an impedance closely matched to
the plasma. The current waveform, and the voltage waveforms at the
breech of the gun and at the far end of the line, shown in figure 3,
are exactly as one would predict from a transmission line model.

From these data we can determine the power input to the gun; and
together with magnetic field measurements in the gun determine an
enexrgy balance for the systems The results show that approximately
88% of the initial stéred energy had been deposited in the gun at
t = 0.9 #secs, divided approximately equally between magnetic field

energy and directed motion of the center of mass of the plasma. The
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ohmic losses in the piasma apperar to be negligible.
This behaviour represents the closest approximation to an ideal
coaxial rail gun that has been achieved in our program. - Some of the

consequences of the pulse-line mode of operation will be discussed.
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II, 2

PERFORMANCE STUDY OF A REPETITIVELY PULSED
TWO-STAGE PLASMA PROPULSION ENGINE

B. Gorowitz, P. Gloersen, J. H. Rowe
General Electric Company
King of Prussia, Pennsylvania
NAS 3-2502

This paper describes an investigation of the performance
of a two-stage, repetitively pulsed plasma engine ultimately
intended for prime propulsion in space. Prior to the time
period covered by the present paper, a single-shot, single
stage coaxial gun had been studied in considerable detaill,
leading to the concept of a twc-stage regeﬁitively pulsed
engine. Subsequent data were obt.Lned2s3:% on thrust as
measured by a pendulum in the exhiust, collective velocities
of the luminous species from streak camera and photomultiplier
telescope records, and luminous species present in the exhaust
on one particular two-stage accelerator configuration. 1In
this paper, studies of individual luminous species present
and their velocities will be described using accelerators
which underwent successive design mcdifications. The chief
objective of these modifications was to bring about reliable
operation of the accelerator fcr reasonably long times over
a wide range of power levels. Considerable success was
achieved toward this end and sufficient information was
obtained to permit design and construction of a refined ver-
sion of the two-stage coaxial pgun which was used in a more
extensive serles of performance measurements (e.g., thrust
with a thrust balance and efficiency with a calorimeter).

The performance data obtained from tiarust balance and
calorimeter measurements to date, are suwumari:ed on Table 1.

REFERENCES

1. P, Gloersen, B, Gorowitz, and W. Palm, "Experimental
Performance of a Pulsed Gas Entry Coaxial Plasma
Accelerator, "Paper No. 1535~60 at the ARS 15%th Annual
Meeting, Washington, D. C., December 19060,

2. Per Gloersen, "Pulsed Plasma Accelerators®, ARS Paper No.
2129-61, at the ARS Space Flight Report to the Nation in
New York, October 1961,

3. B, Gorowitz, P, Gloersen, W. A. Hovis, Jr., "Experimental
Studies of a Repetitively Fired Two-Stage Coaxial Plasma
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Engine, "Paper No. 2377-62 at the ARS Electric
Propulsion Conference, Berkeley, Calif., March 1962

P. Gloersen, B. Gorowitz, W. A. Hovis, Jr., and R. B.
Thomas, Jr., "An Investigation of the Properties of

a Repetitively fired Two-Stage Coaxial Plasma Engine,'
Paper No. 5 at the Flight Application Session of the
Third Symposium of the Engineering Aspects of MHD,
Rochester, New York, March 1962,



1 y : 72 gun

Ve 2CV, Pin T Eierminals Pterminals Pcalorimeter Pcal. Isp/H m H

KV Joules Watts Newtons Joules Watts Watts Pierminals  sec. Kg/sec.

9.0 607 6070  .0048 101 1010 120 11.8% 4900 0.96 x 1077

7.2 1160 2320 . 0041 400 800 208 26.0% 10, 300 0.40 x 1077

9.0 1820 3640  .0085 641 1282 330 25. 8% 7860 1.09 x 1077
10.0 2250 4500  ,0182 791 1582 450 28. 4% 4990 3, sd x 1077
12,0 3240 6480  .0342 1140 2280 988 43.5% 5830 6.00 » 107

o
V = 2sec
hin = 7.5 x 10'7Kg/sec
mefs, = 0.024 x 10‘7Kg/s.ec

-,
H =4 /,(f’" = ::lrr for Maxwelliam distribution

Propellant - Nitrogen

Table 1 - Performance of the Two-Stage Coaxial Engine
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11, 3
Operating and Exhaust Characteristics of a Coaxial Plasma Gun
Ce Js Michels

NASA Lewis Research Center
Mountain View, California

~ Results of the single~shot-gun research program obtained subsequent
to those reported in refervence 1 are reviewed.s A detailed study of the
time history of the electrical parameters, power, and energy for the
ignitron switched capacitor bank with inductive load (that is, a muzzle
shorted gun) is described. This study was necessary to saparate gun
phenomena from bank characteristics.

An experimental investigation (reference 2) of the exhaust from a
coaxial plasma gun (opergted In crowbar mode) is discusseds Rogovsky
‘loops at various stations, framing and streak cameras, and magnetic
probes, were employeds The discharge appears first as a weak intensity
diffuse plasma puff whose velocity as determinedhfrom the streak caﬁeras
is tﬁe gsame as the velocity of the current front as determined using
magnetic probess The location of the puff coincides approximately'with
the extrapolated current front location, A sﬁort time later, an intense,ﬁ
well-coliimated and elongated luminous core appears from the tip of the
inner electrodes The velocity of the leading edge of this core is
slightly less than the current'front. Loop measurements indicate that
the core is part of a closed current path between fnner and outer
electrode and is current carrying well downstream of the gun,

The operation of. gun.configurations with various electrode geometries

is examined. The.initiai discharge location was found to be at the gas
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ports. Moving the gas ports to the breech has resulted in utilization
of the full length of the gun barrel for acceleration as noted by
magnetic probe traces.

To reduce bank cable losses and permit higher gun currents, the
bank transmission line cables have been redesigned and modified.s The

results of a gun performance survey using the modified bank are presented.

References:

1. Michels, CoJ. and Ramins, Peter, "Performance of Coaxisl Plasma Gun
With Various Propellants." Presented at International Coaxial Plasma
Gun Symposium, Case Institute of Technology, Cleveland, Ohio,
September 6-7, 1962, To be published in Special Issue of Physics
of Fluids compiling the Symposium papers.,

2. Michels, CeJs, "Stu.y of Coaxial Plasma Gun Exhaust.,"” Bul. of Am,
Phys. Soc., 441, (1963).
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Spect> - -.pic Observations on a Pulsed Coaxial Plasma Gun
and Radia: Tosses from Plasmas Consisting ot High Z Materials

Ge Oertel, N. Jalufka and J. Norwood
NASA Langley Research Center

l. Electromagnetic radiation from the p.asma in a pulsed coaxial
plasma gun had been observed with some space and time resolution, by
use of a stigmatic spectrograph and an image converter camera. The
plasma concists mostly of electrode material at estimated electron
temperature and density of 35000°Kk and several times 1016 per cm3,
respectively, downstream just beyond the nozzle. The plésma between
the electrodes is most luminous near the inner electrode, where a
strong continuum with absorption lines is observed during the first
few microseconds after thz formation of the discharge. Later these
absorption lines turr. into emission with an accompanying considerable
drop in total light intensity. If the plasma were a blackbody at about
60,00G°K, about one hundred joules perxr cm2 per microsecond would be
radiated away, mostly in the vacuum ultraviolet and soft xeray regions
of ﬁhe spectrums Bound-bound and free-bound electron transitions may
account for a photonxmean free path which is much shorter than the
plasma dimensions., Direct measurements of the loss in the far vacuum
ultraviolet are in progress and could shed light on
the energy balance in some plasma accelerators.

2, Experiments indicate the emission of blackbody radiation in the
visible region of the spectrum from a hot plasma consisting mainly of

materials of large nuclear charge. The calculation of the absorption
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coefficient for nonhydrogenic ions is difficult, because it dependé
upon transition probabilities, broadening parameters, and nonthermal
populetions of ionic states, It can be estimated, howeyer, that such
plasmas tend to become optically- thick over a wide range of wavelengths
at moderately high temperatures (v5 eV). The consequence Qould be

a high energy loss as radiation, mostly in the vacuum ultraviolet
region of the spectrum, which may affect the figure of merit of some
plasma accelerators and may provide a strong dulsed source of vacuum

uitraviolet radiation,
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11, 5
Radiation from High Temperature Plasmas

"A.C. Kolb
NASA Contract R-9

U. S. Naval Research Leboratory
‘ Washington, D. C.

Just as in stellar atmoaspheres, the radiation emitted from high
temperatuse laboratory plasmas is characteristic of the state of the gas.
The problems associated with determining the density, temperature, compo-
sition, as well as heating and energy loss mechanicms, are common to
both astrophysics and plasma diagnostics,

Because of certain scaling laws between density, ionic charge,
ionization potentials and temperature, the atomic collision processes
and radiation phenomens in low density stellar atmosphe.-es may be
studied directly at highér densities.

High curren: &-pinches and electromagnetic shock tubes can be used

7 %, Such

to produce electron temperatures from about 104 % to 10
sources pro&uce radiation throughout the soft x-ray, vacuum ultraviolet
and visible regions of the spectyrum,

Shock tube experiments have progressed to the point where densities
can be measured to better than 107, whiie temf*ratures may be determined
in many case to within 1,5 tc¢ ©%, depending on the particular circum-
stances, The various d!agnostic methods, their precision and current
problems will be reviewed.

With the developﬁent of falrly precise spectroscopic techniques

it is now possible to measure f-numbers and damping constants of apectral
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lines of astrophysical interest. The experimental possibilities in
this area are only beginning to emerge, particularly in the ultra-
violet region which has recently assumed great importance, courtesy of
satellite and rocket observations.

Above about 5ev shock tubes have not yet proven reliable as light
sources. However, plasmas with temperatures over 1l0ev and as high as
100ev éan be regroducibiz generated by magnetic compression in a
@-pinch, Fields upAto‘HVIOOKG thermally isolate the plasma for times
of 10-30 « sec in the largest NRL experiment. Discharges in 2m coils
with currents up to 14MA from a l.4MJ capacitor bank are presently
under investigation. Some of the ﬁroblems associated with operating
such devices to produce stable discharges will be summarized.

Despite the complexity of the hydromagnetic processes, it is
possible to solve ihe full nonlinear two-fluid (ions and electrons)
equations for the 8-pinch geometry. This proviaes a "model atmosphere®,
analogous to those used for stellar atmospheres, on which to base an
analysis of thé radiation emitted by the plasmi., Calculations will be
discussed in which the rate equations for lonization are solved
simultaneously with the hydromagnetic equations. In this way the
temporal and spatial distribution of ionic species is obtained, Free
electrons collide with the iéns and raise th~ bound electrons to excited
levels from vhich they decay with the emission of line radiation, Because
of the high temperatures in a @~pinch, the Corona.ﬁodel is valid so
that the intensity of vacuum ultraviolet spectral lines is propbrtional

to the excitation rates,
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The goal of these studles is to calculate from first principles,
utilizing the best available cross-sections, the spectrum of high
temperature plasmas. A detailed comparison between theory and experi-
ment should be very instructive for the interpretation of sateilite
spectra,

In addition to the problems outlined above, work on the identifica-
tion of UV spectral lines, absolute calibration of spectrographs, and-

theoretical spectroscopy will be mentioned.
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Spectral Line Intensities Emitted By Optically Thin Ple 1as

Ge Ko Oertel and M. T, Raiford
NASA Langley Research Center
Hampton, Virginia

In optically thin plasmas radiative transitions are not‘balanced by
thelr respective reverse processes which may lead to deviations from
thermodynamic equilibrium, If one désires to apply the Fowler-Milne
method for determining electron teﬁperatures from spectral line emission,
one must correct the usual Saha equations and Boltzmann factorss Elwert's
corona eﬁuations and approximate semi~corona equations were used in-
dependently and the results compared to the ordinary thermodynamic equi-
librium case. The regions of observability of spectral lines were

-determined by comparison to the continuum, Line intensities were cal-
culated as functions of electron temperature and density for highly

ionized atoms. Partition functions were neglected.
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11, 7 Magnetic Compression Experiment
Ge Ko Oertel

NASA Langley Research Center
Hampton, Virginia

The construction of a magnetic compressionAexperimenc is well undér~
way. Some of the »roblems encountered will be discussed in relation to
the projected use for the study of radiation emitted by highly ionized
atoms under conditions which are similar to those in the solar corona.
While the density is much higher than in the corona, simiiar equilibrium
conditions prevail, and determinat;ons of cross sections and transition
probabilities would also be useful,

The main capacitor bank has a capacitance of 5000,4F and stores one
megajoule of electric energy which may be discharged at 20 kilocycles
per second through a load of 10 millimicro<henries, giving rise to a
peak current of }2 million amperes. A preionization bank and a slow

bias bank are also being planned.
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CAPACTTOR BANK PARAMETERS

PREHEATER  BIAS FIELD MAIN ~ UNI™S
CAPACTPANCE 9 10° 5 X 107 Microférads
EXEROY STORAGE 2 ) | 1000 KJoules
OPERATING VOLITAGE 20 12 20 KVolts
COTL VOLTAGE 6 .3 16 KVolts
FREQUENCY 300 10 20 Kcycles/se&
PEAK CURRENT 350 700 1.2 X 107 Khnps

| COIL INDUCTANCE: 10~ Henries
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11, 8 Pulsed Electromagnetic Gas Acceleration
Re Go Jahn and W, von Jaskowsky
NsG~306-63

Princeton University
Princeton, N, J.

