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RESULTS OF DIAGNOSTICS OF THE FLOW
FROM THE LANGLEY 1-INCH PLASMA ACCELERATOR

W. R. Weaver,.A. F. Cartér, 'D. R. McFarland and G. P. Wood

NASA, Langley Research Center
Hampton, Virginia

.

Research on linear crossed-field d.c. plasma accelerators at Langley
has continued with one phase of recent research being -concentrated on
diagnostics of the flow from the Langley 1-Inch-Square Accelerator. This
accelerator has 24 electrode pairs in a length of 12 inches, is fed with
about 275 volts and 55 amperes per electrode pair, and accelerates the
nitrogen-plus-0.3-percent-cesium plasma from an entiance velocity of about
2000 meters per second to an exit velocity of about 6000 meters per second
W1th an exit density corresponding to an altitude of about 45 km.

A velocity-measuring technique has been developed for use with the
accelerator and it has providéd the capability of determlnlng the velocity
profile both vertically and horizontally over the main portion of the flow.
.The technique. is a time-of-flight measurement utilizing a spark and an
image-converter camera. A spark is discharged across the flow and’ the re-
sulting luminosity is tracked photographlcally The spark electrodes are
motorized so that they move vertically. During a test, one spark is dis-
charged horizontally across the flow at each of five.vertical positions as
the electrodes move vertically from the anode toward the cathode side of
the flow, In figure 1 is shown the velocity profile at each of the five
positions. It is seen that the velocity variation over the cemtral portion
of the flow is reasonably small. Thére is a velocity asymmetry present in
the vertical direction with the maximum value of velocity occurring near
the bottom of the flow which is the cathode side of the accelerator. - These
nearly uniform velocity profiles have significance in that they indicate a
nearly uniform spreading of current over essentially the entire cross section.

Pitot pressure surveys were made across the channel from the top to the
bottom of the flow. They show that there is a large central portion of the
flow over which the pitot pressure is reasonably uniform. The pitot pressure
is, however, higher on the cathode side of the channel centerline than on-the
anode side, as was the case with the velocity.

A series of tests was made to determine the effects of shifting the
cathodes with respect to the anodes in the axial direction. Due to the '
nonzero valueof " w tv_, the current across the channel is from the downstream
edge of the anode ifitS the upstream edge of the cathode; therefore, it might '
be expected that displacing the electrodes axially would change the angle of
current flow with respect to the chamnnel axis and affect the performance of
the accelerator. In particular, it might be expected that the shifted position
that gives the shortest current path and presumably the smallest component
of current in the axial direction; i.e., the downstream edge of the anode


http:technique.is

slightly upstream of the upstream edge of the cathode, would result in
maximum current, Hall potential difference, and acceleration. The results

of this series of tests are shown in flgure 2, where the O position corres-
ponds to the electrodes directly opposed and the +] and -1 positions corres-
pond to the cathodes displaced 1 electrode and 1 insulator thickness
downstream or upstream, respectively. It can be seen that the pitot

pressure, the average current per electrode, and the Hall potential difference
all have maxima when the cathodes are shifted one position downstream, albeit
the maxima tend to be rather broad.

A limited study was made of ablation in the accelerator flow. The stag-
nation enthalpy is 4.8 x 107 J/kg. This high value results in a high heat-
transfer rate to a nonablating body, calculated by the method of Fay and
Kemp to be 700 R™2 Btu-ft~2-sec™l at the stagnation region of a2 hemisphere,

which rate seems to be somewhat higher than in any other NASA steady-flow
facility. The experiments were conducted with 1/4-inch-diameter hemisphere-
cylinder models made of teflon. If the effect of the ablated gas on the
calculated heat-transfer rate is taken into account by the method of Voyvodich
and Pope, the experimentally observed rate of ablation turns out to be 83
percent of the theoretical rate. What is seriously lacking in the experiments
is a measurement of heat-transfer rate to a nonablating body. Both steady-
state and transient calorimeters for measuring this rate are under construction.

In addition to the above-mentioned experimental work, several theo—
retical studies have been completed. An analysis of the flow through the
arc-heater nozzle has shown that the flow is in a frozen state. Diagnostics
on the exit flow indirectly verify this result. When the equations describing
the flow through the accelerator are integrated numerically to obtain the
expected exit flow velocity, pgood agreement between measured and calculated
velocity is obtained when the friction factor calculated by the theory of Fay,
rather than that of Hartmann and Lazarus, is used. Also, the accelerator
flow equations have been simplified so that all real-gas effects are contained
in one quantity, which is described in the abstract of S. XK. Park,
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STATUS REPORT ON 20-MW LINEAR PLASMA" ACCELERATOR FACILITY
A. F. Carter, G. P. Wood, W. R. Weaver, D. R. McFarland, and S. K. Park

NASA, Langley Research Center
Hampton, Virginia

The Langley Research Center has designed and is constructing a 20-
megawatt linear plasma accelerator facility as the next step in a program
to develop a high-speed steady-flow facility for aerodynamic testing at

reentry velocities, This accelerator is designed to pzovide a velocity
of 13,000 m/sec at a density corresponding to an altitude of 53 km.

The basic accelerator design philosophy that was used includes the
following points: (1) the effect on the velocity of the Lorentz force
should be much greater than the effect of Joule heating; (2) the Lorentz
force should derive from a reasonably small current density j and a
reasonably large magnetic flux density B; (3) the product j x B should
be reasonably large in order to achieve a specified velocity with a short
channel length; -(4) the quantity j should be approximately constant and
within the limit set by an allowable erosion tate of the insulators between
the anodes; (5) the axial or Hall potential gradient E, should have a
constant value over the channel cros§ section at any given axial location.

If there is no current ix in the axial direction, then j Bz=néeE and,

if ng is constant across the channel, a constant gradient’across The
channel then should give uniform acceleration of the plasma over the channel
Ccross section. Constant By can be obtained only with the same voltage °
difference applied across the plasma at all locations along the channel;

(6) the axial potential gradient should not exceed approximately 50 volts/cm,
which is an approximate limit above which breakdown along the walls may occur

One of the first steps in the design of the accelerator is selection of
a satisfactory channel geometry. This task was complicated somewhat by the
fact that it was necessary to utilize an already existing 10-megawatt power
supply to power the accelerator. This power supply consists of eight
separate modules, each rated at 500 volts and 2500 amperes. An accelerator
designed with more than eight electrode pairs would be unable to have a
separate power supply for each pair. The present l-inch accelerator has a
separate supply for each of 24 electrode pairs and operates equally well if
the plasma generates the proper value of Ey or if it is applied. Since
the former method is much simpler, it would be preferable to let the plasma
supply its own Ey, With the larger accelerator, however, a resistor bank
is required not only to supply the proper voltage gradient across the
channel at each electrode but also the proper axial gradient. The available
power-supply voltage thus limits the channel height as well as the Hall
potential difference that can be applied.

A divergent geometry for the accelerator chamnel was considered, but
difficulty in achieving a constant Ey over the channel cross section as



well as the.limitations imposed by the power supply made this geometry
unacceptable. A constant-area channel appeared to be the best compromise,
and 2 detailed design of such a channel was made. We believe that the
final design is a good compromlse among the several confllctlng criteria.
The resulting accelerator is shown in figure 1. The chamnel is 2.5 inches
square, the length is 18 inches, and the number of electroede pairs is 36.
The accelerator has water-cooled copper electrodes. The sidewalls are
boron-nitride plates, backed by water-cooled copper coated with beryllium
oxide to prevent electrical breakdown. The expected variation along the
chammel of velocity, current density, and magnetic flux density is shown
in figure 2. °

When this accelerator performs as we hope it will, it_should provide
a means of investigating such things as heat transfer (4R 1/2 3n a stag-
nation region will be 3 or 4 times as large as in any other NASA steady-
flow facility), aerodynamic forces, 1ifting bodies, and wakes, at a
velocity corresponding approximately to Venus entry or to minimum-velocity
Earth reentry from Mars.

A schematic of the 20-megawatt plasma accelerator facility is shown
in fipure 3. The arc heater that generates the plasma for the accelerator
has been installed and is presently undergoing acceptance tests. The mag-
net has been designed and constructed. The resistor network to supply the
proper voltages to the accelerator electrodes consists of inconel strips
submerged in tanks .of deionized water. This system has been designed and
is presently being installed. The accelerator is to be cooled by a 1500 psi,
2000 gpm water system, which has been installed. The accelerator exhausts
into a large duct 5 feet in diameter cooled by water sprayed over the ocutside
surface. The duct pressure can be maintained at any value from atmospheric
to 0.5 mm Hp, with mass flows as high as 0.2 1lb/sec, by a four-stage
steam-ejector pump. The duct and pumping systems have been completed and
are in use,
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THE THERMODYNAMIC PROFERTIES OF .SEEDED NITROGEN

S. K. Park
NASA Iangley Research Center
Hampton, Virginia
i

Certain high temperature plasma devices such as MHD generators
and plasma accelerators use. as a working fluid nitrogen seeded with an
alkali metal vapor. It is usually assumed that since the degree of
seeding is small the thermodynamic properties of this mixture are
essentially those of nitrogen. To determine the wvalidity of this
assumption 4 study has been made of the equilibrium thermodynamic
properties of high temperature (1000 to 20,000 °K), moderate pressure
(.003 to 3 atm.), seeded (0O to 5%) nitrogen. Caleulations were based
on & partition funetion analysis similar to those used in several
studies of unseeded nitrogen, oxygen, and argon (ref. 1 and 2).

It was found that, because of the low ionization potentials and
small partial pressures of the seed materials,; their ionization could
represent a significant energy sink in regions whewve nitrogen is
essentially chemically inactive. In addition the increased number
density of electroms resulting from ionizalion of the seed material
causes a delay, wnbtil a higher tempexrature, in the iopization of
nitrogen, These two effects tend to produce for a given seed material,
rather well defined temperature - pressure regions in vhich even small
degrees of seeding (1 to 2% based on number demsity) produce large
variation in a thermodynamic property, 10 to L40% in cn/R, for example
(fig. 1). In other regilons the effect of seeding is found to be quite
spall even for as much as 5% seeding. It should be emphasized that
the preceding statement is true only if proper allowances are made
for the change in the average atomic weight of the mixture (and
consequently a change in the mixture gas constant) caused by the mass
fracticn of seed materizl.

In general it was found that the effect of seeding on the thermody-

namic properties of the mixbure tends to become more pronounced at
lower pressures. Also as might be expected the effect usually, bub
not always, becomes more pronounced as the seeding percentage is
increased. In addition certain properties (the specific heats and,
to a lesser degree, enthalpy and internal energy) are significantly
more sensitive to seeding than others (entropy, speed-of-sound, departure
coefficient Z, ete.). Tt is pointed out in reference 3 that essentially
all the real gas effects inherent in the genevxator and accelerator
egquilibrium flow equations can be incorporated in the temm

Tfo7Z

‘l + E(%E !]
B8 = yRZ .
“p
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It is found that B dis & s%rongxy varying function of temperature,
pressure (fig. 2), and degree of seeding.

I_l
.

Drellishak, K. S., "Partition Functions and Thermodynamic Properties
of High Temperature @ases,” Arnold Engineering Development Center,
AEDC-TDR-64-22 (196k). -
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Wood, G. P., "Operating Characteristics, Velocity and Pitot
Distribution, and Material Evaluation Tests in the langley One-
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ELECTRIC DRAGS AND TORQUES ON SATELLITES
F. Hohl and G. P. Wood

NASA, Langley Research Center
Hampton, Virginia

Conducting bodies moving through the rarefied and partially ionized
upper atmosphere and magnetic field of the earth aquire charges, potentials,
and sheaths. The charge distribution on and the potential distribution on
and in the sheath of Explorer IX, a 4-meter-diameter sphere, and Echo II,

a 4l-meter sphere, have been calculated.

Inasmuch as Explorer IX is used to determine upper atmospheric deasity
from the effect of aerodynamic drag on its orbital elements, the various
electromagnetic drags were investigated to determine whether they might have

a large effect on the derived density. The drag due to the increased
effective cross section for ion impact, the drag due to ion scattering, and
the induction drag due to the Lorentz force were calculated and shown to
total only about 3 percent of the aerodynamic drag of the (uncharged) sphere.

With regard to Echo II, the Goddard Research Center had observed that
it had a very nearly constant rate of spim for 280 days after launch. In
order to attempt to explain how the spin rate could remain nearly constant
for a long period, we calculated the various torques that might act on the
satellite. These include the aerodynamic torque, the surface-charge torque
due to relative rotation between the satellite and the portion of the surface
charge that is due to induction, the Coulomb torque due to asymmetric impinge-
ment of ions on the polarized satellite, the eddy-current torque due to
rotation of the conductive satellite in a magnetic field, and the induction
torque due to asymmetry of the j x B force, where the j is due to non-
uniform acquisition of ions and electrons over the surface. The results are
summarized in the following table, which shows the average for a complete
orbit of the calculated value of each torque about the axis of spin, in
newton-meters:

Surface-charge -6 x 10-214447
Aerodynamic -1 x 1077
Coulomb 7 % 1077
Eddy-current -8 x 102
Induction 4 x 107>

It is seen that three of the torques that might affect the rate of spin of
Echo II are small in comparison with the eddy-current (decelerating) torque
and the induction (accelerating) torque. A balance (to better than an order
of magnitude) between these two opposing torques has been obtained and is
therefore the likely cause of the constancy of the rate of spin of the
satellite.
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MAGNETIC COMPRESSION EXPERIMENT

By G. X. Oertel, J. Norwood and M. D. Willdiams
NASA Iangley Research Center
Hampton, Virginis

A large theta pinch magnetic compression experiment has been built
at Iangley for the simulation of ultraviolet and soft x-ray spechbre as
observed by rockets amd satellites from the solar corona. It is the
primary goal of the experiment to generate the coronal ultraviolet
spectra and record them with high spectral resolution in order +o cbtain
the informstion for a detailed analysis of the spectyra of highly ionized
elements of solar interest. Since the excitation and ionization
equations for this laboratory plasma are still of the coronal type,
although the density is much higher than in the corona, and since the
icnization equation 1s density independent, the spectrum should look
characteristically much like the corcnal spectrum, even &s far as
intensities of different lines are concerned, as long as the temperature
1s reproduced. Typical pinch experiments, including the present one,
can easily achleve this end. Barring possible effects of nonuniformities
in the temperature distribution, it may therefore be possible to draw
certain conclusions regarding ionization and recombination rate coeffi-
cients and transition probabilities.

The need for extensive spectroscopic work of this type was emphasized
by the 1965 Woods Hole Summer Study by the Space Science Board of the
NAS-NRC: "The XUV spectrum of the sun has shown the existence of a
great gap in our knowledge of the spectra of highly ionized atoms. For
example, the observed solar lines from 171 to 500 Angstroms have defied
identification. . . . It is important to assure the vigorous contin-
uation of this work, persuading more spectroscopists to enter the field,
and using computer methods of analysis, until the energy level systems
of the common solaxr elements are completely known in 21l stages of
ionization encountered in the coronsa."”

Table I lists the parameters of the three capacitor banks which
are connected in parailel to a common collector plate and coil. The
present coil is 137 cm. long with 10 ¢m. inner diameter and constitutes
approximately 65 percent of the total inductance of the main discharge
system. An ultrahigh vacuun system (base pressure below 10°C Torr) -
serves to insure clean operating conditions in the quartz shock tube.
Observations may be made side-on down to the transmission cub-off of
air, and end-on in the vacuum ultraviolet. The tube ig filled with
highly purified hydrogen (Palladium leak) and traces of the impurities
the spectra of which are to be studiéd. The operation of the thets
pinch need not be described here; it is quite -analogous to that of
Fharos abt the NRL.
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The spectra obtained from the magnetic compression experiment are
being svaluated in association with the University of Florida under
grant NOR 10-005-049, including the development of a computer program
for the detailed analysis of energy level systems.

At the presept time, the spectroscopic investigations in the XUV
have been carried out with a normal incidence monochromator converted
for £ilm recording of spectra in o limited wavelength range. All
spectra recorded so far are time integrated, i.e., over sgll half-cycles
of the discharge. The spectrum from the hottest phase is masked by the
more intense spechbra emitted Quring cooler bub more contamineted later
phases. They are, nevertheless, being carxefully evalumbed at this time
because they can serve as a convenient reference spectrum for later
time-resolved spectra.

A unigue shubter is under procurement which will permit the attain-
ment of exposure times of the order of 1 microsecond at predetermined
times, and possibly the recording of several spectra at different times
Trom & single event on the same plate. A nomal-incidence 2 meter
Hggle spectrograph for high spectral resclution and wide spectral
coverage is likewise under procurement. Ibs effective use with the
shutter will require a collechor plate extension which is being procured.

Supporting experiments in house include a spectroscopic prsheater
study with time and space resolubtion which is deseribed in a seéparate
abstract. A mock-up experiment on half-seale for precision magnetie
field measurements is now being completed. Tt will serve to investigute
the effects of flux concentrators and other bechnigues on the uniformity
of the magnetic field in the coil. Experiments with preliminary field
shapers on the magnetic compression experiment have demonstrated an
improvement in the contaimment times under typical operabing conditions.
More work is, however, needed before definite conclusions can be drawn.
A special coil with a non-zero minimum magnetic field {msgnetic well)
hgs been constructed and is being tested. Both of these efforts towards
greater plasme stability and longer contairment times are described in
more detail in separsle abstracts. They are important for this effort,
because relaxation times for the establishment of ionization equilibrium
tend to be of the order of 10 microseconds (or the guarter period of
the discharge). for the highest stages of ilonization.

In & proposed oub-cof-house experiment, the Zeeman splitting of
gome. spectrum linés could be observed in a much smaller device with the
aid of a unique technique for the observation of extremely wesk spectrum
iines developed by R. T. Schneider under contraet NASw-922. This would
greatly aid in the identification of the spectra, providing direct
checks on the level assignment made on the basis of the speetra obtained
Trom the magnetic compression experiment.



TABLE 1. CAPACITOR BANK PARAMETERS

PREHEATER BIAS FIRLD MATN UNTTS
Capacitance g lO5 5 X lO5 MicroFarads
Energy Storage 2 70 1000 XJoules
Operating Voltage 20 12 20 Kvolts
Coil Voltage 6 3 16 Kvolts
Frequency 300 10 20 Keycles/sec
Peak Current 350 700 1.2 % 10t Khmps

Coil Inductance: 1.0‘8 Henries

6T
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A PRELIMINARY STUDY OF FIELD NONUNIFORMITY IN A
LONG THETA-PINCH COIL

Joseph Noxwood, Jr.
NASA. Langley Research Center
Hampton, Virginia

As a device for producing and containing a high temperature plasma,
the theta-pinch has enjoyed considerable success. Tt has the advanbages
that the plasma is not contaminated by contact with metal electrodes
and high densities and temperatures can be attained. 'The instabilities,
while numerous and varied, are not felt to be incurable.,

The most “dangerous” of these instabilities are the drift of the
plasma column into the tube wall and the break-up of the column into
Rayleigh - Taylor flutes due to plasma rozatlon. Tor experimental
geometries common to most of the large thEba pinches, these instabilities
Llimit the confinement time to typically ten microseconds, often less
than the half pericd of coil current oscillation.

The drift instability is caused by a gradient in the magnetic
field of the coil in the plane of the current feed slot. The plasma
column possesses a certain magnetic moment per unit length due to its
azimuthal current, hence a force is exerted antiparallel to the field
gradient, i.e. toward the feed slot. For a hydrogen plasma with a
kinetic temperature of one keV in an average axial field of 107 gauss
the drift time to the wall is 5 microseconds if the gradient across the
coil diameter of 10 centimeters is 100 gauss.

The cause of the rotation of the plasma column is being debated,
hovever, the mechanism proposed by Haines and analyzed by Thronemann
and Kolb seems best to fit the situstion in long theta-pinches. In
this model an axial Hall current is assumed to be generated by the
interaction of the azimuthal current with the radial component of
magnetic field. The Hall current and the radial component of field
then produceé a Lorentz force on the plasma column in the azimuthal
direction. TFor stability, the finite cyclotron radius theory requires
that transverse fields be held to less than a Few per mil of the axial
field.

The requirement for a collector plate in a large theta-pinch
experiment dictates the geometry to a large extent. A large number of
coaxial cables must be connected to the plate which must transfer the
current with low inductance to a coil one or two meters in length. This
requirement suggests a long narrow set of plates with close spacing. The
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cables are connected to one of the long sides and the coil is
symetrically attached to the other. The current must then funnel into
the coil giving rise to a field curvature in the coil. It is this field
curvature and the consequent gradient of the field in the coil which
contributes most to drift instability in large theta-pinches.

Due to the finite length of the coil the field lines diverge
producing an azimuthally symmetric radial gradiemnt which increases as
one approaches the end of the coil from the center plane. The field
approaches uniformity within one per mil at a distance of two radii
from the end, hence stebilization against drift due to the "minimum B" well
is confined to the very ends and cannot be éxpected to stabilize the
drift in large experiments where the ratio of lengbh to radius is mnear 20.

Plasma shape msy also influence the magnetic field shape. In ithe
event the plasma contracts axially such as to concentrate itself near the
nedian plane of the coil, that portion of the coil will have lower induct-
ance and the driving currents will concentrate more heavily there.

For the case where the skin depth is much less than the thickness
of the plates, the partition of tHe' current in a parallel plate trans-
mission line between the inside and outside surfaces of the conductor
plates is a function of the gap spacing, h, and the plate width, b.
If h/b varies along the transmission line the current must spill
around the end to get from the inside to the outside or vice versa.
From the feed slot to the center of the coil h/b changes from 1070 %o
10~1. The effect on the field gradient in the coil 1s opposite to that
induced by the current geometry, i.e., the gradient points toward the slot.

The axial distribution of currenmt in a high fregquency coil is not,
uniform as in the D.C., case. The limiting value of field at the end of
the coil is 5.4 X 10° gauss for the beryllium - copper alloy in the
Iangley Magnetic Compression Experiment. Typically, 75 percent of the
current is concentrated within one radial length of the coil ends. The
effect on ‘the current is that upon entering the coil, axial eurrent com-
ponents are set up both on the inside and outside surfaces of the coil.
The effect on the field is a gradient pointing toward the feed slot.

A half-scale model of the coil and ecollector plate of the ILangley
Magnetic Compression Experiment has been built in order to measure ihe
non-uniformity of the field and to serve as a test facility for different
coil configurations designed to improve the uniformity of the field. The
model is powered by a 13.5 KJ capacitor bank. The discharge is tuned by
varigble inductors such that the skin depth scales also as 1:2. A system
of probe coils is being constructed which will measure B, (r,6,2) and
Br(0,0,z) with an anticipated accuracy of a few per mil.

Sclutions to the problem of field gradients which bave been
enployed by other theta-pinch groups have involved modifications to
the current collector plates. The solution which is being pursued
at Tangley involves the use of flux concemtrators. Any good conductor
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which is inbroduced into a high frequency magnetic field develops skin
currents which exelude the field from its interior. The axial current
components in the coil sbove and below the feed slot are antiparallel.
Thus closed current loops will be formed on the outer surface of the
flux concentrator and the axial component of current will be shielded
from the coil interior. The contribublion of axial current components
to the field gradient in the coil can thus be eliminated except for
non-symmetric axial currents which cross the median plane. These are
expected to be small.
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A MINIMUM-B TYPE COIL

By W. A, Cilliers’
NASA Iangley Reseéarch Center
Hampton, Virginia

In the search for ways of stable confinement of 6-pinch plasmas,
many configurations have been tried out. So far all of these suffer
from instabilities thal turned out to be intolerable. Ways have,
however, been found to eliminate the more serious of these instabilities
in some cases -~ or to reduce their growth rates.

Theory gives some criteria that have to be satisfied for achieving
hydromagnetic stability. One such criterion is that the magnetic field
lines must be convex towards the plasma. This is achieved in the cusp
geometries. Here, however, the loss rate is high since it is impossible
to satisfy the eondition everywhere over a closed surface.

iIn the theta-pinch,end losses ean be reduced by means of mirror
Tields. Particles having kinetic energy parallel to the coil axis will
be reflected provided that the angle between the velocity vector of the
particle and the coil axis at the end plane is greater than a certain
angle determined by the mirror ratio. Furthermore, a condition that a
charged particle be reflected is that its megnetic moment, u, be an
adizbatic invariant. This implies that the magnetic field varies little
(as seen by the particle) during one gyration. The drift energy of the
particle is slowly changed dnto gyration energy.

In the mirror machine the magnetic field in the central portion of
the pinch is decreasing in the radial direction. Hence, instabilities
that tend to carry plasma in the radial direction, at the midplane, e.g.,
can extract energy from the plasma to support their own growth since

12
-3 mv,
L -

is constant.

The obvious remedy for this is to make the field increase in all
directicns from the center of the container. This has led to the idea
of the so-called minjmum |B] field configuration or magnetic well,
Tt has been shown by various people {e.g. Taylor (2) and Schmidt (1))
that min |B| fields offer hydromagnetic stability for low density
plasmas.

In practice the so-called Joffe experiment has shown that a min |B]
Tield results in some improvement of containment for a low density plasma
in the mirror machine.

+NAS—NRC Senior Post-Doctoral Resident Research Associste.



~

=

We are investigating & coil that gives such a magnetic well at its
center. This type of coil was first proposed by Andreoletti and could
be described as a tetrahedral spire (see fig. 1). Calculations of the
magnetic field everywhere inside the coil for uniform (DC) current
distribution in the coil were carried out with the slopes of the sides
and the aspect ratio as parameters. It was found that slopes of 0.75
and -0.375 respectively for the two sides and an aspect ratio of 0.5
give the best well. Fven so the region over which the contours of
constent |B| are completely closed is quite ‘'small in the x-z plane as
shown in figure 2. In figure 3%, the contours are shown in a plane at
§5° to the x-z plane. ‘It seems that most particles moving away from
the center of the coil will encounter an increasing magnetic field.

Preliminary measurements of the field when a current of frequency
25 ke/s is sent through the coil indicates that the well region is
bigger than at DC. Measurements abt 400 ke/s are at present wnder way.

Tt is realized that when a plasma is introduced into the coil, the
contours of |B| could be changed considerably for anything but a very
low [ plasma. Theoretically, the depth of the well is not important-.
There should, however, not exist high field gradiemts that can destroy
the Yadiabatic” movement of the particles. -

If the present field measurements should give. prqmising results,
an attempt will be made to study the behavior of a plasma inside the
coil. ;

1 schmidt, G., Phys. Fluids 8, T5k.

2 Taylor, J. B., Phys. -Fluids 7, T67.
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NEW JITTER MEASURING TECHNIQUE AND
APPLICATION TO SPARK GAP STUDIES

M. D. Williams
NASA Langley Research Center
Hampton, Virginia

The capacitor bank is a popular source of energy for plasma
experiments and its switches play an important role in determining
how well it performs. A better understanding of the factors that
govern the performance of switches is therefore desirable.

The perfect switch will switch unlimited energy in zero time.
The practical switch is limited in both respects. In today's typical
bank the energy limitation is met by using more and/or larger switches.
This approach puts greater demands on switch synchronization, however,
and provides a stimulus to improve switch synchronization.

It is well known that spark gap switches, although triggered
simultaneously, nevertheless conduct at different times. This phenomenon
gives rise to the term "switch jitter." Switch jitter affects system
performance several ways: (1) it determines the magnitude of circulating
currents; (2) it determines the voltage rate of rise at the load;

(3) it determines the magnitude of voltages reflected from the load;

and (4) low switch jitter is desirable any time synchronization of other
associated systems is involved. The purpose of this project is to
determine what factors affect switch jitter and how they affect it in
order to be able to minimize switch jitter, or, perhaps, to reveal
compelling reasons for an improved switch. Because of its wide-spread
use, the trigatron switch (two hemispherical electrodes with a trigger
pin inserted in one of them) will be used in the project.

During tests of the apparatus for the Magnetic Compression Experiment
at NASA ILangley, it was necessary to measure Jjitter of the switches. A
system using a novel optical technique was devised (ref. 1). A number of
light pipes were positioned near and pointed at a sample number of the
205 switches of the system. The other ends of these light pipes were
positioned to form a horizontal slit in the field of an image converter
camera. By triggering the camera streak shortly before ignition of the
switches, a time history of switching was obtained on photographs. A
typical result is shown in figure 1. This same general method will be
used in the investigation of the parameters that affect switch jitter.
With the arrangement used in reference 1, the intensity of the light
transmitted to the camera was limited by the solid angle of acceptance
of the light pipes, the different attenuations of the light pipes, and
the suspected movement of the switch discharge. These factors resulted
in errors in the recorded initiation times of the discharges. For
illustration, let figure 2 represent the light intensities at the camera
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of switches A, B, C versus time (not to scale). It is evident that
although A and B actually switched at the same time, their streak
representations would begin at different times, t; and t,. Also,

any irregularities in later portions of the light pulse would produce
similar effects, as illustrated by C.

The illustrated errors will be minimized by the present apparatus
which is just becoming operational. 1In it six ellipsoidal cavity
reflectors are mounted in a compact hexagonal configuration. A spark
gap is located at one focus of each reflector so that practiecally all
the light from it will converge to the other focus where it will be
collected by a short light pipe and fed directly to the photoeathode
of the electronic streak camera. Light intensity is expected to be
increased by several orders of magnitude. (The effect could be repre-
sented on figure 2 by increasing the respective slopes thereby yielding
a truer streak representation of the actual firing times.) The system
also includes other features that will facilitate investigation of the
effect of such parameters as trigger voltage risetime, electric field,
and pressure.

The switching times to be observed are expected to consist of two
components, (1) a constant component due to the parameters, and (2)
a random component due to the availability of a particle to start the
discharge. TFigure 5 shows results obtained from tests on the Magnetic
Compression Experiment apparatus. The two components are evident from
the plot of the number of switches fired, iﬂ-. No switch fired earlier
than 40 ns. Part of the 40 ns is the formative time of discharge re-
quired by each switch and determined by the various parameters. (The
other part is due to the time difference of streak and switch triggers.)
The various additional times are random c8%;0nents that can be predicted
from a probability curve represented by . (It is interesting to note
that the curve is not Gaussian as is usually assumed.) Similar data
will be taken with the new apparatus. It will be treated statistically
by a computer technique to recover these components.

1. G. K. Oertel, M. D. Williams, Rev. Sci., Instr., vol. 36, no. 5,
672-673, May 1965.
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SEMI-CORONA IONIZATTION EGUATIONS

G. K. Oertel
Langltey Research Center
Hempton, Virginia

In local thermodynamic equilibgium (IT8%) +he ionigzation is described
by the Ssha equation .

Z 3 e
g 1 kT 1
=2 ‘;5:1 B el B = (1)
&1 a3 \ig

%gﬁ

2
by
H D

where NZ and Ne are the number densities of atoms in the stage of
ionization Z (Z = 1 for neutrals) and electrons, respectively, ag

is the Bohr radius, Ey the ionization epergy of hydrogen, kI the
temperature in energy units, EZL1 - AEZ Ll the corrected iomization
energy of atoms in the stage of 'ionization 2,” and the  gy's are
statistical weights of the respective ground states. Among the many
causes of deviations of the actual ionization equilibrium from the ideal
ITE one of the most prominent occurs in optically thin low density
Plasmas. The assumption of small optical thickness implies that most
of the emitted radiation leaves the plasma without reabsorption;
therefore the prineciple of detailed balancing is violated and deviations
Trom the Saha equation may be expected.l’ *< The extreme case occurs in
the solar corona, where collisional excitation and ionization rates are
balanced.exckusively by radiative rates; it is referred to as corona
equilibrium. »3  In the more general case of competing vadiative and
collisional rates one speaks of semi-corona equilibrium.