The purpose of this project-is to acquire a more complete under~
standing of the various physical phenomena which participate in pulsed
electromagnetic gas aécelerators. Specifically, the research involves
systematic experimental and theoretical studies of the initiation,
development and dynamic progress of the current sheets, associated
magnetic field fronts, and the gasdyﬁamic waves they drive, in various
large~-radius pinch discharges. The discharges are generated in a variety
of cylindrical chambers each composed of a pair of plane circular aluminum
electrodes, from 4 to 8 inches in diameter, separated by a 2-inch gap
of test gas. Concentric external banks of capacitors, charged to 1OKV,
are switched across those gaps through low inductance circuits which ring
down at about 250 KC (see Figure 1), Each discharge is observed to
initiate as a uniform peripheral ring of luminous gas at the cuter edge
of the electrodes, and then to pinch itself radially inward at speeds
up to 105 m/sec, depending on ambient pressure, gas type, chamber radius,
and external circuvit parameters. Subsequent discharges, occurring at
the secord, thir{ and later maxima of the capacitor ring-dcwn pattern,
also are established at tbhe outzr edge of the electrodes, and follow the
primary pinch into the center.

The development of the breakdowns and implosions within these dis-

charges are studied by a variety of diagnostic techniques. Rotating

& 2 mirror streak photographs provide a complete history of the luminous
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events along a diameter of the pinch chamber (see Figure 2). Kerr-cell-
single frame photographs examine the azimuthal symmetry of the discharges
at selected times during their deyelopment (see Figure 3). Electric and
magnetic probes and a microwave reflection interferometer provide infor-
mation on the distribution of charge, current and interior magnetic
fields accompanying these luminous fronts, while a voltage divider and
Rogowsk: coil monitor the current and voltage excursions on the electrodes.
Photo-electric spectroscopy follows the development of the concentration
of the various atomic and ionic species throughout the discharge processes,
Without exception, these experiments reveal a high degree of repro-
ducibility and symmetry in this type of discharge. The cylindrical
luminous rings are found to be azimuthally stable throughout their inward
excursion, and the response of any interior probe at a given position
is normally identical lrom shot to shot. The quantitative experimental
results are compared with relevant theoretical formulations of the
particular processes involved, For examila, from the space and time
variations of the interior magnetic fields determined by the magnetic
probe experiments, the concommitant distributions of 6u:rent densities
within the discharge are evaluated. These are found to be localized in
concentric cylindrical sheets which, like the luminous fronts, propagate
radially inward from the periphery of the electrodes. The observed
radius-time trajactories of these sheets have been compared with theoretical
‘snow-plow calculations, and are found to be reconcilable if some fractional
"sweeping efficiency"” is assigned to each of the observed current sheets,

This empirical sweeping efficiency varies from 107 to 100%, depending on
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the initial pressure, the radius of the discharge, and the level of ambient
ionization ahead of the current sheet. Independent estimates of sweeping
efficiency can be made from the comparison of the luminous front trajectories
with those of the current sheets, and these qualitatively confirm the
empirically selected values, In a related series of experiments, the
applicability of the scaling laws implicit in the snow-plow formulation
has been explored experimentally by changing the initial pressure, the
type of gas, the radius of the discharge, the capacitance of the external
bank, and the inductance of the external circuit,

Certain unanticipated phenomena have been observed in the course of
these studies, but not yet identifieds For example, a precursor front
is found to propagate radially inward at several times the speed of the
first luminous front, slightly ionizing the ambient gas prior'to the
arrival of the first current sheet. Detailsd microwave probing of
these fast precursors (2 x 10° m/sec) is in progress.

The future course of the program invclves the extension of studies
similar to these outlined above to discharge circuits of very low external
inductance, to other discharge geometries, and to discharges with exit

orifices,
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T0P VIEW PERSPECTIVE
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1L, 9

MhASUREMENTS OF HIGH—ENERGY LASMAS IN UNDERWATER
SPARK CHANNELS AT 10-° ATMOSPHERES )

J. W. Robinson
H. C. Early
The University of Michigan -
Ann Arbor, Michlgan
NsG bis

A high-pressure, high-density plasma can be produced,
on & transient basis, by an underwater spark discharge. The
confining pressure on the underwater spark channel can be
greatly increased if the water is pre-compressed by a chemical
explosive before the spark discharge is initiated. This in-
vestigation uses PETN explosive to produce a transient water
pressure of approximately 109 atmospheres with a time duration
of approximately 2 microseconds. All of the measurements on
the spark-produced plasma will be taken during this 2-microsecond
interval.

Experimental measurements will be made of the pressure,
temperature, energy density, and conductivity of the plasma.
The pressure in the plasma depends both on the pressure in
the water due to the PETN explosive and the additional con-.
fining pressure on the spark plasma due to the inertial re-
straint of the water on the expansion of the spark channel.
Calculations of the pressure in the water due to the explosive
are based on a shock velocity measurement, while calculations.
of the inertial confinement pressure on the channel are based
on the rate of channel growth obtained by Kerr Cell photography.
Temperature measurements are based on black-body radiation
intensity in the optical spectrum. Energy density is calcu~
lated from the electrical energy input, channel size, mechanical
energy loss because of channel expansion, and radiative energy .
loss.

This present program is an extension of previous Univer-
sity of Michigan research on unﬂerwater sparks by E. A. Martin
in which plasma pressures of 107 atmospheres were produced by
the inertial restraint of surrounding water on the expanding
spark channel The gas in the channel had a density of - e
2 x 102l Rartlcles per em3 and 30% ionization at a temperature
of 3 % 10° The peak current was 85,000 amperes with a
rise time of 2 microseconds.- The present experiments using a -
chemical explosive and a faster rate of currént rise are eéx-
pected to produce plasma pressures and temperatures at least
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an order of magnitude larger. A library survey indicates
that laboratory measurements in this region of pressure and
temperature have not previously been reported in the litera-
ture.

The analysis of the data to be obtained on the present
program will invelve corrections to Saha's equation necessi-
tated by the unubq§%ly high particle gensity which will be
of the order of 10 particles per cm2, A correction due
to quantum degeneracy of the electrons may be obscured by
other effects such as the lowering of ionization potentials.
Calculations of plasma conductivity will be compared with
experimental data. Calculations of magnetic pinch pressure
indicate that significant radial pressure gradients may exist
inside the cylindrical spark channel, particularly in experi-
ments where the spark current has a very fast rate of rise.

In this case "sausage" type of pinch instabilities are expected

to be present.
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Im, 1 THE SHAPE OF AN ELECTRIC ARC IN AN AN\NULAR
GAP AND AN AXIAL MAGNETIC FIELD

7. R. Jedlicka
NASA Ames Research Center
Mt, View, California

An equation is derived for the mathematical curve of an electric
arc taking place between coaxial, coplanar electrodes submerged in a
uniform axial magmetic field., The geometry is that of some large arc
heaters. This three-dimensional MHD problem is attacked by making
simplifying assumptions, the principal one being to replace the arc by a
flexible, solid rod conductor. The resulting curve is an involute, and
comparison with experimental photographs is good, The implication of
the involute shape on the evidence for the existence of a "diffuse discharge"
is discussed. '
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I, 2 THE CYLINDRICALLY CONSTRICTED D, C, THERMAL ARC
WITH AXIAL AIR FLOW - A COMPARISON OF THE
"~ SIMPLIFIED THEORETICAL MODEL WITH
EXPERIMENTAL RESULTS

V. R. Watson
NASA Ames Research Center
Mt, View, California

Recent experimental work by Shepard is compared with the
simplified, theoretical model proposed by Stine and Watson of Ames for
the constricted thermal arc with an axial flow of air and with negligible
radiation losses. Numerical caiculations for the thermal arc with appre-
ciable radiation losses are also presented,

Measurements were made of the average enthalpy, voltage gradient,
and heat flux of the gas as a function of the axial position within the cylin-
drical throat of a constricted-arc plasma generator, One generator with
a 1/4" diameter constrictor, and one generator with a 1/2" diameter
constrictor were tested at stagnation pressures ranging from 1/3 to 2
atmospheres, The experimental measurements of the arc characteristics
agree qualitatively with the characteristics predicted by the simplified
model, '

Numerical solutions of the Elenbaas-Heller equation wich include
the effect of radiation losses on the thermal arc are discussed. A method
is presented for approximating the characteristic constrictor length
required for the gas enthalpy to approach its maximum with an axial flow
of gas under conditions where the radiation loss is appreciable, Increased
radiation loss flattens the radial enthalpy profile of the arc column and
shortens the characteristic length,
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I, 3 - DESCRIPTION OF A SEEDED GAS PLASMA FOR A
LOW DENSITY WIND TUNNEL -

W. Christiansen
Jet Propulsion Laboratory
Pasadena, California -

An experiment with ionized gases has been initiated in the JPL -
Jow-density wind-tunnel facility. A plasma source has been constructed
utilizing thermal ionization at moderate temperatures (2000°K - 3000°K})
by seeding argon gas with cesium. It is expected that the flow will be
more uniform and controllable than that produced in conventional arc jet
tunnels. Hopefully the neutral seed element is nothing more than a
passive contaminant in all aerodynamic problems to be considered. The
essential component of this system is the heat exchanger, It has been
designed using graphite as the primary element of construction, with a
novel system of a resistance-heated helical element and adiabatic stag-
nation chamber, resulting in a compact arrangement.

With only moderate power requirements (8000 watts), the heat

-exchanger can operate up to 30000K. It was found that the gas.
temperature is effectively the heaier temperature. The heater has

shown reliability and a reasonably long life even when using cesium.
Preliminary Langmuir probe measurements for one particular condition
of operation indicate that the ion number density and electron temperature
seem to be slightly larger than that indicated by the Saha equation and
heater temperature, respectively.
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IIT, 4 HEAT TRANC *°R FROM IONIZED ARGON

P.F v M&SSier
Jet Propulsion ILaboratory
Pasadena, Culifornia

This investigetion was initated as a result of genersl interest
in MHD propulsion concepts and the recognition that containment of
ionized gases ranging in temperature from 2,000 to 15,000 OK msy pose
gome critical cooling problems in these devices. Although the study
wag initiated as a result of device concepts, the ultimate goal is to
oLtain an understanding of hest transfer phenomena. Because of the
complications imposed upon the overall heat transfer process by the
very nature of an ionized gas, preliminary experimental and anslytical
studies were initisted without having introduced the added complexity
of an applied magnetic field.

Experimental heat-flux distributions have been obteined by
calorimetry from lonized argon flowing through various configurations
of axisymmetric anodes, mixing chambers, convergent-divergent nozzles
and diffusers located downstream of an are-jet into which the argon
was injected tangentially. At the nozzle inlet average ionization
fractions based on an energy balance have ranged up to approximately
0.233 staegnation temperstures ranged between 6,400 and 12,600 °K and
stagnation pressures ranged betweea 1.5 end 29 psia. For one test
in vhich the ionization fraction was 0.228 the experimental heat-flux
distribution 1s used as a nozzle-wall boundary condition to predict
the aversge one-dimensional flow varisbles along the nozzle. It is
assumed that the flow through the nozzle is frictionless and that the
atom, ion and electron temperatures are equal. Both equilibrium and
nonequilibrium cases are consldered.

A thin laminsr equiiibrium boundary-lasyer approaci is investi-
sated as & posseible method to predict the convective heat transfer to
the nozzle wall. Two analysis are consldered:  one in which C =
al{kr = 1 throughout the nozzle and the other in which C is

owed vary along the nozzle with € evaluated at a reference
temperature. A dimensionless heat=-flux parameter is obtalned which 1s
used a8 a basis for comparison with experimental data. Comparisons
are made only with those tests in which the ionization energy was less
than 10% of the total energy content of the gas since in these analyses
the effects of lonlzation were neglected. Furthermore, the contributions
to the heat transfer resulting from radlatlion and swirl were ggsumed to
be small even though these effects were present during the tests. The
trends of the predictions based on C varying along the nozzle are in
better agreement wlth test results for ‘one of the nozzle configurations
than when C = 1. For another nozzle configuration the reverse is true,
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To account for some of the ionization effects on the heat transfer
to the nozzle wall the additional energy transfer due to mass diffusion
by lon~electron palrs and atoms is also considered in another analysis.
As an initial appraisal of these effects simplifying assumptions are
wede vhich allow aualytical solutions tc be made. Two limiting cases
are investigeted for which the composition in the nozzle core is
congidered to be frozen. In one case the net production of electrons
weg agsumed negligible compared to diffusion through the boundary leyer
by electron-ion peirs. In this case the predicted total energy transfer
to the wall is below that predicted by neglecting lonization effects.

In the other case for which local equilibrium was assumed in the boundary
leyer a negligible effect on energy tranefer resulted because of the
cold well.

Future experimentel activities are discussed in which additionsal
diasgnostic methods and test spparetus configurations wlll be used.
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Im, 5 DISCHARGE, ACCELERATION, DIFFUSION AND
RECOMBINATION IN PLASMA FLOWS
SUBJECTED TO STEADY APPLIED
FIELDS

G. R. Russell
Jet Propulsion Laboratory
Pasadena, California

The overall long range objective of the research program conducted
in the Magnetogasdynamics Group at JPL is to contribute to the under-
standing of the basic phenomena that govern the behavior of partially
ionized gases flowing under the influence of steadx applied electromagmetic
fields. A summary of the existing program is presented. In part1cu1ar the
following projects are discussed:

1.  Parametric cross-field plasma flow study.
2. Electrode blowing with applied magnetic fields.

3. Study of breakdown phenomena in partially ionized gases
with applied magnetic fields.

4. Spectrochemical analysis of binary gas systems.

o. Study of magnetogasdynamic shock structure in non- _
equilibrium flows with applied magnetic fields.

8. Measurement of electron recombination rates.
7. Anomalous plasma diffusion study.

Preliminary experimental data is presented from the anomalous
diffusion study. . The performance of a single stage, constant pressure
cross-field accelerator is described showing velocity and electron density
profiles in the accelerator exhaust and the overall thermal efficiency
obtained by calorimetry.
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III, 6 TRANSPORT EQUATIONS FOR A PARTIALLY
IONIZED GAS IN AN ELECTRIC FIELD °

P. M. Sockol
NASA Lewis Research Center
Cleveland, Ohio

Transport equations for a partially ionized gas in an electric field
are derived from the Boltzmann equation by the Grad 13 moment method.
Charged particle inte: actions are described by Coulomb forces while all
other particle interactions are described by a rigid elastic sphere model.
First approximations to currents, stresses, and heat fluxes are obtained.
The resulting transport relations are suitable for use in situations where
the electrons have an elevated temperature.
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I, 7 THEORY OF NON EQUILIBRIUM FLOWS IN CROSSED
ELECTRIC AND MAGNETIC FIELDS -

G. R. Russell
Jet Propulsion Laboratory
Pasadena, California

The generalized macroscopic equations describing the flow of a

three-component compressible plasma with different specie temperatures
in an electromagnetic field, are solved on an electronic computer to
describe the non-equilibrium flow in applied crossed electric and magnetic
fields. Both accelerated and decelerated argon and helium flows are studied.
In addition to the generalized tensor electrical conductivity, radiation,
diffusion, thermal conduction, and finite rate phenomena are included in

1@ analysis.

Two limiting cases are studied. . One deals with the changes in
plasma. properties perpendicular to the flow and parallel to the applied
electric field. The second case includes the changes in plasma properties
in the direction of the flow, perpendicular to both the applied electric and
magnetic fields.

Preliminary results with argon indicate that at pressures of the
order of 1 mm Hg, the plasma is forced far from equilibrium by the applied
electromagnetic ficld. The electron temperature is raised considerably
above the atom temperature, and the degree of ionization is several orders
of magnitude higher than it would be at equilibrium with the atom tempera-
ture.

The degree of equilibrium attained in acceleration of the plasma
does not have a dominant effect on the amount of acceleration attained
with a given electromagnetic field, nor on the overall efficiency of the
acceleration process, provided the plasma approaches the drift velocity
induced by the electromagnetic field, However, the degree of attainment
of equilibrium is dominated by the applied electromagnetic field so that
accelerated or decelerated plasmas can be used as sources for experiments
such as an electron recombination study where the plasma properties must
be systematically varied over a wide range of pressures and temperatures.
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III, 8 NONEQUILIBRIUM IONIZATION IN THE PRESENCE OF
ELECTRIC AND MAGNETIC FIELDS

He A. HASSAN

North Carolins State University
Releigh, N. C.

NsG 363

The study deals mainly with an evaslustion of plasms accelerators
vhich combine the arec jet and the accelerator in one package. Before
outlining the procedures thet have been developed to analyze such devices,
e brief review of their festures will be given.

By combining the arc Jet with the accelerator one can take advantage
of the phenomenon of nonequilibrium lonization in erc discharges. In this
phenomenon the electric fleld ralses the electron temperature to a value
much higher than the gas temperature, thus enasbling one to attein high
degrees of ionizatlon, through the electron-neutral collisions, at reduced
ges temperatures. Thus, in addition to raising the electrical conductivity,
nonequilibrium ionizetion mey be the key for overcoming the materials
- problem resulting from the high gas temperature.

. Another feature of such devices is the appearance of Hall currents.
In order to obtaln high degrees of ionization one has to use a monstomic
-gas at low pressure. As the density is decreassed, Hall currents become
importent and cennot be ignored. These currents mey be used to accelerate
the flow, such as in the go-called Hall current accelerators.

The first method developed for anelyzing such devices assumes that
gredlents may be neglected. Such an analysis esteblishes the maximum
theoretical performence of a given accelerator at an esteblished set of
operating conditions. Thus, for & given power input, a given magnetic
field and a given chaember pressure one can predit the electron, ion
and neutral tempersture, the degree of lonization, the Hall current, the
voltege current characterlstlics and the accelerating force.

The second method being developed accounts for the presence of
gradlents. As g first step in employing such & method, one needs
expressions for the heat flux vectors, stresg tensors and diffusion
velocities of the electrons, icng and neutrals. This initlal stage has
been completed, and the results are being used to analyze e coaxial
Hall current accelerator end a linear Hall current ion accelerator,
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I, 9 NONEQUILIBRIUM IONIZATION IN STEADY
DISCHARGES CROSSED WITH MAGNETIC
FIELDS FOR HIGH PRESSURE MHD
STUDIES., EXPERIMENTS

W. Grossmann, R. V. Hess, G. Oertel, F. W. Bowen
and N. W, Jalufka
NASA Langley Research Center
Hampton, Virginia

Nonequilibrium ionization has been studied for MHD generators for
which it is difficult to vary the operating conditions over a wide range and
to control the discharge in the rectangular channel., The present experiments
concern & steady radial discharge in an axial magnetic field, which has the
advantage of being diffusely distributed with cylindrical symmetry. The
transition to diffuse discharge has been observed by Kerr cell photographs
as well as by subsiding of fluctuations measured with electrostatic probes
and with magnetic probes, which were also used in Hall current measurements.
Spectroscopic measurements of the radial distribution of electron temperatures
and densities are in reasonable agreement with theory for nonequilibrium
ionization, with T, > Ti, which will be presented in another paper. The
variation of pressure in the radial direction is compared with theory for
Hartmann flow, Voltage current characteristics and voltage magnetic field
characteristics are also presented for currents from 100 to 500 amperes,
magnetic flux densities from 3000 to 13000 gauss (and possibly 35000 gauss,
if the new magnet arrives) and pressures from 10 to 50 mm.
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IiI, 10 PROGRESS REPORT ON THE DESIGN AND PERFORMANCE STUDY FOR
A CROSSED-FIELD PLASMA ACCELERATOR FOR A REENTRY FACILITY

P, Lenn, G. Bedjal, D. Ward and B. Wilkinson
Northrop Company
Hawthorne, California

and

R.C. Brumfield and V.H. Blackman
MHD Ressarch, Inc.
Newport Beach, California

NAS2-11T0

The operation of a linear crossed~field accelerator opersting with a
supersonic flow of preheated alr and desligned for use a8 & wind tunnel
source is amalyzed. The criteria for selection of appropriate operating
conditions sre discussed. On the basis of the analysis, performance
requirements, and prectical considerations, an accelerator design has
been developed and is discussed. The performance requirements are
to accelerate an air stresm having a mass flow rate of 0.0L 1b/sec to a
velocity of 25,000 ft/ sec with a uniform velocity to within 5% over an
ares, of 0.2 fté. The device should be capable of continuous operation
for five minutes and should introduce into the gas stream contamination _
of less than 1% by weight. The practical consiruction of the accelerator
and the experimental setup for testing are described. A discussion of -
the experimental tools tu be used in characteriging the flow 1s presented.
An error anslysis of the experimental program is also presented. . '
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TABLE 2
PERFORMANCE DATA FOR TESTS 1, 2 and 3 of CA-l,
TEST CONDITIONS ARE DESCRIBED IN TABLE 1,

Tank Duration

Test Electrode Ic.-, vc 2u:c B 2 'acc 'ncc nca - “f nccc Pressure of acc. Test
Pair (amp)  (volts) (kw) Webers/m” (Newtons) \\1.°B {m/sec) 2% m/Hg (sec,)
1 200 190 s 0,08 7.0 165

2 200 150 30 0,08 o(0.9)* 0(0.2) (100) o(0.1)
3 200 120 2% 0.05
& 200 100 20 0,05
L] 200 100 20 0,05
(Total) 1000 132
1 200 280 56 0,10 3.7 1.03 33 2.4 0.7 181
2 200 210 42 0.10
3 200 185 37 .10
& 200 170 34 0.10
(Total) 900 199
1 300 300 ] 0.0 8,17 0,63 ns 2.3 1.3 92
2 300 220 66 0,10
3 300 170 s1 0.10
& 230 153 as 0.10
S 100 150 13 0.10
(Total) 1230 257

* o(x) = of the order of

€8
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III, 11

RESEARCH ON LINEAR CROSSED-FIELD
STEADY~FLOW ACCELERATORS

F. Carter, A. P. Sabol, D. R. McFarland,
W. Weaver and G. P. Wood
NASA Langley Research Center
Hampton, Virginia

.Since the last meeting, research on a 1 cm. sQuare steady-
flow plasma accelerator has been continued. The enthalpy of
the arc heater that supplies the plasma for the accelerator
has been doubled. The need for seeding of the nitrogen with
cesium. has been eliminated. Water cooling of cathodes and
anodes has been introduced. The channel has been changed
from constant area of 1 cm. square to an expanding channel
1 cm. square at one end and 1 cm x 4 cm at the other. The
length is 8-3/4 cm. There are 7 pairs of electrodes 1 x 3/4 cm.
The magnetic field is 5300 gauss and the static pressure in '
the accelerator is of order 40 mm Hg. A new power supply of
higher voltage has been put into use. Approximately 75 amperes
of current are put through the plasma by each pair of electrodes,

Since the last meeting research has begun on & new and
larger accelerator. This one is 1 x 1 x 12 inches. Much work
has been done on the arc heater that supplies the plasma for
the accelerator. The arc position has been stabilized by
means of a reverse curve in the magnetic field that rotates
the discharge. Seeding through the central electrode (rather
than into a settling chamber) has been accomplished for the
first time by employing several "tricks", (The power supply
for this accelerator does not have sufficient voltage for
seeding to be eliminated.) Inprovements in the operation of
the accelerator are being continually made,

A new and larger accelerator is being designed. It will
be 2 x 2 inches at entrance and will expand to 5 x 5 inches
at exit and will have a length of 18 inches. Ten megawatts
will be used to operate the arc heater and another 10 to
operate the accelerator. The gas will enter the accelerator
at 6000 £t per sec and is expected to leave at about 40,000
ft/sec with a density corresponding % an altitude of about
175,000 feet. ‘



SCHEMATIC OF GROSSED-FIELD ACCELERATOR




x 12" ACCELERATOR INSTALLATION
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REDUCTION OF ELECTRODE EROSION IN CONTINUOUS
PLASMA ACCELERATORS THROUGH USE OF
EXTERNALLY R-F HEATED RING CATHODES

R. H. Weinstein, R. V, Hess, 0. Jarrett and D. R. Brooks
NASA Langley Research Center
Hampton, Virginla

One of the most important problems in the operation of
continuous plasma accelerators is the reduction of electrode
erosion., In view of its azimuthal symmetry, the Hall current
accelerator offers the possibility of uniform current distri-
bution over the electrode surfaces; also, for the linear Hall
accelerator where the electrodes are at the ends of the accel-
erating region a mecasure of independent control of electrode
phenomena is possible. Experiments have been performed with
an externally r-fheated ring cathode operating with a linear -
Hall accelerator. The cathode is uniformly heated to therm-
ionic temperatures and the discharge is also uniform. Sone
capacitive coupling into the gas flow. has been shown to be
useful in starting and maintaining the discharge. This .effect
is being exploited in a separate device with the aim to-pro-
vide both thermionic, a. well as ionization, control near the
cathode. ' '
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MAGNETIC EXPANSION PLASMA THRUSTOR

(Part 1)

G. R. Seikel
NASA Lewis Research Center
Cleveland, Ohio

In low density plasma heating the electric power is added
directly t.o the random energy of the plasma's electrons. The
re,ulting high energy electrons ionize the propellant, and, if
the plasma is exhausted from the discharge chamber into a vacuum,
the random electron energy 1s converted to dlrected energy in the
expansion process. If the device is electricall, isolated, there
can be no net current flow, and the expanding electrons must drag
the lons along. Physically, thls 1s accomplished by an electric
field set up by the plasma itself. This field retards the ex-
vansion of the electron gas and accelerates the lons. The energy
added to the ions is at the expense of the random electron energy.
The expansion process can be controlled by the magnetic nozzle
action of a spatially varying axial magnetic field. The power can
be added to the plasma's electrons by d-c, a-c, or »-f. One
interesting characteristic .of such thrustors 1s that they can
operate at low power levels, and thus may be attractive for low
thrust missions such as station keeping and attitude control of a
satellite in a 2U4-hour orbit.