The more comprehensive appreach to finding thesionizabion equation
in this general case was taken by D. R. Bates et al” who solved the
complete set of rate equations for all atomic states, neubral and
ionized, in hydrogen, as well as in a pseudo-alkali atom consisting of
a hydrogen atom with omission of the ground state n = 1. This had to
be carried out mumerically on an electronic computer; and the results
are given in tabular form. Griem~ has proposed a functional form vhich,
in the case of hydrogen, agrees rather well with Bates' et al results,
but which is so complicated as to make practical calculations extremely
difficult, and vhich must itself be programmed for a computer if results
of any extent are desired. A correction factor for the Saha equation
was derived previously-” on the bagis of a sim@le model and has veen
compar€d here to correction factors computed from the tables of Bates!
et al. It became apparent that with a minor empirical modifieation
the simple correction factor agrees well within the precision of the
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cross sections used by Bates et al with their results for all electron
densities and temperatures. It should be used as a factor on the right
gide of the Saha -equation (1) in the form

¢ 5 3 5
| 23 E E . =
Tt o= 18 gne(—c-’> Z i.. %, 2) =2.9% 100>
(s Eoo - EO Eoo o
T = 4
1 for t'>1 (2)
. i
vhere the collision limit €, is given by
5 - 2
a
o T8 -
e =E - Nt — Z (3)
o H N 8(0:

and & is the number of equivalent electrons in the ground. state. It
can pe shown that this factor scales with Z in the same way as the
equivalent factor computed by Bates et al (except for the collision
1imit g.). A comparison between the present and Bates' correction
factors +s shown in tables 1 and 2 for hydregen and pseudo-alkali atoms.

REFERENCES

i. H. R. Griem, Plasma Spectroscopy, McGraw-Hill, Wew York (196k).
©. R. Wilson, J. Quant. Spectr. and Rad. Transfer 2, &77 (1962).

3. @¢. K. Oertel, Dissertation University of Maryland, 196k, AFCRL-63-851,
also Phys. Fluids 8, 186 (1965).

L. R. v. d. R. ‘Woolley and C. W. Allen, M. N. 110, 358 (1950).
5, @. Blwert, Z. Nerturforsch. Ta, 432 (1952).

6. D. R. Bates, A. E. Kingston and R. W. P. McWhirter, Proec. Roy. Soc.
A 267, 297 (1962).



Neutral ground state populations hydrogen and pseudo-alkall atoms according

COMPARISON OF IONIZATION EQUATIONS

to present estimates divided by those according to Bates et al.
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NEUTRAL DENSITY IN HYDROGEN AT 16,000° KELVIN AS FUNCTION
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SPECTROSCOPIC INVESTIGATION OF A PREHEATER PLASMA

By L. P. Shomo and G. K. Oertel
NASA Langley Research Center
Hampton, Virginia

A spectroscopic determination of the electron density and temperature
of the plasma generated by the preheater discharge in the Magnetic
Compression Experiment (MCE) is in progress. The purpose is to establish
space and time resolved information about the thermodynamic state of the
preheater plasma at the time the main pinch event is initiated; it can
be used to define initial conditions in MHD calculations. There is
evidence that the initial conditions are extremely dimportant for the
theta-pinch process; i.e., during the first half-cycle there is no
theta-pinch at all if preicnization is absent.

The temperature is determined from the ratio of the intensities of
the H beia line of hydrogen and the underlying continuum, while the
electron density resulits both from absolute continuum intensity measuvre-
ments and from the width of the H beta line of hydrogen. Time rescolution
is achieved by photomultiplier recording, while space resolution resulis
from an Abel inversion assuming cylindrical symmetry.

With a gas filling of pure hydrogen of 100 microns of mercury, and
using the preheater bank of the Magnetlc Compression Experlment (for
parameters see G. K. Oertel, J. Norwocod and M. D. Williams. "Magnetic
Compression Experiment," in this volum%) typical electron densities and
temperatures are several times 10 and 1 to 1.5 electron volis,
respectively, with a typical decay time of 40 microseconds in the electron
density near the coil axis. The plasma appears to be nearly uniform
during the time from 10 to 25 microseconds after the initiation of the
preheater discharge; it begins to peak wore and more strongly near the
axis at later times (see table 1). Similar results are obtained for the
electron temperature; nonequilibrium effects become noticeable in the
wall regions after about 30 microsecends.

There is some evidence that magnetic fields remain trapped in the
plasma after the preheater discharge damps out {it does so after .about
15 microseconds). In apparent agreement with computed decay times
(assuming Tield diffusion by Ohmic losses) it seems to disappear afier
typically 20 to 25 microseconds.

The assumption of a uniform preheater plasma seems to be Jjustified
during the period from 10 to 25 microseconds after the initiation of
the preheater dischargeé; and trapped magnetic fields have disappeared
near the end of this period. A delay of 25 microseconds between the
initiation of the preheatér and theta-pineh (main) banks is judzed to
be the optimum operating condition in this experiment. More detailed
measurements including the effect of the third (B, bias field) dlscharge
are in progress.



TABLE 1.- PREHEATER ELECTRON DENSITY, 10%7em™ .

5& t;ec 15 20 25 30 35 40 45 50
o] 2.68 2.03 2.09 1.87 1.59 1.48 1.35 1.17
0.5 2.67 2.21 2.07 1.88 1.63 1.36 _1.30 1.09

_1.0 2.48 2,11 2.11 1.85 1.62 _1.31 ;:25 1.1

| 1.5 2.53 2.22 2.01 1.82 1.57 1.31 1,29 1.12
2.0 2.51 2.13 1.96 1.7L :1.5h 1.29 1.37 ni:og
2.5 2.52 | 2.09 1.90 1.56 1.38 1.32 1.15 6.95
3.0 2.52 2.21 1.85 1.62 1.33 1.31 1.0k .82
3.5 2.53 2.23 1.85 1.55 1.30 1.09 0.82 .61
4.0 2.52 * 2.25 1.78 1.35 1.15 0.73 .62 L5

4.5 2.38 2.21 . 1.62 1.35 0.96 ' T3 .48 -3h

Tl



MEASUREMENTS OF STARK WIDTHS OF ARGON ION LINES IN A T-TUBE PLASMA

N. ¥. Jalufka and G. K. Oertel
NASA Tangley Research Center
Hampton, Virginia

tark broadened profilgs of the singly ionized grgop lines at
4806 B - hpYEO), K736 R(be'® - kplpd) and kho6 a(hstp - kptoo)
have been measured in a dense (Ng = 1.03 X 1017/cm3) plasma behind
the reflected shock wave in an electromagnetic T-tube.

The energy storage capacitor used to power the discharge stores 600
Joules at 40 kV. The circuit rings at 300 ke and is eritically damped
to prevent the formation of multiple shock waves., The position of the
refiector is adjustable and a2l neasurements are made 1 mm in front of
the refiector through 2 mm diameter holes. Measurements are made at
the center of the tube and zt the wall (i.e., in the boundary layer) in
order to test the plasma uniformity in the line of sight.

The optical arrangement is shown in figure 1. A % neter monochromator,

with an appsratus function (full) half-width of 0.2 £, is used to scan
the line profile shot %o shot. e other two monochrometors monitor

the total intensity of the 4806 A argon II line apd a 3% A wide continuum
band centered at 5100 2. Monitoring of the L4806 A line insured repro-
ducibility of the temperature while monitoring of the continuum band
insured the same for the electron density. All runs for which the
intensities vary by moxe than 10 percent from a predetermined level are
rejected. -

The vacuum system is initially evacuated to 1 X 10'6 Torr and
then filled with a mixture of 97% helium and 3% argon to a pressure of
1 Torr.

The half-width of the 5876 A HeI line indicates an electron density
of 1.03 X 30LT/em”® (+ 10%) at both positions. The ratio of its imtegrated
intensity to that of a 100 A band of the underlying continuum indicates a
temperature of 18,000° K (+ 20%) uniformly throughout the plasma.

The 4806 8 ArIT line is also measured at both positions in the tube
and the two profiles agree well within experimental error. The profiles
are corrected for underlying continuum and Voigt profiles fitied to
the (ecorrected) experimental profiles (fig. 2). As the apparatus profile
of the measuring instrument is nearly CGaussian this procedure allows the
experimental profiles to be unfolded and the spectral line profile to be
obtained.t The resulting profile has a (full) half-width of 0.39 & (+ 10%).
It is wider than the value predicted by Griem” by a factor r = 2.6. The
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1736 8 ArIT line in the same multiplet (6), measured under the same
conditions, is if agreement with the 4806 é line (i.e. too wide by
a factor ¥ = 2.6).

The 4426 & ArII line in multiplet 7 as measured undey these same
conditions has a (full) half-width between 0.3 X and 0.4 4. :Comparison
with the theoretical balf-widths gives r = 2.5 to 3.3. The limits
on r are large for this line due to a weak ArIT line close by which
distorts +the continuum measuremeni, and which is only listed in the
comprehensive tables of Minnhagen. The results of this experiment
are summarized in table I._ Preliminary measurements at higher electron
density (Ne = 6 x 1017/cm”?) indicate that the 3729 A ArIT line in
multiplet 10 is also wider than predicted by a fector x = 2.5.

The lines measured in this experiment all have the same lower
level (Ls' } and exhibit more broadening than predicted. These results .
are consistent with the suggestion that the broadening of the lower
state cannot be neglected. This is supported by recent caleulations
of Roberts™ which also indicate Lhat more perturving states must be
taken into account and that the effects of "strong collisions” may
be larger than expected.

1. J. T. Davis and J. M. Veughen, Astrophys. J. 137, 1302 (1963).

2. H. R. Griem, Plasma Spectroscopy (McGraw-Hill Bock Co., Inc.,
New York, 196k).

3. L. Minnhagen, Arkiv for Fysik, 25, 203 (Stockholm, 1963).

L. D. ¥. Roberts and D. D. Burgess, to be published.
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TABLE |

SUMMARY OF RESULTS
A N ‘ o , a
A MULTIPLET Ay p (THEO.), A Ay o MEAS.), A RATIO,
4806 45%p - 4p%p° 0.15 0,397 2.6
4736 45%p - 4p™p° 0.15 0.39° 2.6
4426 4% - 4p%p° 0.12 . 0.30-0.40 2.5 - 3.3

IMOST PROBABLE ERROR =10 PERCENT.

-Jalufka et al-3°
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THE EFFECT OF VISCOUS DRAG ON THE PERFORMANCE
OF A COAXTAT, PTASMA GUN

Joseph Norwood, Jr.
NASA Tangley Research Center
Bampbon, Virginia

This paper considers the effect of diffuse reflection of -
ions from the gun electrodes on the performance of a coaxial plasma
gun. 1In order to isolate this effect for study the following simplifying
assumptions are made: The plasma is assumed to be fully icnized. Only
the slug mode of operaticn is considered. Electron emission is assumed
to take place by ion impact, i.e., thermionic and field emission
nechanisms are ignored. The Townsend secondary ionization coefficient,
¥ 1is assumed to be less than unity. The incoming ion will, for cathode
work functions and plasma ionization potentials encountered in coaxial
guns, be reflected as a neutral. The reflection angle will, most
likely, be independent of the angle of incidence so that the kinetie
energy corresponding to the axial component of veloeity is lost to
the cathode.

The wviscous drag caused by ion impact on the cathode is just. the
X ~ component of ion momentum times the ion Impact frequency which is
just m!I]/e where I is the total current, e is the electronic
charge (single ionization assumed) and o is the portion of the current
carried by the ions. Tt can be shown that in a strongly radiating
plasma (T > L eV), e.g., one composed of high 2z material, the photo-
electric effect is sufficient to supply photoelectron emission to carry
all the current. Hence for ¥ << 1 and a low vadiation flux, «
would approach unity, whereas either large radiation losses or a large
value of ¥ would cause the current to consist mostly of electrons.
For this case o would be guite small.

Ancther means by which particles mey reach the electrodes and
produce a drag force is by thermal diffusion. In this case the impact
frequency will be given by the product of efflux velocity, #4@372nmi,
the ion density, n;, and the electrode area A AL T e h1 ion
densities encountersd in coaxial guns (ng = 1016 - 1017 e@d) the
mean free path for ions (or neutrals) is Jess than one m1111meter,
hence for temperature gradients which mey be typical in coaxial gums,
the impacting particles will have thermal energies corresponding to
only a few tenmths of an eV. Thus the large majority of the impacting
particles may be neubrals for which the assuwption of diffuse reflection
at the e%ect ode surface is not likely to hold. Taking A =30 Cm?,

ny = 10t and T = 0.5 eV one calculates an impact frequency for



52

hydrogen of 1077 /sec which must be reduced due to the Fact that
specular reflection of neutrals will yield no momentum transfer to the
electrode. The impact freguency due to ifon curvent, I/e for a current
of 5 X 107 amps will be 3 x 1024/sec, hence the effect of thermal
diffusion is ignored.

The equations which are programed on a digital computer are shown
in figure 1. The caleulations have beenmade for a =0 and o = 1/2.
The gradient of gun inductance being logarithmic is relatively insensitive
and so Tro/r; was chosen as 2.718 for convenience. The ohmic resistance
was chosen &s {typical of such systems, 107~ ohm.

A sample of the results is shown in figure 2 where gun efficiency
defined as the plasma kinetic energy at x = 40 cm divided by the
stored energy of the capacitor bank is plotied versus the plasma mass.

It is seen that the drag effect maximizes for low mass losding as
one would expect since the velocities are large. Optimum mass loading
from the poiut of view of maximm efficiency is from one to ten micro-
grams. This agrees within & factor of about 10 with the experimental
results of a paper by Michels, Heighway, and Johansen which are replotted
in Tigure 3,

A comparison of gun performance with and without viscous dreg made
at ‘the point of meximum efficiency of the curves for o = 1/2 shows
that the effect can amount to-as much as 27 percent for the range of
parameters considersd.

The effect of energy losses due to plasma heating and radistion
have been ignored in this simplified trestment even though, as Oeriel
has poimted out, the radiabtion loss from & gun pldsma msy be quibe
severe. Thus the results do not pretend to accwrately predict
efficiencies to be expected in the operation of a laboratory device »
but rather serve to point out that problems concerning the interaction
of plasmas with electrodes are in need of further investigation.
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GUN EFFICIENCY AS A FUNCTION OF ACCELERATED MASS
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THE PRODUCTION AND PROPAGATION OF PLASMOIDS TN A
NON-LINEAR ALFVEN WAVE

Daniel R. Wells
University of Miami
Coral Gables, Florida

and

Joseph Norwood, Jr..
NASA Tangley Research Center
Hampton, Virginia

~

The most general solution of the linearized hydromagnetic
equations is the hydromagnetic wave since any other solution can be
expressed as a linear combination of these waves: In a compressible
magneto-plasma the hydromagnetic waves consist of an Alfvén wave and
an ordinary sound wave propagating along the magnetic field and a
magneto-acoustic wave propagating across the field. This paper will
confine itself to a discussion of the Alfvén waves, hence an incompress-
ible fluid will be assumed for the most part.

In addition to being incompressible the fluid is assumed to bhe
inviscid and of infinite electrical conductivily. The magnetic field
is divided imto a zero order uniform field and a first order perturbation
field, The velocity is considered to be a first order guantity. A1L
gradients of guantities perpendicular to the zerc order field, 'ﬁo,
are ignored. With these assumptions one flnds dispersionless, undamped
wave equatbions for the perturbation field, b, and velocity, v, where
the direction of propagatlon is along %o and the velocity of
propagation is the Mrvén velocity.

It can be shown by taking the curl of the linearized-equations

that the 4d'Alembertlian commutes with the curl hence the wave equap}ons

are also satisfied by the current density, J, and the vortlclty, $-
Thus, for vanishingly small perturbation velocities, v; the current
den31ty and vortieity are propagated along the magnetic lines of foree
at Alfvén speed. From this point of view an Alfvén wave can be considered
as a suitably arranged group of vortex filaments of vanishing strength
aligned perpendieular to the magnetic field and moving parallel (or
antiparallel) to the field.

The superposition of a vortex 51ngular1ty on a parallel flow field
gives rise to a lifting (Magnus) force (¢ X ¥). Thus the Helmholtz
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theorem actually deseribes a force-free s:mgularlty In hydromagnetics
the most genmeral force-free combination of ¥ and B features ¥
parallel to b with the vortex allowed to move parallel to B,. There
are two possibilities according to whebher magnetic and-maess Tiow
circulation aré parallel or antiparallel. The two types of magneto-
vortices do not ipteract destructively with others of their own kind,
however, if a mixture of types were present in the Alfvén wave, then
the wave would break up.

What now if :v* is not small and leads to a magnetic field which
is comparable o or larger than the magnetie gnide Field ﬁ'&? Special
solutions can be obtained from the full non-linear equations. In a
steady-state the left hand side of the equation of motion is zero. By
taking the curl of this Pq_ua'tmn and assuming the magnebtie and flow
fields to be colinear (v = ,B_ﬁ) » where B is a scalar guanbity,
solutions are genersted which describe s disturbance which moves with
Alfvén speed and/or has its vorticity frozen into the plasma,., The
second solubion corresponds, by virtue of the generalized Helwholbz
theorem, to the condition for transport of fluid mass by the vortices.
Either ‘or both ‘solutions mey apply. The assumption of colinear flow
is Justbified gualitabively by consideration of the dyname action which
seeks to align v and B. A more powerful justification appears as
a result of minimizing the total energy of the system subject to
certain constraints. This analysis :y:.elds the result that the stable
plasmoid propagated as a non-linear Alfvén wave has colmea.r Tields
(in, support .of our assumption) with flows having Alfvén velocity and
is force—frae-.

Assuming that the fle:f.ds are axisymmetric solutions are easily
fouhd 4n cylindrical coordinastes. The houndary conditions exclude
normal copponents, of the fields abt the boundary and require that the
Jump in v and ‘B at the boundary be accompanied by a vorticiby
©and currert layer respectively. This layer must be of finite thickness
since in a real fluid, finite viscosity precludes infinitely small
vortices. The guide field and extermsl flow (translation of the
plasmoid) are assumed to he eurrent- and vortex-iree. In corder that
the Magnus and Lorentz forces balance at the bovndary, the translation
velocities must be Alfvénic. Contrarctating plasmoids can only
propagate stably parallel to the guide field; corota.tmg oneg can
only propagate stably andiparallel.

Plasmoid struetures which sppear stable have been obseyved not only
in the laboratory but possibly also in ionospheric research. Recent
work by Kvartskhava's group at Sukhumi has shown structures in theta
pinchs and z-pinchs vwhich are aligned parallel and perpendicular to the
magnetic lines. The group at Stevems under Bostick have found both types
of structures in a coaxisl plasms gun. The senior author {DRW) has con- -~
ducted experiments with a conical theta pinch wherein magneto-vortex vings
are detected by image converter photography and electric and magnetie
probes. Small ab Grumman and Jones at General Electric have also detected
these structures in similar devices.
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The theory of plasmoid formation in the conical theta pinch
prediects thal contra- and corctational magneto-vortices will be
produced on alternate half-cycles of the current oscillation in the
conical eoil. The structures will be expelled from the large end of
the coil and projected into the mirror field. Measurements have shown
that every other vortex structure is destabilized and destroyed upon
entering the mirror field as one would expect since the contrarctating
plasmoids can only move downstream and the corotating ones only upsbream.
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PARAMETRIC STUDY OF MPD ARC AT LOW EXHAUST PRESSURES
(ly to 1/10uHg)

P. Brockman, R. V. Hess, J. Burlock and D. Brooks

NASA, Langley Research Center
Hampton, Virginia

Thrust and velocity measurements have indicated that the coaxial plasma
accelerator can produce velocities of the order of, or greater tham, the
velocity obtaineg by a singly ionized atom falling through the arc voltage.
That is, 1/2 mv® > eV where m is the mass of the atom, v the velocity,
¢ the electronic charge and V the arc voltage (ref. 1, 2, 3, 4). Conser-
vation of energy requires that the input power is greater than, or equal to,
the directed kinetic energy, i.e., JV » 1/2 fivé where J is total arc
current and @ the mass flow. Combining the above inequalities,

JV 1 2 eV
23V 2y
1 2

J/e > Zmv
m/m = eV

21

The function %/%- is the ratio of the number of charges per second flowing

in the arc current to the number of atoms per second flowing into the arc.
If it is assumed that each atom can take part in the discharge once (mo re-
circulation) and that each atom can be singly ionized, then

3/e < Je+Ji Je+Ji

/5 - Ji

— J.
z i

where Je and Ji are the radial electron and ion currents and Jiz is

the axial ion current and is assumed greater than Ji‘ Then

J/e
Je__?__Ji [ﬂl_/l_'ﬂ- - ]

J J fif
and for Efﬁ-> 1 some electron current must f£flow, for E/%-) 2, Je ).Ii.

The measurements presented in this paper and also in references 1 and 2
were made for conditions where the velocities could exceed those obtained by
the ions falling through the arc voltage, J/efi/m > 4  for all measurements
presented in this paper. However, for some of the operating conditions elec-
tron erosion or gas entrainment may increase the M seen by the arc and lower
the ratio of J/e/n"l/m.

In reference 3 and 4, different theoretical approaches result in the
introduction of effective mass flows. For both theories if the mass flow is
above the effective mass flow the discharge will use only the effective mass
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flow and the rest of the mass flow will not be accelerated. If the mass
flow is below the effective mass flow and if entrainment or electrode
erosion can be avoided the actual mass flow will be less than the effective
mass flow, the arc voltage will be increased and higher specific impulse
.can be obtained. The condition for the mass flow to be less than the effect-
ive mass flow is in reference 3 for J/efii/m » 1 and in reference 4 for
J/e,m/m > 2V1/V where Vl = ionization potential.

The above theories will be discussed further in reference 5, however, as
mentioned above, the measurements in references 1 and 2 were made at
J/efi/m » 4 and that is at mass flows below the effective mass flow for both

reference 3 and 4.

Schematics of 2 accelerators are shown in figure 1. Measurements reported
in references 1 and 2 were performed with the configuration on the left which
has an expanding anode. Results reported in reference 1 showed that perform-
ance depends on pressure in the electrode region and the configuration shown
oh the right was developed to increase pressure in the electrode region at
low mass flow. The increased pressure at low mass flow will help to avoid
electrode erosion and gas entrainment. ‘

A study of various plasma parameters versus mass flow and tank pressure
range was presented in reference 1 for the open anode configuration. Four
conditions of arczcurrent and magnetic,field were used; 300 ampg, 0.15 W/m";

300 amps, 0.3 W/m"; 500 amps, 0.15 W/m~ and 500 amps, 0.3 W/m". At each

of these four constant JB conditions the vacuun system was operated at three
different pumping speeds: 26,000, 1,200 and 340 liters per second, and at each
pumping speed the mass flow was varied from 0.03-0 g/sec of argon. This yielded
3 pressure ranges of: 0,001-0.0001 torr, 0.01-0.006 torr, and 0.1-0.11 torr.

At each condition voltage and thrust were measured and the velocity calculated
from the measured thrust and mass flow. For each of the 12 operating conditionms,
2 currents, 2 magnetic_fields, and 3 pressure ranges the variation of thrust,
arc voltage and 1/2 mv“/eV with mass flow were plotted. As the maximum mass
flow was 0,03 g/sec of argom, and the maximum current was 300 amperes, the

ratio J/e/m/m > 4 for all operating conditions.

, 1
Figure 2 shows §-E£v3 thrust, arc voltage, and pressure, versus mass flow

for one of the operating conditions, i.e., 300 amperes, 0.3 W/m2 and the low-
pressure range. The pressure variation is due only to the mass flow and
pumping speed and is the same for all currents and magnetic fields. In this
figure it can be seen that thrust decreases and voltage increases with de-
creasing mass flow, for J and B constant. Thus, the thrust cannot be
purely electromagnetic and the voltage is not set solely by the gas used and
the magnetic field. It should be pointed out that if the thrust was purely
electromagnetic and remained constant with decreasing mass flow that the kinetic
energy weuld increase as the reciprocal of the mass flow and that for constant
current the voltage would have to increase with decreasing mass flow to keep
the efficiency less than 100 percent.
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The measurements in reference 1 showed that electrode erosion and gas
entrainment could effect thrust measurements at certain operating conditioms.
It appears the discharge operation is controlled by.pressure in the electrode
region and that this pressure is set by gas entrainment at low mass flow and
high tank pressure and by electrode erosion at very low mass flow and low to
medium tank pressure. This is also a region at moderate mass flow about
0.008 g/sec argon and at low tank pressure where the thrust measurements may
give accurate velocities. These regions were checked with Langmuir probe
velocity measurements and the results were presented in reference 2. The
ratio of directed to thermal ion saturation currents and the electron tem-

perature were measured. The equation v = 0.6 kT Ill where I and Iy

mI_L
are the directed and thermal ion saturation cu rents T is the electron

currents and 0.6 is an empirical factor that was used toecalfulate the velocity.

i 5 mv
Typical results are shown in” figure 3 where —Tl and z—gv— are plotted
L 2
versus distance from axis. Although values above one for EZZE%E~ are found,

this may be due to errors in measurement of T, and improved techniques of

measuring Te are currently in use and are being reported in reference 6.

Currently, measurements are being performed on the accelerator shown on
the right in flgure 1. The constricted anode helps keep the pressure high in
the electrode region at low mass flow and thus entrainment and erosion can be
reduced at low mass flow.
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EFFECT OF MASS INJECTION ON VOIMAGE DISTRIBUTION
IN HOLLOW CATHOLE ACCELERATOR

By J. M. Hoell, Jdr., D. R. Brooks, and R. H. Weinstein
NASA Tangley Research Cenber
Hampton, Virginia

Detailed surveys are being conducted in a hollow cathode Hall
current accelerator to determine radial and axial potential distributions
in the exhaust plasma at various operating conditions. A knowledge of
the potential distribution is necessary for analyzing the accelerating
mechanism. The holloy eathode acceleratorn, shown in figure 1, utilizes a
hollow tungsten eathode and a concentric carbon ring anode to produce
an argon arc discharge in a diverging megnetie field. Separate controls
aliow argon to be injected through each electrode to assess the affect
of the mode of gas injection on the potentisl distribution. Operating
conditions of the present accelerator are: (1) total mase flows from
- 0157 g/sec to .0018 g/sec.; (2) are currents ranging from 50 amps up
to 300 amps; (3) magnetic fields ranging frem 7CO gauss to 3000 gauss;
(4) tenk pressuxes from 9 X 10°% to 5 X 1077 Torr.

Radial and axial surveys are being made using cylindrical Langmuir
probes with parallel and perpendicular aligmment to plasma flow. The
probes are mounted on a probe driving mechanism which allows accurate
position correlated dsta to be obtained. TITangmuir probe characteristics
are recorded and analyzed utilizing the data acquisition system described
in reference 1. The local floating potential with respect to the refer-
ence electrode and the electron temperature can be cbtained from the
probe characteristics. (Maxwellian distributions have been found for
all operating conditions studied so far.) The local plasms potential
can be determined by calculating the difference between, floating and
plasme potential (this will in general be different from the measured
flogting potential which is with respeet to the reference electrode)
and algebraically adding this difference to the measured floating
potential. The floating potential, found by equating the ion current
and electron current, is given by

V. Ze 2 /
£ = E—é- exp QP me mi

(vhere Xk is Bolbtzmann's constant, e is the electronic charge,

To 1is electron temperature, me/mi is the ratio of electron to ion mass,

and is a normalized non-dimensional ion-current). Laframboise? has

calculated the value of for eylindrical probes as a function of

potential, ratio of probe radius to Debye length, and of ratio of ion

and electron temperature. In general the correct value of o for given

plasma parameters must be obtained through an itewative process.
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.At this writing preliminary surveys bave been made only for egual
mass flows through each electrode. Figure 2 shows only floating potential
distribution with respect to cathode potential for two egual mass flow
conditions corresponding to total mass flows of 0157 grams/sec and
.0018 grams/sec. The correction of the flosting potential to plasma
potential (discussed above) has not been obtained for all data points,
Conversion of floating potential to plasma potential for several data
points on the low total mass flow curves indicate that a radial gradient
of approximately 8 volts/cm exists at an axial distance of 4 .cm from
the accelerator exit, while at an axjal distance of 12 cm from the exit
no radiel gradient exists. The correction to plasma potentlal for the
high total mass flow curves have not been obtained. It should be
pointed out that while the high mass flow curves do not show a radial
gradient in floating potentisl, this does not mean that one does not
exist in the plasma potentilal, since variation in' Te across the jet
would produce & radial gradient in the computed plasma potential.

At present, work on the potentla.l surveys is comtinuing. BExperiments
are being conducteéd in a hollow cathode are 'jet which has a siightly
different configuration than the one shown in figure X. In the new
configuration, the cathode tip has been extended to a position midway of
the anode and 1.6 cm in front of the forward edge of-the magnetic coil.
The anode has also been extended so that the forward edge is now flush
with the accelerator exit. In the new configuration the arc atiaches
itself consistently inside the hollow cathode.

Plasma potential distributions will be obtained for various modes
of propellant injection (i.e. equal mase flow through each electrode,
anode mass flow > cathode mass flow, and anode mess fiow < cathode mass
flow) with arc current and magnetic field as parameters. Emitting
probes will alsc be used {o measure the plasma potential. The results
of these measurements will be presented at the Fifth Intracenfer and
Contractor Conference on Plasma Physices if available, or in a fubure
publication.

1Brocks, D. R., Hoell, J. M., Jr.: "Langmuir Probe Technigues for the
Measurement of Electron Temperature Distributions in High Energy Low
Density Plasme Streams;" to be presented st the Fifth Intracenter and
Comtractor Conference on Plasma Physics, Washington, D. €., May 24-26, 1966.

2Laframboise y d.: University of Toronto Institube for Aerospace Studies
Report 100.
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ANALYSIS OF IONIZATION AND ACCELERATION IN MPD ARC

B. Sidney, R. V. Hess and P. Brockman

NASA, Langley Reseaxch Center
Hampton, Virginia

The purpose of the analysis is to obtain a better understanding of the
experimental results given in reference 1 and to evaluate possible mechanisms
for achieving efficiencies in excess of 50 percent. The experiments have
been designed to check the possible existence of kinetic energies in excess
of the. applied or available voltage. The plasma stream produced by the MPD
arc in argon at low mass flow is fully ionized when operating at high powers
(ref. 2). The experiments further show some variation of thrust and voltage
with mass flow for constant values of J and B indicating that the thrust
is not purely electromagnetic. The experiments and the analysis thus pertain
to an operating regime where some of the key problems of the MPD arc make
their appearance. A possibility of reaching efficiencies in excess of 50
percent is also related to that regime as discussed in references 3 and 4,

The approach taken for analysis of the experiments is to start with
careful evaluation of each term of the total energy equation in its complete
form (ref. 5) for monatomic gases

2
Vg +v +v

La 2 (ZaT+T) L * Z g (1)

L]

JV = 1

vhere o = 1 for full ionization and Z = 1 for the singly ionized atoms.

In order to understand the meaning of the individual kinetic energy terms
the case is discussed first of a special MPD arc configuration where the plasma
would be put into rotation which can subsequently be converted intc directed
motion. It has not been realized in some papers where this mechanism is
postulated that for E/B drift motion 1/2 m(E/B) would be stored for large
ion slip in rotational Larmor motion in addition to the same amount in average
drift motion. Thus the upper limit of the total stored energy would be
m(E/B}2. The random energy stored in the Larmor motion can be alternately
accounted for as ion thermal motion. The inclusion of the energy stored in
random ion Larmor motion and also in electron random energy could result in
efficiencies in excess of 50 percent if these energies can be converted into
axial kinetic energy. The heat losses, ionization energy and unrecovered
random energy must, of course, be included in the considerations. In order to
prove the existence of such mechanism ion temperature would have to be measured.
Electron temperatures of the order of 5S¢V have been found two inches outside of
the electrode region for the configuration used in the experiments of reference 1.