. Results of some pertinent d-c¢ and r-f discharge experiments
at lewls have been previously presented. Domitz! d-c¢ experiments
(ref. 1) show the physical existence of the ion accelerating
electric field and can be used to demonstrate that the energy to
accelerate the ions must be at the expense of the random electron
energy. In addition' some unpublished results indicated the
dependence of the expansion process on the magnetic nozzle. Sovie
and Seikel's r-i experiments at 17.5 mec (ref. 2) show that low
denslty energetic electron plasmas can also be produced in modest
magnetic bottles with r~f induction heating. Coupling efficiencies
above T70% have been obtained. The equivalent efficiency in a low
voltage (C-50 volt) hot cathode d-c¢ discharge may be less than T0%
based upon Kaufman's estimate of a 10-30 electron volt per electron
emitted minimum for cathode heater power (ref. 3). In higher
voltage hot cathode discharges the cathode erosion problem seems
insurmountable. In general the operating life of the r-f dis-
charge appears toc be superior, but power conditioning is more
dirficult. However, power transistors are presently available
fer at least up to 50-150 watts at 25 me.
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A mission study is being made to determine the desirable
characteristics of an electric thrustor for solar battery powered
attitude control and orbit correction missions. Results of this
study indicate that thrustor efficlency may not be the dominant
factor. Typically for a 500 1lb, satellite in a stationary orbit
for two years, the total weight of the power supply and propellant
for a thrustor of only 10% efficiency may well be less than the
welght of the thrustors themselves. Thus, the most stringent
thrustor requirements appear to be their reliability and weight.
The desired thrust level for such a mission l1s on the order-of
0.5 x 10~3 newtons (10~* 1bs). The optimum specific impulse is
in the range of 1000 to 5000 seconds depending on the system
efficiency. An additional result of this study is that for such
misslons the crossover time for the propellant plus power plant
welght of an ideal electric system to be less than the propellant
weight of even a 450 second chemical system is only approximately
onhe month.
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III, 14 |
MAGNETIC EXPANSION PLASMA THRUSTOR

(Part 2)

S. Domitz
NASA Iewis Research Center
Cleveland, Ohio

Additional experimenis have been conducted with the d-c¢
device of reference 1 to directly measure thrust efficiency and
specific impulse using the source as a d-c¢ thrustor. The thrustor
consists of -a hot filament, coaxial, discharge 1n a magnetic
nozzle, Measurements are made with a pendulum thrust stand in a
low pressure environment. Experimental techniques utilized to
determine these 1low thrusts will be discussed. For a given mass
flow both the efficiency and the specific impulse increase with
applied voltage. For a corstant voltage there is an optimum
current for maximum efficiency. The magnetic field strength must
be optimized for each setting of power and mass flow. Typical
thrust levels with argon propellant are between 1 x 10-3 to
5 x 10"3 newtons at flow rates of the order of .2 mg/sec, and
power inputs of a few hundred watts. Data has been taken up to
specific impulses of 2000 seconds. Typical thrust efficiency
based upon the power to the plasma is 10% at 1500 seconds.

References:

1. Domitz, Stanley: Experimental Evaluation of a Direct-
Current Low-Pressure Plasma Source. NASA TN D-1659, 1963.

2. Sovie, R. J., and Seikel, G. R.: rf Induction Heating and
Production of Plasmas. Bull. Am, Phys. Soc., Vol. G,
‘no, 2, 1963, - ‘

3. ‘Kaufman, H. R.: Tne Electron-Bombardment Ion Rocket. Third
© Symposium on Advanced Propulsion Concepts, Cinclnnati, Ohio,
Cctober 2-4, 1962, . ’
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v, 1
TRAVELLING WAVE ACCELERATOR

M. Lessen
The University of Rochester
Rochester, New York
 NsG-350-63

_ The purpose of this study is to investigate the feasibil-
ity of a travelling wave device of rotationally symmetric
geometry for propulsion. Both an analytical and experimental
approach are being pursued. The concept is to accelerate a
cold plasma from a low inlet velocity ¢ exit velocities in
the range of fifteen to twenty thousand meters per second.
The high frequency magnetic field transfers energy to the
ionized particles which are raplidly accelerated and experience
charge exchange collisions with neutral atoms present in the
medium., This type of encounter hetween fast'ions and slow
neutrals produces a fast neutral and slow ion which is sub-
sequentlJ influenced by the magnetic field and the process

is repeated.

Vhile there are three different species present, ions,
slow neutrals and fast neutrals we first considered a model
representing the average properties of the plasma, and are
now concerned with the multi-component fluid model. An
additional boundary vali : problem concerned with the field
geometry has been approached. Solutions to a simplified model
have been effected. - '

Experimentally, the project has involved: the design and
construction of penctrations into the vacuum pumping facility
into wiich the device will operate; design and construction
of a travelling wave cube and winding, selection of cn
econorical ccre material for the external magnetic circuits
and construction of same and finding and securing a satisfactory
multiphase a.c¢. machine for the device. (This basic tube de-
sign is illustrated in the fisure.) We have also been involved
in the design and construction of a glow discharge chamber and
appropriate. power supply to he used as a possible cold plasma
source and the design of probes for diagnostic Durposes with
regard to a.c. magnetic flux. ,

- The above experimental work has occupied considerable
time but is well on its way to completion and is certainly
necessary to verify the several assumptions used in the
analysils, for example, the importance of charge exchange
phenomena.. . : ,
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Iv, 2 ‘
’ THE TRAVELING MAGNETIC
WAVE PLASMA ENGINE

R. E. Jones and R, W. Palmer
NASA Iewis Research Center
Cleveland, Ohio

The previously reported experimental traveling magnetic -
wave plasma englne at Lewis Research Center (ref. 1) has been
modified to reduce the high heat bransfer losses to the tube
walls downstream of the last coil.. This high heat transfer
rate arises because the magnetic field lines diverge after the last
coil and direct the plasma to the wall. The present configuration
uses a three-inch diameter pyrex tube which is flared out to six
inches diameter immediately downstream of the last coil. This
geometry has been tested using four coils with four phases and
ten colls with four phases. Both Argon and Xenon gas have leen
used as the propellants. These coll systems were driven by two
13 kilowatt power supplies at a frequency of 150 kilocycles. The
colls were spaced to correspond to the optimum ratio of coil
radius to magnetic wave wave-length determined in the theoretical
study of reference 2. The maghetlc wave speed for both the four-
coil and the ten-coll engines corresponds to a specific impulse
of 4650 seconds. For the four-coil engine the efficlency deter-
mined by thrust measurements was 9 percent at a specific ilmpulse
of 3200 seconds with Argon gas and increased to 26 percent at an
impulse of 4000 seconds when Xenon gas was used. Increases in
performance are expected with increasing molecular weight of the
propellant due to a reduction in the diffusion rate of the
Heavier moleculés to the tube wall. There was, however, no sub-
stantial difference in the performance of the ten-coll engine
over that of the four-coil engine. The accompanying figure com-
pares data of the four-colil engine with that of the previously
reported four-coil engine installed on an unflared tube, All
efficlency calculations are based on power actually transferred
to the gas.,

References:

1. Jones, R, E., and Palmer, R. W.: Traveling Wave Plasma
Engline Program at NASA Lewls Research Center. Third
Symposium on Engineering Aspects of Magnetohydrodynamics,
Univ. of Rochester, March 1962,

2, Palmer, R, W., Jones, R. E., and Seikel, G, R.: Analytical
Investigations of the Coil System Design Parameters for a
Constant Velocity Traveling Magnetic Wave Plasma Engine.
Proposed NASA Technical Note.,
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IV, 3
TRAVELLING-WAVE ACCEI.ERATOR

W. H. Braun
NASA Lewis Research Center
Cleveland, Ohio

The travelling-wave accelerator is represented by a simple,
two-dimensional model consisting of a channel of uniform width
and infinite extent. A super-imposed sinusodial wave of mag-
netic induction moves along the channel at speedv,, . The
lines of magnetic induction are normal to the channel axis -
and, assumling the channel is narrow compared to a wavelength,
the field may be considered uniform across the channel., The
propellant enters the channel from X = -w at a uniform denw
sity and velocity, and is acted upon by the magnetic field in
the region x=2 o , either because it has been shielded from
the magnetic field previously or because it has become sud-
denly electrically conducting. In order to make the mathe-
matical problem tractable, two 2ssumptions are made about the
propellant, First, it is assumed to remain at a constant
temperature throughout, of such magnitude that the sound
8peed 1s much less than the magnetic-wave speed. This is
reasonable for desired specific impulses and practical tem-
peratures, and 1ts consequence is that a fluid element is
unaware of its neighbor's accelerations so thatall fluid
particles act :.early independently. At the same time it is
necessary that the electron thermal speed remain appreciable
in order that the concept of conductivity remain valid. A
second assumption made about the fluid is that its conductivity
is proportional to its density, which is justified only by the
simplification it yields in the equation of motion.

The first assumption is used to make a perturbation
analysis of the Lagrangian form of the equation of motion for
the fluid. The second assumption provides that the system of
equations so derived shall be ordinary rather than partial,
It is then possible to follow individual fluid particles in
their accelerated motion down the channel. Considering joule
heat as the only energy loss, it is found that the efficiency
at any point in the motion is the average of the velocity at
that point and the initial velocity, both normalized to the
wave speed. Since the initial velocity is very small, a
measure of the efficiency (and also thrust) is the average
over a cycle of the exlt veloclty. As the fluld approaches
the wave speed at large x, the perturbation process breaks
down,
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Numerical solutlions to the zero-order equation have ggn
obtained for three values of the interaction parametex*a:éi .
(ratio of ponderomotive force to inertia force). They sh

that the fluid tends to gather in regions of high density
separated by regions in which the fluid is very rare. Every
particle that enters the accelerating region at a node of the
magnetic wave serves as the center for one of the high density
regions. The current density is also great in these reglons
and drops off in the low-density regions. As the fluld moves

~down the channel the peaking of mass and current density becomes

more severe. Assuming that a typical accelerator will be one
wavelength long in order to establish the wave pattern, it is
found that an interaction parameter of 1 is too large, l.e. it
employs a larger magnetic field or conduciivity than is rieeded
to accelerate the fluid in one wavelength. On the. other hand,
an interaction parameter of 0,1 is too small. A value of about
0.3 seems to be optimum.

The assumption that the conductilivity is proportional to
the density has heen tested assuming joule heat lonizes the
fluid. It is not quantitatively correct for any particle of
fluid, .and qualitatively correct only for some of the particles
in the high-density regions. '
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Iv, 4

INDUCTIVE AND CAPACITIVE HEATING OF A
HYDROGEN PLASMA BY A  R.F. COIL

C. C. Swett
NASA Lewls Research Center
Cleveland Ohio

Experimental results for heating a plasma by a »r.f. coll
in the presence of an axial magnetic field are analyzed using
an electric circult model based on the geometric character
of the apparatus" Thils model indlcates that the presence of
plasma adds a "lossy" capacitor in parallel with the r.f. ooil
Consequently power goes into the plasma both inductively (E
and electrostatically (Ep,E;). It is believed that the latger
mode of power transfer is responsible for anomalies noted. The
amount of power in each mode was calculated and shown to vary
wilth magnetic fleld. The dinductive power transfer increased
at magnetic-field values near the atomic and molecular ion
cyclotron flelds, whereas the electrostatic. power decreased
or increased depending upon which parameter -- power or coil
voltage -- was held constant, Maximum total power transfer
-also occurred near the atomic and molecular ion cyclotron.:
fields. The electron-density decrease noted near the resonant
polnts appeared to be related to the induction mode only. Some
deficiencias of this over-simplified model are noted.
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IV, 5
CONTINUOUS KICROWAVE MAGNETIC ACCELERATOR

D. B, Miller
General Electric Company
King of Prugsia, Pennsylvania
NAS 3-3567

The microwave plasma accelerator helng investlgated is
a system in which a magnetic moment is continuously induced
in a flowing plasma. This occurs in the presence of a non-
uniform d-c¢ magnetiec field whose direction and gradient are
parallel with the magnetic moment vector. Due to the resulting
Lorentz interactions, the plasma is accelerated down the fiel:d
gradient. Note that the operation is both continuous and
electrodeless. The magnetic moment is generated within the
plasma by transferral of power from an electromagnetic field.
This coupling is maximized by resonating the e-m field fre-
quency at the electron-cyclotron-resonance frequency deter-
mined by the d-c field strength. The accompanying drawing mey
help clarify these processes.