If it is assumed that the energies in the & and r directions are small
because they have been recovered or were initially small, the term v, 2/2 can
be conveniently expressed through the thrust T = mvz, whlch after régrouping
of equation (1) is of the form
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i/2
(2)

, |2(av-g) 2aZev. - 5k
T =mi o L (

o m m

The ;Sossi‘ble' contributions of the individual terms under the square

. root to the deviation from purely electromegnetic thrust ‘
will be discussed. The influence of large electron currents will

be evaluated for the experiments of reference 1 by expressing equaticn (2)

in terms of the ratio (J)/(me/m) which is equal to (J; +Jo,.)/d;, for

fully ionized plasmas. The specific conditions of the experiment where

(Jir+Jer)/J:’i_z' >4 " will be discussed. )

The influence of electron currents on attainment of kinetic -energies
in-excess of the applied or available voltage has also been analyzed by
golving the differential equations for motion of ions and elecirons in
crossed E and B including the collision terms. This problem has been
also approached in reference 6, however, the radial component of fon motion
was neglected and thus the important effects of the relative magnitudes of
ion ILarmor radius and electrode gap were not evalusted. :

Fimally, the influence of ionization and transport properties (charge
exchange cross-sections, ete.) on ion slip and the acceleration process has
been analyzed in some detail. This is especially important in view of the
frequently used assumption that when the MPD arc operates with partially
ionized plasmas, ions and neutrals will nob interact and the thrust is
purely due to the ions. The.validity of this assumpiion is being investi-
gated, for various mass Tlows -and acceleration mechanisms using various
gases and pressures in the acceleration regicn.

1Brockman, P., Hess; R. V., Burlock, J., and Brooks, D.: - Parametric
Study of MPD Arc at ILow Exhaust Pressures (lp to 1/10uHg). To be
presented at the Fifth Intercenter and Contractor Conference on Plasma
Physics, Washington, D. C., May 24-26, 1966.

2rl?:ow-i'en, F., Oertel, G., Hess, R. V., Jalufka, N., apd Burlock, .:
Optical Measurements of Temperature and Veloeity in Low Density Plasma
Streams. " To be presented at the Fifth Intercenter and Contractor Confer-
.ence on Plasma Fhysics, Washington, D. C., May 2L4+26, 1966.

" Scamn, @., Harder, R. L., Moore, R. A., Ieon, P. D.: Hell Current .
Accelerator, EOS Report 5470 -~ Final.

l".Bennett, 8., John, R. R., Bnos, G., and Tuchman, A.: Experimental In-
vestigation of the MPD Arcjet. AIAA Fifth BElectric Propulsion Conf.,
S&IJ. Diego, Calif', AIAA. P&Per NO. 66-239} mrch 7“9, 1966a

5Hassan, H. A., Hess, Rs. V., and Grossmann, W.: Experiments and Analysis
for Coaxial Hall Current Accelerators and the Role of Ionization Effects,
Sixth Symposium on Engineering Aspects of Magnetohydrodynemies, April 21-22,
1965, pp. 83-84. Details given in prospective NASA TN by seme authors.

6Penfold, A. 8.: Recent Advances in the Development of Electromagnetic
Thrustors for Space Propulsion. Nth Symposium on Advanced Propulsion Concepts,
Palo Alto, Cali?f., April 26-28, 1965.
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TEVEIOPMENT OF MASS FIOW METER AND INJECTTION
THROUGH ELECTRODES FOR THE MPD LITHIUM ARC

By Olin Jarrett, Jr.
NASA Iangley Research Center
Hampton, Virginis

The MPD arc has been operated conbtinuously with lithium injection
through the anode for one~half hour at 200 to 400 amps and magnetic
field from 2000 to 5000 gauss at the cathode tip. ILithiwm injection
was achieved by varporizing lithium in a resistance heated feed tube
and by feeding the vapor to a distribution manifold in the tungsten
anode (fig. 1). Visual inspection of the 1ithium Flow simulated with
smoke or water showed that good distribution through the eight feed
holes was cbtained (fig. 2). Stable operation was achieved and electrode
and insulator erosion was negligible. ILithium flow was selected in +the
range of .02 to .03 gram per second for preliminary operation of the
system.

Refinement of the lithium mass flow measurement system to obtain
accurate metering in range of .01 grams per second is progressing.
Ligquid 1ithium is metered into the vaporizing tube from a reservoir by
8 manually controlled valve '(fig. 3). The lithium is displaced in the
reservoir by argon at several atmospheres pressure. The volume flow of
lithium can be computed from the argon flow into the lithium reservoir
as measured by the O to 5 cc/min Hastings flow meter. )
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RESISTIVE INSTABILITIES FOR PLASMAS IN CROSSED

'EIECTRIC AND MAGNETIC FIEIDS

Ram K. Varma®
NASA Tangley Research Center
Hampton, Virginia

Tnstabilities of a partially ionized plasma in crossed electric
and magnetic fields are investigated both in the low B (B = kinetic
pressure /magnetic pressuxe = hemkT/B2) and high B limit with a view to
understand the nature of the instability observed in the Iinear Hall
Accelerator. {n the low P limit an instabilify has been proposed by
Simon and Hoh,"“ who find that the system is unstable if there exists a o
density gradient in the direction of the external electric field., Morse
has atbtempted to solve the problem exactly, determining the complex
eigenvalues and eigenfunctions and has arxived at the conclusion that
an instability is also possible for the density gradient against the
direction of the electric field.

It is noted that in all the treatwents of this instability the
inertial term has been ignored and guasi-neutrality has been used instead.
This does not seem o sffect the conclusions of Simon and Hoh within the
framework of their approximate procedure. This, however, leads %o
incorrect eigenvalue equations in Morse's treatment, so that the con-
clusions of the latter are unrelisble, in particulasr that an instability
is possible for the density gradient against the direction of the electrie
field.

" mwo observationms sre significant in connection with the observed
instability: (1) the instability is found to exist all along the length
of the accelerator; (2) the instability appears even ab &s low a
megnetic field as 10 G, and kinetic pressure -2 - 30u. Ttem (2) implies
conditions of $ > 1, and opens a possibility for a high B instability.
Ttem {1) points to the fact that one probably should not depend too
hesvily on the density gradient for the instability. In view of these
chservations, an investigation for high B instabilities is made of a
homogeneous resistive plasma in crossed electric and magnetic fields.

We find an instability of the magnetlc compression wave traveling

normal to electric and magnetic field. This is found to be coupled to
an electrostatic wave if the propagabion is not entirely normal to the
electric field. The instability does not depend on any density gradients

TRAS-NRC Regular Post-Doctoral Resident Research Asscciate.



83

and is resistive in that the growth rate vanishes for zero resistivity.
For lower megnetic fields such as are comsistent with high B, this
instability is found to have the characteristics of the observed
instability in the Idnear Hall Accelerator. A further study of
instebilities for high magnetic fields {low B) is in progress.

1. Simor, Phys. Fluids 6, 382 (1963); ¥. €. Hokh, Phys. Fluids 6,
118k (1963).

2D. L. Morse, Phys. Fluids 8, 1339 (1965).
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LANGMUIR PROBE TECHNIQUES FOR THE MEASUREMENT OF ELECTRON TEMPERATURE
DISTRIBUTIONS IN HIGH ENERGY LOW DENSITY PLASMA STREAMS

D. R, Brooks and J. M. Hoell, Jr.

NASA, Langley Research Center
Hampton, Virginia

The objective of present Langmuir probe studies is to measure spatial
distributions of ion flow velocities and plasma potential for a large range
of operating conditions. Since both of these measurements depend critically
on electron temperature distributions, suitable techniques have been de-
veloped for measurement of electron temperature in an environment which can
be summarized as follows: (1) electroy density of 1011 - 1013/cm3,

(2) magnetic fields on the oxder of 10” gauss, (3) supersonic flow velocities
several times larger than the ionic sound velocity based on electron tem-
perature. Preliminary results of potential measurements and the application
of the detailed electron temperature surveys described here to potential
measurements in a hollow_ cathode Hall current plasma accelerator are discussed
in a companion abstract.

Because of the high heat load on the probes, and the necessity for good
spatial resolution, an accurate driving mechanism has been developed that is
capable of moving probe assemblies with three degrees of freedom at speeds
greater than 1 inch/sec. This device not only provides a simple way of ob-
taining large quantities of position-correlated data, but also keeps to a *
minimum the time spent by the probe in the discharge region.

The circuit of figure 1 has been used at a frequency of 60 cps for ob-
taining probe curves at the rate of about 100 per inch in the radial direction.
Data are recorded at several axial positions for each operating condition.

Net probe current is circuit-limited to about 100 mA in the case of the hollow
cathode accelerator. For the small wire probes used, this value is large
enough to achieve ion current saturation but keeps excessive electron current
from heating the probes to emission temperature. It is gemerally recognized
that in the presence of a strong magnetic field, the portion of the Langmuir
probe curve due to low energy electrons cammnot be used for temperature
measurement. For this reason, restricting the net probe current (thereby
losing the low energy end of the electron curve) causes no loss of infoxmation.
However, in this case the ion current must be subtracted from the net current,
since the determination of the electron temperature involves only the elec-
tron current. This procedure is mot so important in cases where no magnetic
field is present, since in that case a portion of the probe curve can be used
in which the ion current is negligible with respect to the electron current.
The standard method of extrapolating the saturation ion current into the
region of the probe curve where the electron current becomes large and sub-
tracting this extrapolated value from the net current has been put oy a
relatively sound theoretical basis. The summarizing article of Chen” and the
recent work of Laframboise3 have shown how the ion saturation current can be
predicted under various con@itions. Laframboise has shown that as long as
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the probe voltage is much less than the plasma potential, the variation of
jon current with voltage is small. This variation has been obtained from
the jon saturation part of the curve.

Figure 2 shows a flow diagram for computer analysis of recorded probe
data. Digitization of the tape yields a resolution of more than 100 points
per curve, which is sufficient for averaging out high frequency noise in the
accelérator. The original data are plotted along with a computer-generated
straight 1ine fit to the ion saturation current. The extrapolation of this
line is the iom current which is subtracted from the net current to yield
electron current. The log of the electron current versus voltage and the
best straight line fit to this log curve is plotted. - This slope gives the
electron temperature for MaxwelTlian distributions. Of course, visual in-
spection of both of these curves is necessary. In the case of the ion satura-
tion current fit, a distortion of the slope can result from mnolsy data or
using too many or too few points for the fit. 1In the case -of the electron
current, it is mandatory to assure that the log of the electron current versus

" the voltage is, in fact, a straight line because the computing scheme forces
upon the data an analysis based on Maxwellian distributions which is not
valid for other distribution functions. Excellent straight line plots of
log Ie versus voltage have been obtained so far.

The manner of data recording and reduction described here has been de-
veloped for the.purpose of handling large quantities of data in an objective
fashion. The ideas utilized have been combined in a system which is capable
of providing the detailed surveys which are required in the analysis_of the
high energy plasma streams under study. The computer program is flexible
enough to include refinements to theory as needed. Future plans call for a
more exact application of the ion current theory of Laframboise. This will
include effects due to the ratios of ion to electron energy and probe radius
to Debye length although these effects require modification in the presence
of a magnetic field. It should be emphasized that inclusion of such refine-
ments is impractical in a project of this magnitude unless tape recording
and computing techniques are used for the accumulation and analysis of data.
Future work will also include an examination of time fluctuations in the
quantities being measured, as these can be helpful in understanding how to
average the results of probe measurements which are made on the assumption
that average variations correspond to spatial nonuniformities and not to
changes with time in arc conditioms. )

+References:

1 Hoell, Jr., J. M., Brooks, D. R. and Weinstein, R. H.: Effect of Mass
" Injection on Voltage Distribution in Hollow Cathode Accelerator. To
be presented at the Fifth Intercenter and Contractor Conference on
Plasma Physics, Washington, D. C., May 24-26, 1966.

2. Chen, F. F.: Numerical Computations for ion Probe Characteristics In a
Collisionless. Pilasma. Plas. Phys. (J. of Nuclear Energy, Part C) 1965,
vol. 7, pp. 47-67, Pergamon Press, -Ltd.

3. Laframboise, J.: Theory of Cylindrical and Spherical Langmuir Probes in a

Collisionless Plasma at Rest. Rarefied Gas Dynamics, J. H. DeLeeuw, ed.,
Academic Press, N. Y., '1965. S
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OPTICAL MEASUREMENTS OF TEMPERATURE AND VELOCITY
IN LOW DENSITY PLASMA STREAMS

By F. W. Bowen, Jr., G. Oertel, R. V. Hess, N. Jalufka
and J. Burlock
NASA Langley Research Center
Hampton, Virginia

Optical methods of measurement are being employed in the co-axial Hall
current plasma accelerator. These include spectroscopic measurements of
degree of ionization, electron temperature, and ion velocity by the Doppler
shift method. Techniques using laser radiation are being developed for
time of flight and Doppler shift velocity measurements. The accelerator
is operated with an argon mass flow rate of 0.0l gram per second and a
vacuum chamber pressure about 2 x 102 Torr. The arc current is kept
constant at 300 amperes, the arc voltage at 40 volts; and the magnetic
field at 3000 gauss.

Degree of Ionization.- Spectroscopic observations for determining the
degree of ionization of the plasma have been made both end-on and side-on
with respect to the plasma stream (fig. 1). From the resulting spectrograms,
spectral lines of singly ionized argon (AII} and doubly ionized argon (AIIX)
have been identified. Contamination Ilines exist in the end-on views and in
side-on views close to the anode, but the lines disappear at distances 5
centimeters or greater downstream from the anode. The AIII lines appear to
exist with approximately the same intensity as the AII lines. Identification
of spectral lines from side-on views 25 centimeters downstream from the front
face of the anode shows that the AIII lines remain strong. Absence of Al
lines from spectrograms obtained by both end and side observations indicates
that the plasma may be fully ionized.

Electron Temperature Measurements.- Electron‘temperature determinations
are made on the basis that the appearance of a characteristic spectral line
in a steady-state plasma provides an indication of the corresponding electron
temperature, Howevex, calculations have shown that the plasma is not in
equilibrium, since the time required for ionization is greater than the
residence time of the plasma in the accelerator. Hence, if the electron
temperature is increasing in the anode region, then the temperature obtained
by the spectral line identification method is a lower limit to the equilib-
rium temperature, that is, the equilibrium temperature has not been reached
and excitation has not stabliized. Since thermal hon-uniformities exist
both axially at some distance downstream and radially, the measured temperature
will instead be a range of temperatures corresponding to a hot innér region
in addition to cooler outer layers. The decaying end of the plasma stream
as well as the accelerator region 15 observed in the end-on view, while the
expanding outer plasma as well as the inmer core is seen in the side-on view.
These thermal non-uniformities prevent the line infemnsity ratio method of
temperature measurement from being made axially, while a lower limit temp-
erature may be obtained radially by the ratio method with the aid of an

Abel inversion.
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Caleulations of spectral line inmtensities of excited states of AI, AIL,
ATTY, and AIV give the relation of the line intensities to the electron
temperatures and allows interpretation of the dats over the temperature range
of ipterest. The attenuation of the spectral line intensity by optical com-~
ponents in the system is such, that if the emitted line intensity is a factor
1/100 Jess than the maximm value it can attain as a function of temperature,
then it will in 811 probability not be seen on the spectrographic plate.
Conversely, line intensities greater them 1/100 of their meximue intensities
nay be seen. Therefore, in interpreting the dats using figure 2, the low
end of the temperature range is obtained by using +the increasing paxt of
the ATT intensity curve at 1/100 of the maximum intensity, or 1.5 eV
(17,000 ©°K). The upper end of the range 1s the temperature corresponding to
the increasing part of the AIV curve which is 1/100 of the maximum intensity,
or 3.4 eV (40,000 °K). Tt is important to note, however, that intense AIII
lipes indicate that AIV levels are becoming populated, and hence a temperature
higher than 5.4 eV is suggested. Higher estimates may not be made, though,
until positive identification of the AIV lines is made. Since the AIV lines
accessible with the optical path in the atmosphere exist in regions where
contamination lines interfere, vacuum spectroscopy is required to find lines
farther down into the ultraviolet region.