One principal effort to date on this project has been to
achieve a theoretical understanding of the r-f/plasma coupling.
Conditlons leading to a low reflection coefficient and pro-
cesses by which the pover is transferred from the e-m field to
the plaama have been studied. ~

Another goal of our earlier work was to operate an
accelerator in the laboratory. In the resulting experiment,
a c~w, 2,45 kme/sec, 320 watt, TE; o mode wave was impinged
on an evacuvated region of wavegui&e into which gas was con-
tinuously flowing. A solenoid around the gulde provided the
necessary resonance and diverging magnetic fields. Microwave
reflection and emerging plasma power and momentum measurements
were made for various gas densities and magnetic field strengths.
A very low reflection coefficient ( 0.15) was obtainable, and .
as mueh as 22% of the power carried by the incident r-f field
appearedas longitudinal motion of the accelerated plasma.
Thrust levels and mass utilization were low, indicating a wide
spread of plasma particle velocities.

Having satisfactorily achieved these initial go2ls, we
are now seeking to measure more quantitatively the operating
characteristics of improved experimental geoustries wWlth the
intent of deducing this system's feasibilitv an a pr,pulsion
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syséem. .U .8 also hoped that the processes by which the

-—plasma is accelerated by and ultimately leaves the magnetic

field cair be attacked theoretically. The status of these new
experimental and theoretical efforts will be discussed.
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IV, 6
’ HALL CURRENT ION ACCEIERATOR

D. L, Chubb and G. R. Seikel
NASA Iewls Research Center
Cleveland, Ohio

Experimental potentlal measurements through the annular
Hall current accelerator have been completed for an accelerator
using argon. Plasma potential variations in the axial direction
were made with emitting tungsten probes. Results show that the
potentlial variation 1s essentially linear through the accelera-
tor. Also, the change in potential across the accelerator is a
linear function of the magnetic field strength (for constant cur-
rent and mass flow). For constant current and magnetic field
strength the potentlal change wlth increasing mass {low approaches
an asymptotic value. ' '

Presently, experiments with the argon accelerator are being
made to determine the electron temperature and number density.
Probe techniques are belng used to make the measurements. Know-
ing the dependence of number density, electron temperature, and
electric fleld on the magnetic field strength, it wlll be possible
to determine whether the axlal electron diffusion obeys the -
classical l/B2 expression. A theoretical analysis of the accel-
erator is in progress which is based on a three fluld model and
-extends our previous work by considering an energy balance of
Joule heating and ionization. Preliminary results of this
classical calculation are in tentative agreement with experiment,
The apparent dilemma between experiment and classical theory
for the variation of accelerator potential with magnetic field
is explained by noting that the lonization 1s a result .of the
Joule heating. Therefore, as the magratlic field 1s increased
and the potentlal increases, the lonization and electron density
also Increase, thus making plausible an approximately linear
variation of potentilal with magnetic fleld. Preliminary results
of this project were presented at the Fourth Symposium on Engineer-
ing Aspects of MHD, Addltional experiments aimed at producing
a high effleciency accelerator are being planned.
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IV, 7 -
THE HALL CURRENT ACCELERATOR

G. L. Cann
Electro-Optical Systems, Inc.
Pasadena, California
NAS 33568

A theoretical and experimental investigation has been
made of the operation of a relatively novel type of plasma
accelerator - the Hall Current Accelerator. This device
employs the radial component of a fringing magnetic field,
and the Hall induced current of an axial discharge to obtain
the electromagnetic acceleration of a neutral plasma.

A theoretical determination is moade of the net accelera-
ting force per unit volume exerted upon the plasma.. On the
basis of a three particle gas kinetic theory, exact equations
for the three components of the accelerating force are derived.
‘The axial force component, which is predominant, is shown to
be equivalent to_ the electrostatic acceleration of the ions,
the électrons being "trapped" by the applied magnetic field.
It can also® be shown to be equivalent to the Lorentz force
resulting from the cross product of the Hall induced aximuthal
current and the applied radial magnetic field, hence the name
Hall Current Accelerator,

The mechanisms by which energy is transferred from the
electromagnetic field to the gas is also studied, It is found
that the energy is transmitted to the gas through the acceler-
ation of the ions only and that the electrons do not receive
any appreciable energy directly from the field,

"Having derived the relations for the electromagi=2tic
force and energy transfer rate per unit volume, a gas Jynamic
analysis is made. Regimes of operation fcr a constant area
accelerator are outlined, showing the importance of the crit-
ical parameters of Mach numbers and ion slip ratio. Integral
solutions are obtained showing that arbitrarily high velocity
ratios across the accelerator are obtalnable. Expressions for
the thrust efficiency are obtained and evaluated. The per-
formance capability of an ideal Hal: accelerator is compared
with that of an ideal crossed field (or JxB) accelerator and
it is shown that the Hall accelerator has many potential
advantages over the JxB device. .

Knowledge of the plasma properties is necessary for the
theoretical evaluation, particularly weT and wfrI . Since
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«¢dequate data was not available, the valiues of these Hall
parameters were computed for argon and helium, the expellants
of primary interest. From thils data, performance curves were
computed showing the velocity increments available per unit -
length of the accelerator and also the effective electrical
conductivity of the gas. Typnical examples of these calculations
are shown in Figs. 1 and 2. From Fig. 2 it can be seen. that
there are regimes in which the electric fleld strength varies
inversely with the applied magnetic field strength, hence no
special mechanism need be invoked (e.g. MHD turbulence) to
explain such a relation.

Hall current accelerators of both cylindrical and annular
geometries have been bullt and operated. An arc jet is used
to generate the plasma to which momentum is added by a 2.5
inch diameter Hall device. A combination thrust target and
calorimeter 1ls used to measure the total enthalpy and momentum
in the plasma stream. Tests with the cylindrical geometry
showed Hall current acceleration to_cccur. However, since the
radial magnetic field vanishes on the axis c¢f the channel, the
current would concentrate along the center line and not be
affectlvely accelerated.

An annuliar geometrJ accelerator was built with a radius
ratio of 2.4 and operated with both argon and helium vlasmas.
The Hall acceleration was measured under varying condicions
of plasma density, magnetic field strength, and accelerator
current, Velocity rates of up to 2.78 were obtained. A
correlation of the experimental results with the theory are
made and qualltatlve agreement is found. :

Experiments are now being conducted to determine the
energy and momentum losses that occur because of the contain-
ing walls. A schematic of the device 1n whlch these measure-
ments are being made is shown in Fig. 3.
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IV, 8 . HALL CURRENTS AND OSCILLATIONS FOR STEADY LOW PRESSURE DISCHARGES CROSSED
WITH MAGNETIC FIELDS. THEORY

Robert Hess, Philip Brockman and H. A. Hassé.n
NASA Langley Research Center
Hampton, Virginla

The increase to & peak and subsequent decrease of the Hall. 'cuﬁ‘ent"with
increasing radial field is amalyzed. The influence of "Son slip" with .
respect fo peutral atoms can explein the peak if the laréé charge exchange
cross sectvions for ion-neutral encounters are ;:onsidere&. Nonequilibrium
ionization effects are analyzed by & method originally déveloped by H. A. Hessan
for a different discharge-magnetic field geoometry discﬁssed in another paper;
results will be presented if the‘ computer program is terminated. The meaning
of the change in noise spectrum and its ef’fec’o‘ on thé transition to "turbulent"
conduction are evaluated. The changes in the noise spectrum with 1nci'easing \
magpnetic field; from a single 1;ea.k t0 a spectrum with multiple peaks shifting
to‘higher 'frequencies unt:ll' the peaks submerge :lnt§ a broad "tuztulené"‘ noize. |

| are typical of tramsition 1_:vo' turbulence. The transition spectrum of

the Kadomtsev instability for-magnetic fields above thev eritical value has
been shown to be;gimilar nature.” The distinction between the observed
"turbulence” and megnetohydrodynamic turbulencé 16 briefly mede and the role

of the Hall effect is discussed. -

1 | .
Akhmedov, A. R. and Zaitsev, A, A.: Sovier Physics~-Technical Physics,
vol. 8, No. 2, August 1963.



Iv, 9 HALL CURRENTS AND OSCILLATIONS FOR STEADY IOW PRESSURE DISCHARGES
CROSSED WITH MAGNETIC FIELDS. -EXPERIMENTS

by
Barry Sidney, Joseph Burlock, Philip Brockman and Robert Hess
NASA Langley Research Center
Hampton, Virglnia
The variation of azimuthal Hall currents has been measured for an axial
dischafge in a radial magnetic field at a variety of constant axial currents
varying from 1 to LO amperes.
Measurements in the pressure range from 30 to 8 QHg show an ilhecrease of the
Hall currents to & peak with subsequent decrease followed by another smaller
peak as the megnetic field increases. Measurements of the noise spectrum |
at constant axial curvents show first the
appearance of & single peak in the 5 ke range and magnetic fields from 10 to
20 gauss. With further increase in magnetic f:ieldl peaks with decreasing -
amplitudes appear at sbout hermonic frequencies 7 and the pattern of peaks is
shifted toward higher frequencies sbout proportionally to the magnetic field.
At high megnetic fields the peaks become submerged into the broad band noise

pattern of 1ncreasing enmplitude.
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v, 1 ELECTROMAGNETIC WAVE PROPAGATION IN
MAGNETOPLASMAS

D. A. Huchital
Rensselaer Polytechnic Institute
Troy, New York

NsG 48-60

A theoretical and experimental research program on properties of
magnetoplasmas is being pursued at Rensselaer, Following the cross
section measurements described in the paper by Stotz, and the initial work
in the magnetoplasma area, described in the paper by Holt, Haskell and
Mendeli, the present objective is the measurement of transport coefficients
in a plasma in the presence of a magnetic field.

The plasma analysis is accomplished by application of the micro-
wave polarization techniques developed in this laboratory. The plasma
parameters are determined from the knowledge of the magnitude of the
vertical, horizontal, and right and left circular components of both input
and output waves. A method for the simultaneous display of these quantities
has been developed.

The plasma will be studied in a guided wave configuration where the
plasma cell constitutes a section of the microwave circuit. This situation
has a considerable advantage in the fact that the microwave fields are
~completely defined at the plasma-waveguide boundary. A theoretical study
of the resulting boundary value problem has been made for propagation
parallel to the magnetic field, The solution to a fourth order differential
equatior in the longitudinal components of the fields determines their trans-
verse components., Application of simple boundary conditions yields a
determinental equation in the propagation constant which is solved simul-
taneously with the dispersion relation.

In addition a critical study of the usual theoretical formulation of the
problem of electromagnetic wave propagation in magnetoplasmas has been
made*, The assumption that free electrons oscillate at the signal frequency
has been examined and found to be generally invalid for an anisotropic plasma.

1. D. A. Huchital, "On the Existence of Cyclotron Frequenéy Waves in
a Cold, Collisionless, Anisotropic Plasma', Rensselaer Polytechnic
Institute, Plasma Research Laboratory, Tech, Rpt. No, 10, Aug, 1963,
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The rigorous solution for the particle trajectories is shown to imply

the existence of a mode of propagation at the cyclotron frequency driven

by the wave at the signal frequency. This mode has been named the "H"
(for Hybrid) mode, The expected characteristics of this mode of pro-
pagation are presented, and its significance, especially in the case of wave
propagation near cyclotron resonance, is described. It is shown that in
this case the H wave may be considerably enhanced at the expense of the
signal frequency wave. '
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v, 2 MICROWAVE CAVITY MEANSUREMENT OF THE
FARADAY EFFECT IN A GLOW DISCHARGE
PLASMA

P, R. Crownfield, Jr.
College of William & Mary
Williamsburg, Virgina,

NsG 106-61

We have observed the coupling of the orthogonal, linearly polarized,
TE; 11 modes of a right cyclindrical cavity due to the Faraday Effect in a
coaxially located neon glow discharge. Measurements as a function of
applied magnetic field are interpreted in terms of a simple theory to yield
an effective electron collision frequency. The values of the collision fre-
quency obtained in this way are greater than predicted from the momentum-
transfer collision cross-section, Some data showed anonalies near harmonics
of electron cyclotron resonance, but these data were not reproducible,
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v, 3 GUIDED WAVES IN AN ANISOTRCPIC PLASMA

A. M. Ferendeci
Case Institute of Technology
Cleveland, Ohio

NsG 198-62

Microwave propagation in a one inch circular wave guide completely filled
with plasma, subjected to an external d.c. magnetic field is experimentally
investigated, Propagation constant, phase velocity and the cut-off frequency
of the microwave field in a cylindrical wave guide are derived from Maxwell's
equations using the tensor dielectric constant for a cold plasma., The

effacts of the plasma density and the d. c. magnetic field on the different
constants of the TE,, limit mode are fully investigated, The steady state
plasma is produced ™y a hot cathode discharge of argon gas at 0.1 mm Hg,
The phase velocity and the propagation constant is experimentally determined
from the measurements of the Faraday rotation of the plane of polarization
of the microwave field and the standing-wave ratios that are set up in the
waveguide against the externally applied magnetic field, The d.c. mag-
netic field can be increased to obtain cyclotron frequencies greater than

the microwave frequency that is used for the measurements. From the
experimental data of the cut-off frequency of the TEq1 limit mode, one

can calculate the average density of a plasma in a circular waveguide, The
schematic of the experimental set-up is shown in the diagram below.
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PROPAGATION AND DISPERSION OF HYDROMAGNETIC
AND ION CYOLOTRON WAVES IN PLASMAS
IMMERSED IN MAGNETIC FIELDS

A. A, Dougal
The University of Texas
Austin 12, Texas
NsG-353

Analysis of radially propagding waves 1n a bounded
ma. netoactive plasma was initiated. The configuration is that
of a partially ilonized plasma slab, bounded by two infinitely
large conducting plates of finite separation., The plates may
be in direct contact with the plasma, or insulated from it by
thin layers of dielectric materials. A static magnetic field
is imposed upon the plasma in a-direction normal to the plates.
A current source with an arbitrary current distribution is
postulated in the plasma to exclite waves. The presence of
magnetic fields in plasma volumes results in a dyadic elec-
trical conductivity. In this work, the wavé equation becomes
a dyadic-vector Helmholtz equation. Separability was studied
to facilitate fitting of boundary conditions, It was found
that four coordinate systems, rectangular, circular cylindrical,
elliptic cylindrical, and parabolic cylindrical permit separa-
tion of the dyadic~vector Helmholtz equation into terms of
longitudinal and transverse vector components. The longitudinal
and transverse vectors are generated by differential vector
operations on scalar functlons, each -of which satisfies a
scalar Helmholtz equation. A Green's cdyadic is generated from
vector eigenfunctions to make possible solutions to the inhomo-
geneous wave equation applicable to sources in the plasma region.
The formulation developed in this work was applied to two dif-
ferent current sources. One current source is that of a uniform
line current placed at the origin. The second is that of a
uniform circular loop current placed at the origin. The radial
propagation of the electric and magnetic filelds was determined
for both sources. Evaluation of the Poynting vector was pur-
sued to determine the source radiation resisvance., The solu-
tions determined for the finite boundaries were checked in the
limit as the b@undaries are permitted to recede to infinity.

An experimental investigation of current sheath dynamics
and magnetosonie oscillations in magnetoplasmas was initiated.
The dynamical behavior of & curpent sheath_formed in a pre-
ionized hydrogenic plasma, accelerabed by J x B forces, and
moving through a steady stabilizing magnetic field is being
studied. An experimental arrangement using a stabllized ,
inverse pinch was designed, rabpioated, and placed sucoessfully
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in operation. The experimental arrangement has utility for
investigating current sheath dynamics, the possible onset

ol' magnetosonic oscillations, and finite resistivity instabili-
ties in an otherwlse stable configuration. The experimental
arrangement 13 characterized by: a metal and glass inverse
pinch discharge tube of approximately four inches length and
seven inches diameter with an insulated solid conductor on

the central axis; a preionization capacitor discharge unit;

a main accelerator capacitor discharge unit; a pole type
electromagnet to supply the stabilizing field; a vacuum and gas
filling system; mechanical and electronic control circuits; and
oscilloscopes and electronic metering circuits. In the initial
experimentation, plasma diagnostics were accomplished both by
the use of magnstic proves and ultra high speed Kerr cell
photography. Magnetic probes consisting of small coils of
twenty turns of wire on a fifty mil diameter form provide

data on the magnetic field components frcm which the dynamical
behavior of the current sheath is determined. The magnetic
probes also apply to the study of the onset of magnetosonic
oscillations and resistive instabilities. The utilization of
simple mirrors and lenses with the ultra high speed Kerr cell
camera system has made possible high speed photograpghic re-
cording of the plasma sheath dynamics in this experimental

- configuration, Experimental observations show that a repro-
ducible current sheath is formed in the preionized hydrogenic
gas by the main capacitor discharge. The formation and :
dynamical motion of the current sheath have been determined
for a wide range of hydrogenic gas pressures, and for a wide
range of stabilizing magnetic fields. Presently, with higher
beak discharge currents in excessof 100,000 amperes, a search
is in progress for the onset of magnetosonic oscillations,

and the onset of finite resistivity instabilities.

Experimental investigations of ion resonances and ion
cyclotron wave propagation in one- and two-ion species plasmas
subjected To intense magnetic FTields are ‘of intereat in this
work, The principal plasma effects of interest include: The
propagation and dispersion of hydromagnetic and ion cyclotron
waves under the action of resonant (parent) and nonresonant
(impurity) ion-ion interaction; polarization characteristics
of propagated waves; effects of ion] ~ ion3 collisions on
resonances in a two-ion species plasma; and the influence of
plasma sheaths on ion cyclotron resonance to determine the
effects of lon trajectories intersecting plasma sheaths. The
design of a maJjor experimental arrangement for this experiment
for this experimental research was completed and fabrication
of the requisite lnstrumentation is rapidly nearing completion.
The experimental arrangement is characterized by: a solenoidal
. DC magnetic field system- -with seven inch bore to produce
magnetic fields up to 11,000 gauss; a prime DC power supply
of 100 KW, consisting of a motor generator set, and an elec-

tronically controlled Amplidyne regulator system; an RP
exoitasion system cénsis%ingygf a %ulsed cr%stal’eontrolled
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transmitter, kilowatt linear amplifier, and a 25 KW driver;

a "Stix Coil" to couple the RF drive power onto the plasma
column; a plasma tube of one meter length and 64 mm diameter;
a demountable vacuum and gas filling system; and electbronic
pulse timing and oscillography equipment. Inh addition, an
alkali metal vapor plasma tube was designed to produce plasma
by contact lonization in the vapor mode., Parallel development
of plasma diagnostic methods has been in progress. RF
magnetic probes were designed to provide information on wave-
length, polarization, damping of an axlally propagated wave,
and the RF field distribution. A diamagnetic probe method
has been evaluated to provide informatlon on plasma electron
density and temperature,: RF power input to the plasma is
accessible through simultaneous recording of the "Stix Coil"
input voltage and current, '
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THE ABSORPTION OF VERTICALLY POLARIZED
PLANE ELECTROMAGNETIC WAVES IN THIN SLABS OF PLASA

P. D. Rowley
NASA Ames Research Center
Mountain View, California

Obliguely incident vertically polarized (TM) plane
electromagnetic waves may bestrongly absorbed by thin plasma
slabs under certain conditions. An approximate analysis for
the case of 1 thin uniform plasma slab backed by a conductor
is given., It is shown that for this absorption effect to
occur for this case the collision frequency must not be
zero but may be small and maximum absorption occurs when the
fregquency is slightly greater than the plasma frequency. The
relations between the frequency, the collision freguency, the
plasma frequency, the angle of incidence, and the slab thick-
ness are glven where two of these quantities are dependent
variables., The validity of this approximate analysis is dis-
cussed. This absorption effect may occur in isolated thin
plasma slabs and in multiple plasma slabs. The multiple thin
~slab approximation to the problem of the interaction of a
vertically polarized plane wave with a plane stratified plasma
region having a continuous electron density profile is usually
poor when the collision frequency is small although it is a
suitable method for plasma repgions with a sufficiently large
electron density. Numerical calculations of the reflection
coefficient for a number of .thin plasma slab cases are given
which illustrate the effect.
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bHARAuTERISTICS OF A MAGNETICALLY CONFINED
STEADY STATE PLKSHA BEAN

D. A. Meskan & R. E. Collin
Case Institute of Technology
Cleveland, Onio
NsG@ 198-62

The results of measurenients on a steady state cylindrical
plasma beam which is produced by a reflex discharge are pre-
sented. Spectroscopic and Langmuir probe measgurements indi-
cate a beam ion density greater than 1012 em-3 and a relatively
low impurity density. Electrons with energies up to about
twenty electronm volts appear to be present. Quasl periodic
disturbances which are believed to be characteristic of the
reflex discharge have been observed. -

These results indicate that a theoretical model for ion
wave phenomena in this type of beam should include the pos-
sibility of different ion and electron %Hemperatures and drift
velocities. An attempt 1s being made to use Hahkel transforms
to solve an idealized boundary value problem which includes
these effects.

Experimental verification of the suitability of the model
is a primary objective for future experiments.
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REFLECTION OF AN EM-WAVE FROM A SHOCK FRONT

W. H. Eggimann
Case Institute of Technology
Cleveland, Ohio
NsG 198-62

Velocity measurements: The veloclity of a moving shock-
front 1is determined from the frequency shift of a reflected
EM-uvave. In order to measure the. frequency continuously the
set-up in Fig. 1 was used. The Doppler frequency is amplified
and clipped, a pulse generator is triggered by the positive
half wave and the negative pulses are subsequently integrated.
The resulting signal is displayed on an oscilloscope. It is
easily seen that the trace gives directly the position of the
shock as a function of time, so that the velocity is equal to
the slope of the curve. The photograph shows the trace X(t)
g? the top and the Doppler signal Af at the bottom. (Figure

Measurement of the density profile of a shock: HM-waves
are totally reflected from a plasma shgckfront if the density
'n (in m~J3) is larger than ng = 0.0124f%, where f is the fre-
quency of the wave in cps. From the standing wave pattern
the. location of the point of this critical density in the
shock can be deduced, provided the density profile is known.
Reflection patterns for step-, ramp-, exponential and other
profiles have been computed analytically and with the help of
~an analog computer. Using waves of different frequencies, all

this information leads to an estimate of the density profile
and the shock thickness. Experiments with 3 cm and 1 cm waves
are under way.




124
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Fig.1: Frequency measwl'ng apparatas
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Figure 2, Position of shock X(t) and Deppler signal Af as
a functin of time
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ELECTROMAGNETIC WAVE COUPLING TO
MAGNETIZED PLASKAS

The Flectromagnctic Research Corporation
College Park, Maryland
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INTERACTION OF PLASMA OSCILLATIONS WITH
CONDUCTION IN A PENNING GAUGE

¥, R. Crouwnfield, Jr.
College of William and Mary
Williamsburg, Virginia
NsG 106-61

We have observed oscillations at VHF in a Penning Gauge
operating at pressures of the order of one micron of mercury
in maghetic fields of about 200 Oersteds. The oscillations
occur only for certaln values of the anode voltage, and
concurrent with the oscillations anomalies are observed in
the current vs. voltage characteristic of the gauge. This
behavior clearly indicates an interaction between these oscil-
-lations and the conduction mechanisms in the gauge. An inter-
pretation of the nature of the oscillations and a discussion
of their excitation is presented. The detaills of the inter-~
action are not yet fully understood.
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TRANSVERSE TRAVELLING WAVE PLASMA ENGINE *

L. Heflinger, A. Schaffer
General Technolcgy Corporation
Torrance, California

The engine under developnent employs a transverse
travelling magnetic field createcd by four coils supplied from
a megawatt level Z-phase oscillator. The englne operates in
the region of small mean free pathat magnetic field strengths
from 200 to 1000 gauss and phase velocities from 30,000 to
70,000 meters per second. Electrical energy and propellant
are supplied continuously, ylelding a steady-state operation
for the duration of the run, which is at present one milli-
second., No auxiliary ionizer is required.

Primary performance measurements consist of propellant
mesc, impulse, and energy input, each totalled over the dura-
tion of the run. The impulse measured is the electromagnetic
back reaction on the drive coils, which are suspended as a
ballistic pendulum. Probes and high speed photographs are
used to diagnose the plaswma behavior. '

- Results to date include measurements of mass and impulse,
yielding values for thrust, specific impulse, and plasma
directed kinetic energy. Tor example, at one operating con-
dition (argon, 225 gauss, 50,000 meters per second phase
velocity) measurements showed thrusts of about 1/10 pound at
a specific impulse of 4000 seconds. Efficiency measurements
are in progress with recently developed energy input diagnos-
tics.

*Post deadline paper
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VI, 1 STABILITY OF MAGNETOHYDRODYNAMIC CONFIGURATIONS

E, Reshotko
Lewis Research Center
Cleveland, Ohio

The disturbance equations for incompressible psrallel flows in an
electricelly conducting fluid have been derived for flowlng, current
carrying configurations. It is shown thet the stability characteristics
of an incompressible three-dimengionsl. parallel flow configuration to &
plane wave disturbance of arbitrary orilentetion are determined by the
solution to a two~dimensional problem governed by the components of the
mean velocity and magnetic fields in the direction of wave propagation
and by the tranaverse magnetic field. The resulting differentlal equa-
tlons are a coupled sixth~order set for the disturbance veloecity field
and magnetic field and may be solved by exact numerical technlques.