Ion Velocity by Doppler Shift Method.- Axial ion velocities are being
determined from the Doppler shifts of the emitted spectral lines. A low
pressure argon lamp is used to produce AT reference lines for measuring the
shift of AIT limes in the plasma. Since the end-on cbservation penetrates
the erntire plasma, velocity measurements determined from these Doppler shifts
are not spatially resolved. The velocities thus measured then are at best
average velocities. Only the Doppler shifts of ALL lines near the AI refer-
ence lines have been measured. The measurements so far yleld velocities on
the order of 10,000 meters per second. Some experiments for measuring the
Doppler shifts of AILI lines were made with the use of an iron arc as a
reference source. AIII lines originate in the accelerator region, so it
was believed that measurements of AIIL line shifts would provide a reasonable

degree of spatial resolution for the velocities. As mentioned previously,
nowever, side-on observabtions of the plasma vevealed ATIT lines 25 centimeters
downetresm from the fromt face of the anode. Hence, velocity measurements
from ATIT lines would not provide spatially resolved velocities much better
thap those Trom AIL lines.

Use of Iasers for Velocity Measurements.- Lasers will be used %o excite
ions With frequencics near the laser frequency for local spectroscopic
velocity measurements. Velocities have been measured at higher. pressures by
ionizing a gas with a pulsed laser and measuring the velocity of the ionized
.region using photographic technigues and probes .1 The laser ionizing pro-
cess is not effective at low pressures. However, excitation of particles
with the same frequency as that of the laser photons is possible. Spectro-
scople techniques mey then be used to isolate the excited line so that it
may be used to detect motion. The experimental arvangement 1s shown in
Pigure 1. A giant (125 MW) Q-swibtched ruby laser wit§ a frequency multiplier
is used to obtain a laser oub-put wavelength of 3472 A. The laser beam is
focused to & point inside the plesma stream to excite ions emitting the
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3472 ﬁ ATT line. A monochromator fixed on 3472 ﬁ will observe the laser
pulse, and with the aid of a half-silvered mirror, will observe the
radiating ion as it passes a glven point downstream. The time between
the phototube observations of the spectral line at the two positions will.
be recorded on an oscilloscope and the veloeity determined directly.
Doppler shift measurements of the excited particles will also be made.

lGhe:n, Che Jen, "Experimental Study of Breakdown Phenomena  in Argon Gas
by a Laser Beam at Low Pressure." Paper presented at ATAA Plasmadynamics
Conference, Monterey, Califormia, March 2-4, 1966. AIAA Paper No. 66-176.
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MICROWAVE MEASUREMENTS OF PLASMA DENSITY FLUCTUATIONS
J. Burlock and T. M. Colliier

NASA, Langley Research Center
Hampton, Virginia

The linear Hall accelerator, because of its uniform geometry and field
distribution, is being used for study of processes that affect the efficiency
of the closely related coaxial accelerator now under development at the
Langley Research Center. The processes of most interest are the anomalous
conductivity, associated with plasma fluctuations. Previous work at Langley
{(ref. 1) and other laboratories (ref. 2, 3) has shown the presence of both
coherent and random potential and density fluctuations, and a probable
mechanism for the coherent part has been discussed (ref. 4). Anomalous, con-
duction, referred to on occasion as 'electron back-streaming” or "electron
back-flow" 1imits the efficiency of plasma devices that depend on current
controlled by magnetic fields. The effectiveness of the magnetic field in
controlling current is measureable in these experiments by the ratio of
transverse to Hall current, neglecting ion slip

J

:E-= wT =1 B

J. ee e
H

where w_ is electron cyclotron frequency, T, is collision time for
momentum transfer, is electron mobility aid B is magnetic field.
The fact that the ratio is not necessarily as predicted has been related
to instabilities that produce correlated demnsity and velocity fluctuations
(ref. 5). Measurements of these quantities has generally been done with
electrostatic probes and Langmuir probes operating in the ion saturation
region. However, saturation ion flux to the probe is controlled by both the
plasma density, and a velocity depending on probe sheath conditions. For
the present experiments these result in a probe current
KT 1/2
J. = cne{ —=
i m,
i
where T is electron temperature, k is Beltzmann's constant, mi is ion
mass, and the value of ¢ depends on the sheath condition. The lafge fluc-
tuating potentials present in the plasma, produce associated electric field
that could increase the ion velocity and add to the ion saturation current.
A plasma density measuring technique sensitive to plasma density only, would
allow separation of the demsity and velocity components of ion flux.

A microwave system using a short antemna and coaxial construction
similar to reference 6 has been developed for obtaining both average and fluctu-
ating components of plasma density (fig. 1). Simultaneous measurements of
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flux, using the same probe, allow determination of ion velocity. To

avoid complications resulting from resomance at electron plasma fre-
quency, and the effect of magnetic field on the plasma conductivity,

a frequency higher than the maximum electron plasma resonance frequency

and much higher than the maximum electron cyclotron frequency have been
chosen. The microwave detector system is arranged as a reflectometer.
Plasma density changes produce impedance variations at the antenpa, (fig. 2)
changing the amount of reflected wave power. The antenna is in the form

of a short stub, 1/10 wavelength long.- This presents acapacitive im-
pedance (ref. 7} to the system

neh

lnh -1

whers h and a are probe length ‘afid. radius, respectively,
and & is the plasma dielectric constant:

C =

The small size of the antemna produces an electric field configuration which
makes the system sensitive only in the immediate vicinity of the exposed stub.
Exploratory sweeps, with perturbing conductors of different shapes, indicate

a sensitive region of about the diametexr of the outer conductor of the coaxial
structure of the probe, one-eighth inch. To minimize power loss, a problem
because of the small coaxial -cross section, small suppont beads, are used
rathér than a dielectric filling. The microwave antenna also serves simul-
taneously either as a biased Langmuir probe, or potential probe, for ob-
taining correlated measurements of density, ion flux, and potential. Electro-
static covpling to the microwave system was reduced by introducing a thin
insulating plate between waveguide sectidns. In addition to fluctunation
amplitudes, average values of the ion saturation current from the Langmuir
probe and microwave system are recorded for information on depth of modulation.
A sensor coil surrounds the accelerator for determining the value of Hall
current. This gives information on wgt, of the plasma in the magnetic field
and -can be interpreted to give plasma density.

A limited number of runs covering a restricted range of parameters has
been made with the complete .system, so far. The frequency response has been
limited- to 100 kilocycles, to allow visual estimate of phase correlation,
The runs have been taken in sets with constant current of 3 amperes and
variable magnetic field, 100 - 700 gauss, and also constant magnetic field
of about 100 gauss and variable current of 3 to 22 amperes, at 0.1 and 0.03 Torr.

The following preliminary observations may be made on the basis of this
data: In the range of parameters used, the value of Hall current tends to
remain constant with increase in magnetic field. This is accompanied by an
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increase of both coherent and random noise. The random noise covers the

whole frequency spectrum to the 100 kc limit of the filtering which has

been introduced. At constant magnetic field and variable current, the

ratic of Hall current to axial current remains fairly constant. The co-

herent oscillation amplitude increases, but the random noise is quite small.

The comparative effects on the conduction of coherent low pressures oscillations
and. high frequency noise mist be evaluated. On the result will also de-

pend the applicability of the approach in reference'5 which emphasizes the
influence of the higher frequency noise on the conduction process. The parameter
range covered has not as yet been extended to higher currents, over a variation
of gagnetic field strengths which give the full range of effects on BTy

(ref. 8).
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FORCED OSCILLATIONS IN COLLISIONAL, PLASMAS AND RAREFIED CASES

By Gary A. Massel and M. R. Feix'
NASA Iangley Research Center
Hampton, Virginia

Forced oseillations in a ple.sma.,l in contradistinetion to free
.oscillations, better illustrate the kinetie nature of the plasma. In
addition to the collective nature of the plasma described by the Debye
pole for o < wy, the "streaming nature" of the Vlasov operator manifests
itself in a branch-line integral vhere the branch-line lies along the
continuum of eigenvalues in the k-plane. Thus the solution of the problem

camnot be represented entirely as the sum of poles as in the initial value
problem.

To investigabte this problem in detail, the B-G-K2 equabion for an
absolute equilibrium was assumed. This describes the collision effects
of the electrons with the background of massive ions and neutrals. The
ions are assumed to rémain fixed, i.e. o >> wps. Thus the linearized
system is described by

L) 4 ¢ HTY) 4 @ 5ire) EO o fee,wst) - nfat) B(v)]
(1)

SE(x,t)
Bz = lge [ £(x,v,t)dv - 1 (2)

where F(v) is a Maxwellian distribution.

Considering the case of a pair of closely-spaced grids immersed in
the plasma and solwving for the electrostatic field, one f£inds for x > 0,

EA oe(6,im) |- iy

X
E(x) = L lom T [——| el — —
2 J o8 9=93 ,EU-T Gj
-2{ 1 1 i X
+ —_ - - A |expd - ﬁm = 36 (3)
[e (Gr+10+,1w,\)) €(9r+10_,cn, \)) 2 Vip e
(8] .

+I\IAS—I€RC Senior Post-Doctoral Resident Research Associate.
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where
2 aF
_&DP E_EE__E-LE e aE
e(0,1m,v) = (s4v)2 £2.8:-F e V2 o- E ()
1 - X Vo B}
s+v =@ /2 8-& %

angd

E(Qj,iﬂ),.\’) =0 for Imej <0 (5)

The only pole admitted by equation (5) is the Debye pole for ® less often
some critical frequency, o, which is a funetion of V. For w > 4y,
there exists no solubion to equation (5). This pole dominates at distances
near the grids for v < ay. For v > p and v > @ (i.e. hydrodynamic
1imit) it dominates at all but very extreme distances. The Debye pole is
illugtrated in figure 1.

The branch-line iIntegral yields an asynptotic field varying as

' 3 2/3
B(x) . (‘-’3; + 1)1/2 }; Y exp - (ﬂﬁg + 1)35 / (6)

v v Py

which dominates et large ;f for v <ay. Figure 2 illustrates the two
field conbributions and figure 3 illustrates the enhanced excitation

(for v <w) due to collisions.

For forced oscillations in & rarified gas, it is necessary ©o assume
a loeal equilibrium and the set of eguabtions which must be solved is

S(ne,t) glgg—’; +o=F+g A+ -3)
6(x,1) = JF(E)CP(X:Eﬂ)dE

‘?1(}:,1') = J ElF(£)¢(x:£:T)dE

Bxtyc) =J (% 2 1’)? (53 (e, E,7)a 1)

Again the solution for anmy of the state funetions is expressed in two
parts. One conbtribution due to poles and another due to a branch-line
integral which dominates at distances less than & mean-free path from
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the oscillating surfacé. In the limibt as v » O, this gives the
collisionless result obtained by Maidanik, Fox, and Heckl.) The

significance of the branch-line contribution at large distances has not
yet been fully determined.

1. A. Massel, M. R. Feix, submitted for publication.
%p. I. Bhatnagar, E. P. Gross, M. Krook, Phys. Rev. 94 (195k) 51i.

2. Maidanik, H. L. Fox, M. Heckl, Phys. Fluids 8 (1965') 259.
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COMPUTER SIMULATION OF COLLISIONLESS ONE-DIMENSIONAL PLASMAS
R. H, Weinstein and M. R: Feix®

NASA, Langley Research Center
Hampton, Virginia

Using the NASA Langley IBM directly-coupled 7084-7040 computer system,
calculations describing the incremental, self-consistent motions of up to
3000 parallel charged sheets have been used to simulate a collisionless,
one-dimensional plasma. These calculations are viewed as an "experiment"
against which the predictions of theory can be checked; both equilibrium
fluctuations and nonequilibrium relaxation effects are studied.2 Times are
scaled to the plasma frequency and velocities are scaled to <v*>. The
present method is approximate and differs from a previous study of the
same probleml in that a fixed.incremental time step At in the equations
of motion permits an average of several crossings per particle per cycle.
in this way it was hopad to speed up the calculations for plasmas with
large nD° (number of particles per Debye distance).

Since the electric field E seen by a particle depends on the excess
charge it sees around it, particle crossings change the field during the
motion and make it inexact. The total energy is, therefore, notprecisly
conserved and the deviation shows up as an increase in the kinetic energy.
If, however, the equations of motion are completed to second order in At
by adding an E tefm to the velocity equation, the total emergy growth is

drastically reduced and is typically G.QS&%}&P_l for nD=20 and
AT =, At mP‘l = 0.1. The improvement due to the inclusion of E is shown
for a variety of conditions in Fig. 1.

Taking the Fourier transform of the particle demsity, i.e.,

g +
olk,t) = u/’ n{x,t}elkxdx, the auto-correlation function <§p{k}!2>t =
-l
t

0/72 p*(k,t) p(k,t}dt ecan be used to calcuiate Ekz, the Fourier modes of
Y
the potential energy. Poisson's Law and an assumed exponential dependence

2
on k for all gquantities gives Ekzm < D{k% >
k

density spectrum is discrete (a sum of & functions) but its Fourier
transform is smooth, i.e.,

: L N .
B(kst} :‘/)n{}(,t) Smkx(b( = % ! Z gjé(x_xj)elkxj (t)dx
=

Experimentally the

=1 :?: g.{cos k x.(t) + i sin kx,(t)]

* NAS-NRC Senior Post-Doctoral Resident Research Associate
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Using the Fourier-Laplace transform of the density one camn derive2
the spectrum dependance on the distribution function £(v), i.e.,

2 1 £ (w/k).
lp (k,0)|© = P
|€f
Substitution of specific distribution functioys and contour integration
over the complex w« half plane gives |p(k]| and, therfore,, Ei.

- n
We have studied distributions of the form f(v) = Ae V' where mn =.2

yields the Maxwellian distribution, n = 4 the Druvesteyn distribution
and n = oo the square distribution. Figure 2 shows the theoretical curves
of E 2 for n= 2, 4, 0o and the first twenty experimental modes for an

equilibrium plasma (n=2). In spite of the large fluctuations, the con-

vergence of terms is good and the sum deviates from the theory by only 3.4%

for the modes shown. As a further check, we have calculated the spatial

correlations of the electric field, i.e., C(A) = [E(x)E(x+A)]X £ _In addition
3

to demonstrating the collective nature of the plasma through the Debye
screening, the additional averaging over both time and space should reduce

the fluctuations., PFigure 3 shows C(A) for a 1000 particle Maxwellian
plasma, where the experimental data is ‘compared with an exponential normalized
to the value at A/D = 0; both the fit and smoothness are good. The small
positive value at large A/D iIndicates jincomplete shielding, probably due

to the inexact mature of the particle motioms.

Unfortunately, the experimental potential energy spectra of the non-
equilibrium distributions do not go to zero at long wavelengths (small kD) ;

‘ these over-excited and under-damped modes dominate the sum and yield an in-
correct ratio of potential to kinetic energy. The approximate form of the
distribution .function is maintained in meta-equilibrium, as predicted by the
one-dimens%onal Balescu~-Lenard equationl-and in agreement with the experiments
of Dawsom. The potential energy behavior, however, points to a breakdown of
the theory at small kD for g = 1/aD# 0.  If collisional damping dominates
Landau damping, then it may be impractical to make g = 1/nD small encugh
to fit the theory in a range of KD where the distributions can be separated.
In the experiment thé finite number of particles aggravates the difficulty
because there are no particles with velocities high enough to damp the long
wavelength disturbances. Calculations are being made to follow the behavior
of a group of test particles in am effort to determine in detail how well the
meta-equilibrium is maintained.

References: ‘1. Eldridge, O. C. and Feix, M. R,: MNumerical Experiments
. with a Plasma Model, Phy. of Fluids 6, 398, 1963.
2. TFeix, M. R. and Von Hagenow, K.: Connection Between Corre-
lations and Fluctuations in a Plasma. Phys. of Fluids 8,
1565, 1965.
3. Dawson, J.: One-Dimensional Plasma Model. Phys. of Fluids
5, 445, 1962.
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LINEAR AND NONLINEAR TREATMENT OF THE VLASOV EQUATIOﬁ
BY MEANS OF A FOURIER-HERMITE TRANSFORMATION

£
F. C. Grant and M. R. Feix

NASA, Langley Research Center
Hampton, Virginia

Introduction

Various transformations of the Vliasov equations have been used. Armong
these are the Fourier-laplace transform of the coordinate-time space; Hermite
transform of the velocity space alone; and Fourier-Fourier transform of the
coordinate-velocity space. All of the transformations avoid a difficulty of
the coordinate-velocity space, namely, an oscillatory and secular growth of
the solutions in the velocity space. However, new difficulties arise in the
transformed’ spaces which are associated with cutoff of the representation in
the transformed space.