An energy relation synthesizing the prior results of Stuart and
Kovasznay is obtained for the net rate of change of dlsturbance energy E.

| Vv ¢ bby VAV %6 = Vb,
De =f(-s"§"’y+—'},—*);7 AT +l(‘.____.._..vi ’/‘V' f).&'f_}.’%,ez

0 é
‘vhere -.; g ET"“’E'{
2o 5[0V + Bighi |

; " 1g the coordinate in the direction of wave propagation
Yy 1s the normal coordinate

This relation shows that energy mey be transferred from the baslc con-
figuration to the disturbances by the action of Reynolds stresses and megnetie
shear stresses in a configuration having mean vortieity. For current
carrying configurastions such energy transfer 1s related to the component
in the direction of the meun current of the time-independent correlation
electric field set up by the disturbances. Disturbspce energy is of
course decregsed through viscous end Joule dissipation. A direct analogy
between the viscous and magnetic terms ig evident upon identifying the
current as the "vorticity" of the msgnetic field, An estimate of the
orders of magnitude of the terms in the energy relation indicates that
for small viscosity and resistivity, the disturbance energy produced may
exceed thet dissipeted leading to lnstabilities not present in an ideal
fluid.
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VI, 2 STRUCTURE OF SHOCK WAVES IN COLLISION-FREE, TEPID PLASMAS

W, P. Joneé and V.J. Rossow
NASA Ames Resgearch Center
Moffett Field, Californie

The particle motions and electromagnetic fields caused by a
magnetlic compression weve passing through a fully lonized, collislon~
less plagms embedded in a magnetic field has been studied for a discrete,
one~dimensional model by means of a numericel analysls on an electronic
computer. Computations made by previous authors for e model that
agswnes the ambient gas to be cold (i.e. s 2ero tempera,ture) indicate that
for low and high Alfven Mach numbers the netlic compression waves can
be clasgsified into two separete regimes: m:§ one consists of & series
of equally spaced waves of increasing amplitude thaet propagate without
changing form; and, (b) the other 1s characterized by the development
first of a single large wave whose form then changes contimuously as it
propagates. Transition from one regime to the other occurs at an Alfven
Mach number of sbout two. The present work shows that such & clagsgl-
flcation becomes obscure when the initisl plesms Lemperature ls tepid.
Highly ordered wave structure found for the cold plasma when the Alfven
Mach number 1s less thean two, 1s destroyed everywhere except near the
front of the propagating disturbance when the plasma is warm. Also,
when the Alfven Mach number is greater then two, the development of the
singl> strong pulse, observed when the plasws is’,initially cold, is
retarded when the initlal plasms state is tepild.’

A presentation will be made of results for the two ceses in which
the amblent plasma tempersture is cold snd tepid in the form of three-
dimensional plots of magnetic field vs. disbance and vs. time for
represgentative values of the characteristic pareameters.



132

Vi, 3 HYPERSONIC MAGNETOHYDRODYNAMICS
R.H. Levy, E.V. Locke, H.E, Petachek, and P.H. Rose

AVCO-Everett Research Laboratory
Everett, Massachusetts

NASw-TU48

A low magnetic Reynolds nuwber high /3' flow in a simple geometry
has been striied theoreticallyl snd experimentally. The megnetic field
1s that due to a current carrying wire end the flow ia two-dimensional.
A shock wave sbands shead of the wiré and 1s nesrly colncldent with a
field line., The flow tekes place in & thin leyer behind this shock.
The position of the shock layer is found by setting an intersction
parameter based on the veloclty behind the normal shock and the thickness
of the shock layer equal to & fumber which analysis shows to be sbout 1/3.

The experiment wasg performed in air in an elecotricslly driven shock
tube, uging a shock speed of 8 ‘mml;wsec and an initiel pressure of 250 g Hg.
Currents up to 2.8 x 10° anps were pulsad through the wira using s capé~
citor bank having a quarter cycle time of 4O Msec. . The predicted shock
position was about 2 cn from the wire. The experimental end theoretical
shock lgyer positlons are ghown on Fig, L.

Theoretically the currents in the gas which flow.1ln the shock layer
antiparallel to the current in the wire are supposed to close on themselves;
this 1s impossible in the experiment and &n attempt has been made to
measure the electric field assoclated with thelr olosings - Another theoreti~

. cal prediction is that since there is no hot gas flow behind the ghock layer,
the coavective heat transfer to a surface in this region should be nil. Tt
is planned to use the infrared gage developed by Camac? to investigate this
point.

A different geometry has also been osuudled theoretically; in this

cage the flow 1s axially symmetric. The magnetic interaction is provided
by a dipole having 1ts axils aligned with the flow., Since in this geometry
there is no interactlon along the stagnation streamline, e body is als> re-
quireds The theory shows, however, thet when a sulteble interaction
parameter ig of the order of unity, the body exerts only a weak influence
on the flow., In particuler, virtually all the drag eppesrs at the coil
rether than at the surface of the body. The general festures of this flow

T Tevy, R.H. and Petschok, H.E., "The Magnetohydrodynamically Supporbed
Hypersonic Shock La.yer,' Phys. of Flulds éz 9ké (Jul'y' 1’963{.'
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VI, 3

are shown schematically in Fig. 2. Other theoretical results include
the resolution of certaln dlscrepancles appearing in the literature
on this subject, and the prediction thet much greatier heat transfer
reductions might be achleved in this geometry than had hitherto been
thought possible., An experiment in this geometyry is plenned.

Some preliminery studies have been undertaken to relate the informa-
tion on forces gained in these studies to re=entry calculations.

ECa.mac, M. end Feinberg, B., "High Speed Infrared Bolometer," Rev,
Sci, Instr. 33t 964972 (Sept. 1962).
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This figure shows the positions of the shock l‘ayer ahead of the wire,

as predicted and as measured. Note the size of the roc and the
position the shock would occupy if there were no mognetic interaction.
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This figure illustrates the principal features of the theorehcql model

for the flow past a dipole oriented paralled to the flow . The magnetic
field lines are dashed, the streomlines are solid. Note the two distinct
regions of the flow and a limiting streamline beyond which the gas does
not nenetrate. The influence of the body on this flow is relatively slight.
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VI, b MAGNF‘ fOAERCDYNAMIC DRAG AND SHOCK STAND~OFF DISTANCE

T.?. Anderson, Ching Shi Liw, R. C. Warder, Jr. and
Ali Bulent Cambel

NWorthwegtern University
Evanston, Illinois

Although the enhancement of reentry drag and communications by
means of magnetogasdynamic effects has been knewn for some time, the
configuration has not been exploited due to hardware design limitabtions.
However, recent developments concerning superconducting magnets offer
enhanced possibilities.

It i1s the purpose of this study to evaluate the validity and .ange
of applicability of the large number of theoretical analyses concerning
magnetoserodynsmic drag and shock stand-off distance. The project will
be experimental in nabture complemented by analyses of theoretical
golutions to the problem. Thus the primary mission of the study will
be to develop a systematic correlation between various theories and
experimental observations obtained under various conditions.

The Tirst phase of the proposed research would be to summarilze Athe'
results of previous theoretical investigations much in the manner o:t‘ the
sample table.

In order to evaluate the various theoretical analyses of magnetoaerodynamic
drag and shock stand-off distance, a series of experimental studies will be
performed to systema:bically extend the prelinminary studies of magnetcaero-
dynamic drag and shock stand-off distance initiated in the Gas Dynamics
Iaborstory. Simple model shapes such as the hemispherical nose with a .
cylindrical afterbody will be chosen for the initial studies in order to
coordinate the experimental messurements with theoretical analyses. These
initial studies will be performed using an argon plasms since a large
-apountof properties and tabular data have been accurulatea concernlang the
thermophysical state of argon plasmas. If ag a result of the experimental
gtudies it is found that existing magnetoserodynamic drag and shock stand-
off distance theories are inadequa‘be, specific analytical studies will be
undertaken.

Once the applica.ble analy'hical treaﬁmen‘bs are determined ag a result
of the experimental measurements in the argon plasms, the-‘second phage of
the proposed research project will be to obtain magneboserodynamic dreg
and shock stand-off disbtance date of an engineering nsture using nitrogen
and simulated alr plasmas. No complications are expected as Ffar as the -
thermophysical data avre concerned because extensive tabular date of the
properties of nitroger and oxygen have been calculated.

It 1g hoped that this study will provide a better understanding of
fundamental concepts as well as a better :Lnsight into the potentialities
of verious applica‘bions. , .
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Vi, 5 PRELIMINARY TESTS IN THE JPL LIQUID SODIUM TUNNEL
T+ Maxworthy

Jet Propulsion Laboratory
Pagadens, California

A liguid sodium tunnel has been designed and constructed to study
magneto-fluld dynamic effects. It is described and the results of
preliminary experiments presented. .

Comparisons are made between total pressure, static pressure and
velocity profiles in the test section with and without an applied
megnetic field.

Significant differences are noted in the two situations and hypoth-
eses are presented to sccount for them.- The most profound effects seem
to be caused by entry and exit phenomena, i.e., the interactlon which
occurs when the fluid flows into and out of the magnetic field reglon.
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Vi, 1 THEORETICAL CURRENT-VOLTAGE CURVE IN LOW-PRESSURE CESIUM
DIODE FOR ION-RICH EMISSION

C. M. Goldstein
BASA Lewls Research Center
Cleveland, Ohio

Current-voltage characteristics for the two~specles collislonless,
infinite parallel-plate thermionic diode have been computed for ion rich
emigsion. It 1s shown that over a wide range of o (retio of ion to
electron emission charge dens:l.ty) the two gpecles total ion current
characteristic differs appreciably from the single specles characteristiec
based on Langmuir's solutions. In addition, it 1s shown that the net
current characteristic is even more liable to miginterpretation due to
‘the non-negligible electron current, even for large o .
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vir, 2 THE EFFECTS OF ELECTRON HEATING AND ION SLIP ON THE
PERFORMANCE OF AN MHD GENERATOR

F, A, Lyman .
NASA Lewls Regearch Center
Cleveland, Chio

The work described herein 1s the calculation of the effect of electron
heating on the performance of & magnetohydrodynemic generstor. The initial
caleulations dealt with argon seeded with small smounte of cesium. Two
effects were of particular interest: first, the effect of varying the
amount of seed, and second, the effect of varying the magnetlc field and
gas presgure.

The basic theory of non~thermal lonlzetion at elevated electron tem=
peratures was formmlated by Kerrebrock, and the epplicetion of the theory
to MHD generators was mede by Hurwitz, Sutton, and Temor, end by Wright
and Swift-Hooke. The present calculations depert from the sbove analyses
in two respects. First of all, it was noted that electron-ion collisions
may be the dominant process for energy exchange between the electrons and
the heavier paerticles, and this fact was taken into account. Secondly,
it was found that the electrons could attain gufficlently high enecigles
to ionize the argon, in fact, the lon densities due to the cesium and the
argon were found to be comparable at electron energles of less than one
electron volt.

The inclusion of the two facts mentioned above in the theory led to
an interesting result regarding the amount of seed required for meximum
power. It was found that the highest power denslty was attained without
Beed- °

Although ion glip has a deleterious effect on power generation for
sufficiently high magnetic fields or sufficlently low gas pressures, this
effect can be minimized by operating the generator at the proper pressure.
Large magnetic fields require high operating pressures, but for the highest
fields which are presently attainable the static pressures required to mini-
mize ion slip are not unreasonsble.

The above results were presented at the Uth Symposium on Engiveering
Agpects of Magnetohydrodynamics in April 1963 and are contained in a pro~-
posed technical note. The work is now being continued slong the following
line. s ’

The previously mentioned theory is based on first order trensport
‘theory. Since it 1s known that the difference tvetween firét order and
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second order transport coefficlents is appreclable, the second order
theory for a partially ionized gas developed by Burgers and Pipkin was
applied to the electron heating problem. The results of the gecond
order theory gave slightly more optimistic values for the power.