The Fourier-Hermite transformation of the coordinate-velocity space has
an advantage in that it leads to ordinary differential equations, but again
there are difficulties associated with the necessity to Iimit the transformed
space. A limitation on the time of good representation arises which is a
function of the size of the subspace used after transformation and on the
amplitude of the disturbance of the plasma which is considéred. There is a
limitation of the wave length which favors the longer waves. In the linear-
ized limit of the F-H transform just the wave length limitation and the
cutoff of the transformed velocity space are operative. The analysis has
been limited to the one-dimensional nonlinear Vlasov equation for the motion
of electrons against a uniform positive neutralizing background.

Fourier-Hermite Transformation

The F-H transformation of the Vlasov equations corresponds to a double
series expansion of the distribution function followed by substitution into
the Vlasov equation which yields a doubly infinite set of ordinary first-
order differential equations in the time for the histories of the expansion
coefficients. These coefficients may be regarded as the elements of a matrix
and truncation of the matrix to a finite size corresponds to keeping a finite
nunber of Fourier components, or wavelengths, as well as a finite number of
Hermite functions, or velocity moments. Since macroscopic quantities of
interest depend on moments of low order in velocity space the expectation was
that truncation at low order in the Hermite space would be unimportant for
reasonable time intervals.

Linearized Liiit

The ordinary linearized theory of the Vlasov equation corresponds, in
the F-H transformation, to retention of two rows .of the matrix: one corres-
ponding to the uniform base velocity distribution which does not change; the

&
-NAS-NRC Senior Post-Doctoral Resident Research Associate



116

other corresponding to -an”inhomogeneous perturbation. of the plasma. The
general dispersion relation of the linearized F-H analysis may be written
down in terms of a.certain set of polynomials, Two interesting .special
cases have been analyzed in some detail: Maxwell?'s distribution, and a
double streaming distribution. For Maxwell's distribution it turns out
that all the eigenfrequencies are real which makes contact with the work
of Van Kampen, The set of eigenfrequencies is finite, héwever, which
raises the question: How is Landau's damping to be recovered? Calculations
for the case of one hundred eigenvalues have shown the tendendy of the
analysis to converge toward the result obtained in VanKampen's limit of

a .continuun of eigemnvalues. For the double streaming case, imaginary eigen-
frequencies appear. Comparison with the results in an unl1m1ted veloc1ty
-space show convergence.toward the. limiting growth rate curve except in the
region 'of the short wave length cutoff where anomalous behavior appears.
The 'correct wavelength of evanescence :.of the instability is always provided
even at.low levels of approximation, but the slopes of the approximate and
limiting curves “always differ at the wave length of evanescence.

Nonlinear Case

In the linearized cases studied it was found that the longer wave
lengths received better treatment, and that time limits existed for a given
wave length beyond which the representation became inaccurate. In the non-
linear -case it has been found that, in addition, relatively weak disturbances
must be used or the representation rapidly deterlorates. By means of L.
numerical, .calculations the boundaries of the parameter regions in which the .
truncated-nonlinear F-H analysis is accurate are being explored:. In particular,
the times of good representation corresponding to retemtion of different -
orders of Hermite function are being calculated.
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NONHOMOGENEOUS PLASMA KINETIC '"HEORY

By leo D. Staton and Mare R. Feix'
NASA Iangley Research Center
Hampton, Virginis

The problem of oscillations in norhomogeneous, collisionless, one-
dimensional plasmas is being studied by means of a linear integral
equation derived from the Vlasov-Maxwell equations. The integral equation
is the counterpart for nonhomogeneous Plasmas of the usual dispersion
equation for homogeneous plasmas, but because of its greater complexity
significant progress can be made only by treating specific cases.

A specific case of much theoretical interest is that stetionary
solution of the Vlasov-Maxwell equations whose distribution fenction is
constant for energies less than some prescribed value and zero elsewhere.
The infegral equation for oscillations in such a plesma, just as for s
cold plasma, is rigorously reducible to a differential equation analogous
to that obtained in fluid theory discriptions of plasmas.

Usual linearized theory treatments of perturbations shout stationary
plasms states are not concerned with the initial accessibility of the
stationary state from more general nonstationary states. Interesting
results in this regard have been obtained for the specific case at hand.
The distribution function in x-v space for such a case is constant- (for
& finite system) within some closed curve in the x-v plane and zero
elsewhere. The time dependent Vlasov equation reguires, for a constant
total number of particles, that the area of this curve be constant even
though its boundary changes shape in the nonstatlonary situstion. By means
of & variational principle it has been shown that the stationary state
bounding curve corresponds to a minimum total energy for the given number
of particles. Since emergy must be conserved, this suggests that, in the
absence of the formation of highly singular spikes in the distribubion
function, such a stationary state is inaccessible, in general, from a
given initial state. Results from computer experiments at Langley seem
to lend support to this conclusion. Work is currently underway to find
what conclusion can be drawn about the accessibility of a stationary’
state for more general distribution funetions.

The linearized theory of perturbations about the stationary bounding
curves has been developed and by a switable transformsbtion of variasbles
an overly stringent requirement on the allowed perturbations, which has
been enforced by previous authors (e.g. ref. 1), has been removed. .
Detailed results are not availsble at this time » but the expected result
is that no decay of initial perturbations toward the stationary state will
be found.

+NAS-NRC Senior Post-Doctoral Resident Researah Associate.
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A1l of the above work is based upon collisionless kinetic theory.
Tt is well kmown that to first order in the reciprocal of the mumber of
particles in a Debye length collisions have no effect upon the distribution
function of a one-dimensional plasma. Work is now underway to ascertain
the effect of collisions in higher order, taking into account some of
the aspects of three body correlations in the plasma.

1p. ¢. de Packh, J. of Elec. and Comtrol 13, 417 (1962).
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A ONE-DIMENSTIONAL MODEL FOR A
SELF-GRAVITATING STAR SYSTEM

by Frank Hohl

NASA, Langley Research Center
Hampton, Virginia

and
Marc R. Feix™

NASA, Langley Research Center
and

College of William and Mary

. We have used a one-dimensional sheet model to investigate the time
behavior of a gas of stars. The characteristic time in t? consideration
of collective effects in stellar systems is t_ = (4wGp) where p
is the mass density and G is the gravitationdl comstant. Irregular
forces due to stellar encounters are negligible for times of the order
of Teo However, through collective effects the system will attempt to

reach a metaequilibrium state in this time interval.

The stars are represented by identical mass sheets constrained to
move along the x-axis, We use an electronic computer to follow the
motion of large numbers of sheets. If the graininess structure of our
sheets is small enough, our model will in fact solve the one-dimensional
self-consistent Vlasov equation for a gas of stars. Also the collective
behavior of the bulk of matter in the ome-dimensional system should then
be equivalent to the three-dimensional case. The fact that the graininess
plays no role has been checked by doubling the number of sheets of a
system while keeping its total mass comstant. This does not change the
behavior of the system. Similarly, whether or not the particles have equal
masses plays no role since the Vlasov equation describes a set of partlcles
with different masses as well as with equal masses.

The collective effects of stellar systems are described by the
Vlasov equation

af ?f ad of
TPV w9 )

where ¢ 1s obtained from the Poisson equation

2
?—"Z’L - 417Gmff av. 2)
X
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From eq. (1) we obtain the result that the metaequilibrium state of

the system will be described by a distribution function f(x,v,t + =)

= F(U) where U =(1[2)mv2 + mé is the total energy of a star. The

form of F(U) depends on the initial distribution function and must

in general be obtained by follow1ng the time development of the nonlinear
Vliasov equation. However, there is ome type of initial distribution where
F(U) is known without actually solving the time dependent Vlasov equatlon
_For this distribution the initial f is constant over a certain region

of phase space and is zero outside this reglon According to the Liouville ,
theorem f will remain constant over a region of phase space so that the
region can only change its shape with time while keeping its area constant.
The .2bove initial distribution is of interest primarily because it allows
-us to calculate exactly the equilibrium configuration of the one-dimensional
star gas for comparison with the computer results. The results presented
here are all for such an initial distribution; however, other initial
dlstrlbutlons glve results which are very similar to those presented here.

. Taking the 1n1t1a1 shape of the area in phase space to be a rectangle
defined by ixo and' -’ o’ the steady-state solutlon,}s easily obtained.

F{) has a constant value for 0-<.U- < me and is zero for U > em. Eq. (2}
then becomes

2
&t 220G/ (5971 (e - 02, (3)

g

2/3

where & [3ﬂGme v /(ZJF)] N is the number of sheets, and m is

the mass per sheet. Integration of &q. (3) gives the Tesult

3x v

= —22 j 2 (5?2172 g, @
8 /21GNm )

¥f we apply the virial theorem to the one-dimensional star gas we can show
that in equilibrium the total kinetic energy is one-half the potential
energy of the system. To obtain eq. (4) we have only made use of conser-
vation of entropy or area in phase space. If this state is to be reached
then the energy of the initial and final state must also be equal. By
using a variational method we found that thé stationary state described by
eq. (4) is a minimum energy state. Thus, starting from. any initial state
other than the equilibrium state the system can never completely reach the
equilibrium state. Nevertheless, the system does 'its best to approach the
stationary 'state whenever the initial energy is not too far from the energy
of the stationary state given by eq. (4).
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Fig. 1 shows how a system of 2000 "stars" with a ratio of initial
to equilibrium energy of 1.9 approaches its equilibrium configuration
in phase space. While approaching equilibrium the system rotates in
phase space with a frequency near 1/t _. After only a few periods,
orbital (or phase} mixing has brought the system very near the equili-
brium value indicated by the oval in figure 1(d). Also the ratio of
kinetic to potential energy is.very nearly equal to 0.5.as required by
the virial theorem. The behavior indicated in fig. 1 is characteristic
of the time behavior of systems where the initial energy is near the
equilibrium value. If the initial energy is much larger than the equi-
librium value, the system will break up into individual clusters.’

Fig. 2 shows the time development of a system of 1000 "stars" with a
ratio of initial to equilibrium energy near 6. We see tifat the system
breaks up into three clusters, each one individually tending to approach
an equilibrium configuration. :

For the particular class of initial distribution discussed, the
stationary state described by the time independent Vliasov equation can
never be completely reached. Since the results of our computer calculations
for other initial distributions are very similar to those presented in this
paper,. 1t appears likely that the minimum energy principle applies also to
other distributions.
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Figure 1. - Approach to equilibrium for a system of 2000 "stars" with a ratio
of initial to equilibrium energy equal to 1.9. The system has been
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DETERMINATION OF REENTRY PLASMA PROPERTIES FROM INTERPRETATION
OF MANNED SPACECRAFT.FLIGHT DATA
P. W. Huber

NASA, Langley Research Center
Hampton, Virginia

Efforts to understand and alleviate the loss of RF tracking and
communtications which occurs with reentering space vehicles, due to the
reentry flow field plasmas, are directed in two principal areas of research.
These are, (1) determination of the flow field plasma properties in terms
of the vehicle shape, attitude, and reentry flight conditions, and (2)
effects of these flow field plasmas on the antenna RF properties and the
em wave propagation in or near the plasmas. Since reentry communications
typically involves low RF power levels in the plasma, the two parts of
the problem are uncoupled and hence observations of signal loss under
conditions where one of the two parts can be considered reasonably well
understood can lead to a '"diagnosis" of the other part. Such data have
been obtained from the manned orbital reentries of the Mercury and Gemini
spacecraft and, when evaluated in the light of existing theoretical know-
ledge supplemented also by experimental data from ground facilities, lead
to a greatly improved understanding of the reentry flow field plasmas.

Three types of reentry plasma are pertinent to this blunt body problem,
depending on the location of antemna on the spacecraft, These are (1) the
inviscid plasma between the bow shock and viscous layers near the vehicle,
(2) the boundary-layer plasma generated at the body surface, and (3) the
near wake plasmas, including the free shear layer and separated zone. The
inviscid plasma problem for earth reentry is one dominated by air chemical
kinetics. At very high altitudes the species production kinetics are
dominant in the problem, while at medium and low altitudes the species re-
combination kinetics are dominant when considering the usual aft antenna
locations. Figure 1 illustrates the importance of recombination kinetics
for a hypothetical Apollo reentry in which deceleration occurs at medium
altitude. These results were computed using best available rate knowledge
for each of 46 reactions in. the flow. The curves labelled "frozen" and
"equilibrium" are those idealized models generally used to illustrate con-
ceptual limits to the influence of chemical kinetics. However, it is seen
that such simplified approaches are grossly inadequate from a numerical
standpoint. The undershoot of complete equilibrium at velocities below
30 k ft/sec is due to the relatively fast ionic recombinations which occur
in the expanded flow which is relatively cold due to frozen neutral chem-
istry. It would furthermore be seeh to be a serious misinterpretation to
deem the plasma in equilibrium at the points where the finite rate results
cross those for equilibrium. The very striking drop in electron concen-
tration which occurs at velocities axound 31 k ft/sec at this altitude is
due to the two-body ionic recombinations which can occur at these and lower
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velocities. Such can occur due to the trace of undissociated molecules

and diatomic ions left over from the nose region production processes
which, considering also the relatively fast charge transfer, allow for
two-body recombination paths for electrons and ions. These recombinations
are ver{ fast at levels of electron concentration of the order or greater
than 1012 When the concentrations are lower than this value the gate
slows con51derab1y and becomes "frozen" at values of the order 1011

The second type (boundary layer) plasma is one in which chemical
kinetics is also an important factor, but the problem is much more complex
due to a chemistry "contaminated" by ablation products - in addition to the
effects of viscosity, diffusion, etc. Fortunately, the boundary-layer
problem only becomes first order for biunt body reentries at high altitudes
where the thickness is large enough to engulf the nose region flow. It is,
however, the dominant plasma in slender body problems at all altitudes, since
the inviscid layer is not so intensly shock-heated.

The shear layer and separated Zone plasmas can be shown, on the basis
of flight results, to be plasmas of prime importance for blunt bodies
during certain portions of reentry, depending on Reynolds number, look angle,
and the amount of inviscid two-body recombination. Consider first the
"observations" of electron concentration shown in figure 2 for Mercury and
Gemini reentries. These values are deduced from signal data at times in
the ,f1ights at which attenuation was first detectable and at which "blackout™
occurred for both signal frequencies shown, as well as for the corresponding
signal recovery points. The values are derived using an idealized em wave
proPagatlon model which is believed appropriate for these configurations and
signal conditions. The position along the propagatlon path (the plasma layer
responsible for the degradation of signal) is not determined from this data.
To help establish the pertinent plasmas in the problem, consider next the
theoretical curves shown. The solid limes represent the peak Ng's in the
inviscid flow at the appropriate antenna locations using flnlte-rate flow
field calculations for these bodies. The dashed lines represent the Ng's
in the separated zone, which is assumed to be homogeneous pure air in
equilibrium, due to the low velocity and long dwell time of the recirculating
flow. The enthalpy and pressure appropriate to the fluid is taken from
hypersonic tunnel data for these bodies at flight Reynolds numbers. It is
seen that neither the inviscid air nor the separated air theoretical models
'will account for the observations in the c-band attenuation region by a large
Ne factor, although in the VHF reglon the agreement with inviscid aixr theory
appears good. Now comsider the remaining theoretical curve which represents
a separated flow model similar to the pure air model, but with an easily
ionized species impurity level appropriate to the attached nose flow bound-
‘ayy layer. The species N, and K were assumed present in the boundary
layer to -an extent determined from the heat shield ablation loss rate, the
alkali impurity level in the heat shield, and the estimated boundary-layer
mass flow. It can be seen that the agreement with the c-band data is very
good using this model, but that in the high altitude and low velocit;r portions
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of reentry the model is not consistent with the VHF data by a large Ne
factor. However, in this model there is no allowance made for mixing

and diffusion of impurities in the attached boundary layer flow which
might occur in the detached shear layer and separated flow region. Such
viscous spreading effects would be expected to be a minimum at high laminar
Reynolds mumbers, and be-more pronounced at both very low laminar or very
high turbulent Reynolds numbers. In figure 3, a spreading factor,

_ a1k, BL

xalk obs
account for spreading of the boundary layer ablation impurities to levels in
the separated zone which will give agreement. with the observed data through-
out the reentry. It is seen that this factor does indeed exhibit a strong
Reynolds numbex dependency which is, furthermore, similar to that of other
viscous parameters in which transition occurs. As noted on the figure,
values of ¢ in the VHF portions of reentry may be higher than shown, but
cannot be lower, since such a condition would be incompatible with the ob-
served signal data. It is interesting to note that these indicated
. transition altitudes are in good agreement with thermocouple data obtained
for these reentries by the Manned Spacecraft Center, for sensors located
near the point of boundary layer separation on the leeward flow body side,
which is the side appropriate to the signal propagation path for the
attenuation data.

» 1s introduced which is, in reality, a correlation factor to



APOLLO, TYPICAL STREAMLINE

ALTITUDE = 175 kit

g
Equilibrium
Ne » em~3 4x
TC Finite-Rate Non-equilibrium
1011}~ \— Forward Antenna
TS Aft Antenna
VHF
109f ' | ' 1 g
10 20 30 40x10

Flight Velocity, ft/sec

Huber=1

W LON MNVT] #3DVd DNITE0HYd

62T



1012

1011

109

10

'—- — —S8ep. Air

G-T, M-A REENTRY PLASMAS

Observed Np's
GT MA
O O ¢-band
o O vHF
Theoretical Ne's
I R Inviscid

e = Sep. air + abl. BL /

o / \ T
/ 2 \
. | S 1 L 1 | | . | '
(190) 240- 280 320x10°
' Geometrlc Altitude
8 12 16 20 24x103
‘ Relative Velocity Huber~2

o]



G-T, M-ASPREADING FACTORS

103,- Note: VHEF o's are the
minimum possible
102 —
101 "
0 @ p
107 Er% Transition
T M-A {t 150k (e-a)
O O VHF - )
o T C-band 160 k (G-T)
10-1 | | | ! L |
101 102 103 10% 108 108 107

Huber-3

TET



133
PRECEDING PAGE BLANK NOT FILMED

EVALUATION OF REENTRY AIR CHEMICAL KINETICS
USING INSTRUMENTED FLIGHT PROBES

By J. 5. Evans and C. J. Schexnayder, Jr.
HASA Tangley Research Center
Hampton, Virginia

Microwave reflectometer probes iievelol)ed for the RAM project were
successfully used on the RAM B-3 flight to measure shock layer electron
concentrations over & wide range of reemtry velocities and altitudes.

The availabilifty of this data offers a unique opportunity to verify

the results of flow field calculations involving non-equilibrium chemical
kinetlcs and also to determine values for some of the reaction rates to
closer limits than heretofore available.

The wide range of flight conditions from 140,000 feet to 245,000
feet in altitude and from 11,600 ft/sec to 18,150 ft/sec in veloecity
and the great differences in the nature of chemical kinetic processes
&5 they occur in the hot and relatively dense gas covering the blunt
nose of the vehicle as compared with the much cooler s expanded gas
over the afterbody made it possiblé to analyze the combined theoretical
and experimental dabta in considerable depth and, as a result of this B
the production and recombination of electrons in the RAM B-3 reentry
fiow field can be discussed in general terms. For exXample, electrons
are always produced in the nose cap region and usually approach local
ionic equilibrium values (chemical equilibrium was not reached at any
boints in the flow fields in any of the caleulations made). For the
lower velocities or for the higher altitudes, even local ionic equili-
brium was not approached, and this phenomenon (see fig. 1), vhich
results in greatly lowered electron concentration values, is referred
to as "production droop." Two versions of the high altitude "production
droop" are shown in figure 1. Values of embient air demsity from
standerd atmosphere tables were used for the solid lines. For the
dotted lines the standard densities were revised to somewhat lower,
values to obtain better agreement with experimental data. Electron
production in the "production droop" region is evidently sensitive to
the awbient air density.

Another effect vhich was always present (see fig. 1)(and which,
incidentally, can be present only when diatomic species are not
completely removed by dissociation) is the "self-Iimiting" effect
which causes electron concentration levels in the expanded afterbody
region to decrease very rapidly from any.initial valuve greater than a
certain roughly-defined lower 1limit until they approach the lower limit
and after that the decrease in degree of ionization is slow and usually '
negligible. (Decrease in gas density will cause electron concentration
to decrease further, however.) :

@3



134

~  An imporbant aspect of the theoretical analysis was the fact that
it was often possible to determine that s under given conditions, only

& few reactions (sometimes only one) were Pprineipally responsible for
the changes in air composition taking place (see fig. 1). This ability
to isolate the effects of certain reactions proved, in some cases s bo
ba a sénsitive means for determining values for the reaction rates
involved. (The rates were varied to obtain agreement between calculabed
and measured values of electron concentration. )

It should be emphasized that occasional good mumerieal agreement
between caleulated and measured electron concentration during the
Tlight’ could not be considered to be verification of the caleulated
results by experiment. Indeed, such occasional good agreement can be,
and has been in the past, obtained by comparing equilibrium or Trozen
fiow field calculations with experimental meassurements. Instead, it
is necessary to reproduce observed trends in the measured electron
concentration over a wide range of conditions, and it is just the Fact
that the RAM B-3 flight obtained the necessary measurements over a
wide range of conditions that makes it uniguely valusble fox testing
the correctness of the chemical kinetic model.

A comparison between the experimentally measured values of electron
eoncentration and the theoretical values will be given in a btechnical
memorandum now being prepared. (The experimental deta has already been
published in NASA TMX-1035.) GSinece the comparison is satisfactory in
the sense described in the preceding paragraph, the flow field ealewlation
computer program developed at langley is considered to be useful for
predicting electron concentrations and other fiow field properties needed
in designing radio communication systems for reentry vehicles.



ks

CALCULATED ELECTRON CONCENTRATION FOR RAM RB-3 FLIGHT ; kf REFERS TO N + O === NO + e~
{Caleulations for symbols were done with standard ambient air density)

ké/ke | x
i3 0.10] 10] %
10
@ 0jo0.15
B Do
¢ O 3.40
A AT 4.5
12
10
Electron
Concentration,
o
ams*
11
1G dni E %
9° half angle
Cone; d, =8
«—————Standard ambient air density, kifke = 1.0
— — — Revised ambient air density, kf/ky = 1.0
10° 1 | | ! I |
140 160 180 200 220 240 2680 x10

Altitude, ft Evans et al-1

GET



PRECEDING PAGE BLANK NOT FILMED L7

IMPEDANCE AND RF PROPAGATION FROM DIELECTRIC AND
PLASMA COVERED APERTURES

C. T. Swift

NASA, Langley Research Center
Hampton, Virginia

When an aperture antenna, such as the one shown in figure 1, is
coated with a dielectric slab or a plasma,significant changes may occur
in the input admittance. This will lead to a change in the absolute
signal level of the radiated power, and will also alter the amount of
power reflected back into the antenna. In addition, a certain percentage

of energy will be coupled into the dielectric coating and remain trapped
as a surface wave.

The input admittance is related to the reflection coefficient, T,
in the following way: '

1-T
——=y=1(g.*g) -7b
14T ros

where g 1is the conductance, and b the susceptance. The radiation con-
ductance, g, and the surface wave conductance, g_ are independently
computed. Pﬁysically, g.. 1is the amount of power 3upplied to the antenna,
which radiates into free gpace, and g_  is that which remains trapped as
a surface wave within the dielectric. '

The input admittance properties of the antemna, shown in figure 1, are
currently being investigated. It consists of a large coaxial transmission
line, opening onto an infinite conducting ground plane, coated with a
plasma, or other dielectric material.

For computational purposes, the dielectric constant of the slab was
taken to be 2.57 (polystyrene); the ratio of the radius of the outer to
inner conductor was fixed at2.00, and the line was assumed to be filled
with material of dielectric constant equal to 2.00 (teflon). The admittance
was then computed as a function of the slab thickness in wavelengths, and
the circumference-to-wavelength ratio of the inmner conductor.

The radiation conductance is shown in figure 2, Generally, the
conductance increases with increasing circumference-to-wavelength ratio,
and a maximum or a minimum in the conductance occurs approximately at
every quarter wavelength as the thickness in wavelengths increases.

The surface wave conductance is plotted in figures 3 and 4., In
general, g_ tTises sharply for the initial values of thickness and then
oscillates, much in‘the same manner as the radiation conductance.
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It is of interest to note that, in some cases, mearly all the energy
is dumped inte surface waves. It is also interesting that some combinations
of parameters give practically no energy appearing as surface waves.

-

The susceptance has been computed; however, more work is needed to
improve the accuracy of the computations.

The sensitivity of the input admittance to changes in the thickness
of dielectric cover suggests that measurements' of the admittance may be
used to infer ablation rates during reentry. It is also expected that the
admittance should be equally sensitive to changes in the electron density
of a reentry plasma. Therefore, the input admittance method may possibly
be a powerful method for plasma diagnostics. These applications are
currently being investigated experimentally.
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BARIUM RELEASE EXPERIMENT
David Adamson

NASA, Langley Research Center
Hampton, Virginia

The space physics group has a continuing interest in the earth's
magnetic field and comnvective motions and transient fluctuations within
it. Much useful data has been obtained using satellites and space probes
and the picture depicted in figure 1 has emerged. There is a continucus
outpouring of plasma from the sun, the so-called solar wind. This plasma
by virtue of its high conductivity cannot penetrate the earth's magnetic
field but flows around it forming the so-called magnetospheric cavity.
There are many questions pertaining to this cavity which remain unresolved,
i.e., is the cavity open or closed; what is the nature of the convective
motions that-are taking place within it; and, what are the nature of the
changes that take place within it during geomagnetic storms? Magnetometer
data is subject to certain inherent limitations, thus one camnot distinguish
between spatial inhomogeneities and time-wise fluctuations. Moreover, it is
a matter of considerable difficulty to monitor the electric field E%ﬁengths

and hence we have no direct observational data pertaining to the = drift

motions (which we somewhat lcosely refer to as motions of magnetic

field lines). Also, when one bears in mind that extensiveness of the magneto-
spheric cavity it is clearly an overwhelming task to chart in detail such

an extensive field by point measurements.

Use of an ionized cloud,on the otherhand, provides a ready means of
discerning on a large scale the topology of the earth’'s field and motions
within it. The principle is simple. If a charged particle is projected
into a magnetic field it spirals along a field line until it is dislodged
from same by colliding with another particle. If one pictures then a
cloud of such charged particles, sufficiently dispersed to ensure virtual
absence of collisions, the cloud will be frozen to the field lines to the
extent that motion perpendicular to the field lines is entirely inhibited.
Of course, the cloud will diffuse along the field lines and as it does

so will serve to define their shape. Furthermore, motion of the field lines
will be imparted to the cloud.

Assuming the cloud is released as a neutral cloud, two Tequirements
must be imposed. In the first place it must be readily ionized by the
sun's ultra violet and secondly, it must have strong resonance lines in
the visible portion of the spectrum in order that the ionized cloud can
be seen against the night sky background. One of the substances most
adequately filling these requirements is barium and jn the calculations
that have been made to date, bearing on the feasibility of the techniques
in achieving the objectives outlined above we have limited consideration
up to the present to barium.
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In the calculations made to date, it has been assumed that the cloud
is released in the magnetic equatorial plane and viewed from a vantage
point lying directly beneath the point of release. Plots have been made
of the number of particles per unit area along line of sight (which is
proportional to cloud luminosity} as a function of angular coordinates
defined in inset of figure 2. One such plot is found in figure 2, It
refers to a release of 1 mole of neutral barium at a height of one earth
radius. Ehe photoionization probability used in these calculations of
2.5 x 107" sec™l was based on a laboratory determination of ionization
cross section. It appears from rocket observations made by the -Max Planck
group that this may be an underestimate by at Ieast an order of magnitude.
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INTENSITY CONTOURS CORRESPONDING TO RELEASE AT 1 EARTH RADIUS
FROM EARTH SURFACE
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NONEQUILIBRIUM PROPERTIES OF PLASMAS
by W. E. Meador

NASA, Langley Research Center
Hampton, Va.

Unlike thermodynamic properties, the: behavior of .a partially donized
gas slightly dlsplaced from equilibrium is not well understood. Such non-
equilibrium aspects as electrical and thermal conductivities, viscosity,

" and dlffu51on are essential to the solution of many practical problems,
e.g., heat transfer to reentering space vehicles, drag, radar attenuation,
thermonuclear machines, and areas of astrophysics. Two phases of this
general domain have been considered: kinetic theory and statistical
mechanics, molecular quantum theory.

The first prerequisite of any treatment of transport processes is the
,adoptlon of '‘a reasonable kinetic equation for the time evolution of the
onie-particle distribution function; accordingly, the Boltzmann equation
was chosen as the one most completely analyzed in the literature. Although
such a theory was not designed originally for plasmas, there are several
arguments to indicate that it suffices for these purposes. Not the least
of the arguments, although the solutions were accomplished in 4 fashion so
as to essentially force the conclusions, is the quantitative agreement
between Boltzmann theory and Spitzer's Fokker-Planck results at full ioni-
zation. Grad also has contributed to the general understandihg.

Chapman and Enskog's first-order perturbation solution to the Boltz-
mann equation was applied (reference 1) to a ternary mixture of electrons,
ions, and neutrals, and general formulae for the electrical and thermal
conductivities and other transport coefficients were derived. When the
effects of induced electric fields (ambipolar diffusion) were included, it
was found that the field-reduced thermal conductivity was the sum of four
terms: translational, Internal, reactive, and thermal diffusion, the last
of which is always less than 6% of the total. There were two surprising
features: the field reduced reaction conductivity, by reason of extensive
cancellations, is nearly identical with that of Butler and Brokaw; secondly,
thermal diffusion is not important except in its role as the justification
behind Muckenfuss and Curtiss' translational contribution. 3everal dis-
crepancies in the literature were explained in terms of theé proper choices of
generalized fluxes and forces in irreversible thermodynamics.

An additional paper (submitted for publication) concerns the electrical
resistivity and thermal diffusion tensors defined according to the general-
ized Ohm's Law, i.e., with specific reference to Joule heating. Onsager's
reciprocal relations were used in conjunction with complete first-order
Chapman-Enskog theory to establish a firm kinetic basis for Spitzer's
assumptions for a fully ionized gas. These results were extended to ternary
mixtures in order to illustrate the full impact of first-order simplifications
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to the formulation of Schllter and others, i.e., to show the scalar
characteristics even in the presence of a magnetic field. All of this
was accomplished through the introduction of tensors (neighborhood versus
point analyses) for the customary scalar drag coefficients, thereby pro-
viding a broader framework for the treatment of first-order limitations
(aged systems).

Formulae for transport coefficients only provide the statistical
structure; it is necessary also to have estimates of the collision cross
sections before numerical work can be accomplished. New treatments, both
theoretical and semi-empirical and differing from those in the 1iterature by
an increased use of correlation analyses, have been applied (submitted for
publication) to several atmospheric species. Only the results for oxygen
show a 51gn1f1cant departure from the work of Mason, Venderslice, et al,
whereas no success has yet been obtained by this method for heteronuclear
molecules. Nitrogen is well established, for example (cf, reference 2).

As a final problem, C. Fricke of the Space Physics Group is calculating
thermal conductivity from the Balescu kinetic equation. This equation also
features binary encounters, but with the partners changing at an infinite
rate; accordingly, the Debye shielding’ (with cloud distortions) is auto-
matically included. Previous calculations (Sundaresenm and Wu, et al) of
similar nature have, indeed, supported the Boltzmann and FoKker-Planck
applications, but convergence of the series solutions was in no way evident.
Results of this research are mnot presently available.
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