The work 1s now being extended in two directions., First, an attempt
is currently belng made to obtain a falrly rigorous second order transport
theory which will include the effects of elevated electron temperatures
and spatial nominiformitles. Second, the effect of inelastic collisions
will be included within the framework of the simpler model.
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VIL, 3 MHD POWER GENERATTON WITH NON~EQUILIBRIUM IONLZATION

L D Nichols
NASA Lewls Research Center
Cleveland, Ohlo

MHD Generstors are now belng consldered for use in space for . ab
least two reasons (a) as an alternative method should turbilnes and other
schemes fall to be developed, or (b) if the top Lemperature thet can he
achieved 1g limlted by the turbine rather than by the reactor. At
pregent it seemg that the turboelectric systems wlll be lighter, barring
some breskthrough in the design of MHD gystem components. However, if
reactors can be developed to dellver gas at temperatures approaching
3000°%, then the turbine will poseibly have to be replaced by an MHD
Generator, Congequently, in the event that MHD would be chosen for either
of the sbove reasons, its feaslbility 1s belng studied. The simplest
gchene yet proposed in terms of systew components is the gingle fluld
generator whose electrical conduchtivity exceeds the equilibrium value
by means of magnetic field lonlzation. Theoretical calculations for s
linear, constant ares Faraday generator operating as a part of a Brayton
cycle have been made. Upon incorporating certeln parameter optilmizations,
the calculated results show definlte promise. '

This type of generstor will therefore be studied experimentally ueing
Argon as the working fluld. The cycle will operate continuously with a
maximum gas temperasture of LOOOCR, a maximum pressure of 5 atmospheres,

a mass flow rate of 5 1b/sec with the fluid entering the conetant area
generator channel at Mach Number 3. Power oubput should be of the order
of a few hundred kilowatts.
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VII, L ROTATING MHD INDUCTION GENERATORS

R.E. Schwirien end E.J. Morgan
Case Institute of Technology
Cleveland, Ohlo

NaG 198-62

Solutions have been obtained in the past for the following
rotating inductlon generator problems:

1. Vortex generstors without viscosity and assuming that the pertur-
bations in the megnetic fleld are small (emall magnetic Reyuolds .numbers)
and that the perturbations in the fluld field are small. The electrical
conductivity 1ls assumed to be a simple scalar. Numerlesl solutions have
been obtained for a number of values of the ratio of the inner redius to
the outer radius, for several values of the length to radius ratio, and
for one value of the slip. The effect of viscosity has also been
examined.

2. Solid body rotation, again for small magnetic Reynolds numbers.
Numerical solutions have been obtained for various values of the radius
ratio and various values of the length to radius ratio.

More recently, a solution has been obtained for the infinitely .
long hollow; cylinder for all megnetic Reynolds numbers. Computations
for various radlus ratios are now being completed. -

In order to verify some of the above solutions, experimental
measurenents of torque and dissipation have been made on hollow and solid
metal cylinders of various length to radius retios pleced in a rotating
uniform magnetic f£ield.
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VII, 5 A MAGNETODYDRODYNAMIG ELECTRIC POWER GENERATOR USING
SEEDED COMBUSTION PRODUCTS OF CYANOGEN AND OXYGEN'

L+ Fruchtmen
NASA Langley Research Center
Langley, Virginis

In an effort to develop & gmall, lightwelght and efficlent electric
pover supply for posalble moderste~time %several deys) epplication in space
miggions, an analysls has been made and laboratory tests have been started
for a constant Mach nmuiber MHD electric power geaerator. The working fluld
of this generator 1s the combustion products of the cyanogen-oxygen flame
geeded wlth cesium. The theorctlcal determination of genersi>r efficlency
and power output capabllity was made uging a computer program involving

the one~dimensional momentum and energy equations, following generally the
work of Sherman but with some innovetlons to account grossly for the effects
due to heat transfer and skin frietion.

The results of the calculaetion are presented to ghow the influences on
the generated power due to: (1) the magnetic field, (2) the Mach number,
(3) the loading, and (4) the heat-transfer level. These results show that
for both the heat tranefer and the inviscid case, the maximum power is
generated et M = 0.9, The resulte slso gshow that for the cage of no heat
transfer and skin friction and with a megnefic field of 20,000 g, power of
about 3.8 kw could be produced from a solid electrode generator 10 cm long
whose channel area varies from 1 cm® at the inlet to 3 e¢m? at the outlet.
However, when heat trensfer and skin friction are considered (for s wall
temperature of 15000K) this same generator will only produce L.k kw.
Increase of the wall temperature to 30009K increases the generated power
to 2.1 kv,

Uging the results from this analysis & generator was designed and built,
and tests have recently begun. Componente of the generstor, in addition to
the generator sectlon, includes combustion chamber, vacuum system, and a
large iron-core, H~freme magnet capable of malntelning & fleld strength of
up to 20,000 geuss.

Experimental resulits are presented to show the generated power ag a
function of registive load, and as volt-current plote or load lines. Plots
are given for varlous msgnetic-field strengthd and geeding percentages.
4leo presented are pressure dlstributions along the -channel, and bulk plasms
conductivity and collislon frequency measurements., Meens to improve ‘the -
generator performsnce and directions for future efforts are digcussed.
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ViL, 6 MHD A-C POWER GENERATION

HH, Woodsgon
Massachugetts Ingtitute of Technology
Cambridge, Massachusetts

NeG-368

This research program involves the theoreticel and experimental
study of two types of MHD a-c power generators thet do not use capaci-
tors.or synchronous condensers to supply resctive power. As a result »
these generators provide the possibility of generating a~c power
directly by an MHD process without the crippling disadventeges
imposed by a necessity to supply reactive power by conventioral means.

One generator is & conduction typre generater in which the gyrator
effect 18 used to make one inductance tune another inductance. This
end is sccomplished by cross~coupling two conduction generstors in an .
aporopriate manner or by using the Hell effect.

Theoretical results obtained thus far show thet both conduction
generators should operate successfully when the bassic machine is
capeble. of operation as a selfwexcited d~c generator. Thus far the
operating frequencies attainable with ges conditions that are typleal
for continuously opereting machines are gomewhat low, Work is under-~
way to investigate different geometrles and operating conditiona thet
mey enhance performance.

A second generator is the wave-type generator vhich uses magneto-
acoustlc waves to couple between fluld~flow power and electriec poweyr
in a distributed electric circuit, Thils coupling 1s 'malogous to that
vwhich occurs in beam-type microwsve tubes. Initial anaiyses that used
& small-signal model. with weak coupling between gas and circult indicated
machine sizes too large to be practicals More recent studles consldering
tighter coupling have shown that the machine size for successful opera‘b on
may be reduced significantly. ‘

Experimente on both machine types are being pe.rformed with modified
homopoler configurations. These pulsed experiments use toroidsl chennels
in which part of the channel is used as & driver and part as a test
gectien, In both ceses ve have obtained eaaent,,.e:il.y steady flow of gas
with high enough conductivity and velocity over a long enough period of
time to perform some preliminary experiments. The obJect in each came is
to produce suiteble conditions for studying the MHD intaractions thet will
occur in the tyo types of generators cited ebove. :
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(2) Arwin A, Dougal, "Dispersion of Optical Maser Beams in
Magnetoplasmas", Bull, Am. Phys. Soc., XI-8, 163 (1963).

(3) Arwin A. Dougal, "Theory for Optical Maser Probing of
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(4) Arwin A. Dougal, "Optical Maser Probing Theory for Mag-
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VIII, 2 RATE OF ENERGY LOSS OF ENERGETIC ELECTROUNS IN A PLASMA:
I THEORETICAL

M.R. Smith and W.B. Johnson
Case Institute of Technology
Cleveland, Ohio

NsG 198-62

Theoretical values of the rate of energy loss of energetic
electrons passing through a plasms have been computed. The model
used was that corresponding to an electron-electron collision
with & suitable adjustment of the maximum cutoff dlstance to account
for collective effects. The cross-section employed was the Mott
scattering relation s- asg to include the contribution due to the
indistinguishabiiity of the electrons. Appropriate aversges of
this cross-gection over the plasma electron velocity distribution
vere made s0 as to account for the skewed Maxwellian distribution
caused by a moving plasma. This was done to estimate the effects of
a plasma Tormed by a strong shock wave such as would be expected in
the experament described in the following paper. Fér typlcal plasma
parameters (T A 30,000% and ne A5 x 1016 electrons/cm3) the rate of
energy loss was computed to be approximately 90 volts/ cm. Calculations
excluding the effects of collective oscillation excltation characterized
by the maximum cubtoff parameter taken to be the Debye length yleld
energy losses lower than the above by almost one order of magnitude.
Thus 1t 1s seen that the excitation of plasma oscillations is the
dominant mechanism for the loss of energy by electrons traversing
a plasma. '
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VIII, 3 RATE OF ENERGY LOSS OF ENERGETIC ELECTRONS IN A PLASMA:
II EXPERIMENTAL

W.B. Johnson and M.R, Smith
Case Institute of Technology
Cleveland, Ohio

NsG 198-62

An experiment is being performed to measure the rate of energy
loss of high energy electrons upon tyaversal of a plesma. Mono-
energetic electrons with an energy of 3500 volis are incident upon
& high temperature plasma produced by a linear electromagnetic shock
tube. Simltaneous measurements of absolute line and continuum
radiation intensities are taken using time resolved spectroscopic
techniques. From these are infered the plasma temperature and
electron density. Typical values for the temperature and electron
density are 3 x 1040k and 5 x 1016e1ectrons/cm3, respectively. During
a single discharge of the capacitor bank four complete scans of the
energy spectrum at different electron densities of the transmitted
electrons are accomplished electronically. The number of transmitted
electrons as a function of energy for all four scans is displayed on
a gingle oscilloscope. Energy seleetion is accomplished by using a
biased Faradsy cup detector. Data from these experiments will be
compared with the theory given in the previous paper and to other
theories. - The data obtained will also give information regarding
the approech to equilibrium of a group of electrons initially having
a S-function energy distribution. Initial data will be presented.
Apparatus uged in these experiments is shown in the accompanying

photograph.
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VIII, 4 PLASMA FLUX MEASUREMENT

- D.N.. Bowditch
NASA Lewls Research Center
Cleveland, Ohilo

One of the important quantities in plasma sgource or thrustor operation
is the total plesma or ion flux expelled. The plasmas, studied by our
group at the Lewls Regearch Center generally have number densities of about

10" particles per c.c., and electron temperstures of 10 volts or more,
making sheath thicknesses less than one millimeter. Therefore, it is im-
possible to penetrate the plasma with an electric field wkich would
separate the ion and electron currents so that one must éollect the ions
at the edges while reflecting the electrons.

To keep the measurement from disturbing the plssma, an electron cur-
rent equel to the ion current must be collected. If high energy electrons
are reflected at the ion collecting surface, and low energy electrons col-
lected, then a net power is added to the electron gas, which increases the
ionization. This power can be kept negligibly small by segmenting the ion
collector to minimize current, and by suitable choice of an electron col-
lector.

For accurate measwrement, there must also be negligible recombine.tion
and & predictable amount of secondary electron current. For atomic plasmss,
it appears, from the theory of reference 1, that little recombination should
take place over a distance of 10 cm for densities as high as 1014 particles
per c.c. and electron temperature of one e.v. or more. Hagstrum (reference 2)
has shown that Auger ejection 1s the method & secondary electron production
for noble gas ion bombardment. He has found that over e range of 10 ev to
1000 ev, there ie a fairly constant secondary emission coefficient for the
noble gases on tungeten and molybdenum. Therefore the secondary electron
current can be predicted for collectors on the wall or in a thrustor exhsust.

A program hes been underway at the Lewis Research Center to determine
1f flux measurements can be made without significantly iistorting the plasma.
Configurations under investigetion are segmented conducting walls downstresnm
of the exit, low solldity screens across the exit, e honeycomb ion collector
acrosgs the exit, and wmall flat probes, perpedicular to the flow, that are
large with regpect o the Debye length and smsll with respect to the mean
free path. The idea in all cases is to place an electron reflecting sheath
in the path of the ion current. These probes are being investigated down-
stream of a P.I,G. type discharge in Argon, whose cheracteristics are de-
scribed in veference 3. '.['he plasma properties are messured by interpreting
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the electron saturation region of a Langmuir probe 0,001" in dlameter,
end 0.2" long. The electron current ils more ilsotropic than the ion
current in the type of plasma investigeted, and the small probe size
limite the electron saturstlon current to at most & few milliamps in

8 1=-3 amnp dlscharge. It has been determined that the lon flux can be
measured using conduchting wallas with no sppreciable energy addition to
the plasma. This can be done by segmenting the walls, and hiassing two
segments go that the segment with a slightly higher floatlug poteniial
collects ilons, and the other segment collects an equal el?ct’r‘on current.
The other probes are still belog investigsted.

\
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VIII, 5 MEASUREMENT OF STREAM VELOCITY WITH FARADAY PROBES

GTeR. Jedlicm
NASA Ames Research Center
Moffett Field, Californie

Probes were inderted in an arc heated stream and measurement of
the u x B induced voltage was made. Veloclty by time of flight of
random strean ionization level was measured concurrently to provide
a direct comparison with the Faraday Probess The vasic problem
appears to be one of identifying or separating the lnduced voltege
from the Langmir voltage which always asccompanies it. Possible
golutions to the problem are discussed along with basic limitationsa
of Feraday Probes.
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VIII, 6 AN R¥ PROBE SYSTEM TO MEASURE THE CONDUCTIVITY AND
VELOCITY OF PLASMAS

VaJe Rossow
NASA Ameg Regearch Center
Moffett Field, California

Some results willl be presented of & study made on & system of
small coils designed to measure the electrical conductivity and
velocity of the plasms stream produced by the constricted-arc
jet wind tunnel of the Magnetoplasmadynam'cs Branch at Ames. One
probe 18 excited with RF power and the other probes measure the
impressed field as modifiled by the streaming fluild., A theoretical
study of the magnetnfluiddynamic interaction relates the magnitude
of the measured fields to the conductivity and velocity of the
placmsa,.



