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FOREWORD

This final report documents and summarizes the study on hollow
cathode plasma penetration conducted by The Bunker-Ramo Corporation
for the National Aeronautics and Space Administration, Electronics
Research Center. The report is submitted in compliance with the re-

quirements of Contract NAS 12-9.
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I. INTRODUCTION

The objective of this study, conducted under Contract NAS 12-9, was
to determine whether the electron beam mode discharge (EBMD) is
suitable for penetrating the plasma sheath surrounding a reentering
vehicle and providing communications. This discharge was first ob-
served in 1960 and has been investigated since under NASA Contract

NASw-714 and the present contract.

The discharge is formed by a conventional hollow cathode with a
perforated wall. This configuration will discharge in a mode providing
an ion collimated electron beam. The beam is stable over a wide range
of pressures and voltage. In addition, coherent microwave radiations
from the beam have been observed. These properties make the dis-
charge appear desirable for use in reentry communication,




II. SUMMARY OF STUDY EFFORT, BY STATEMENT OF WORK ITEMS

The contractual Statement of Work sets forth five major items for
performance under the contract. These items and summaries of the
respective efforts to accomplish them are presented in this chapter.

Item {: Conduct a survey of the literature to collect the existing
knowledge of beam-plasma interactions, electron-beam-
produced plasmas and characteristics of reentry plasma
sheaths that is applicable to the above stated objective.

The First Quarterly Progress Report and the bibliographies of the
Second and Third Quarterly Progress Reports and of this report serve
to summarize the results of Item 1.

The literature survey, which was to have been concluded 30 June 1966
according to the original schedule, was extended by mutual consent to
cover the entire period of performance of the contract. This was done
primarily because the speed with which literature could be assembled
and digested was limited by processing time at the reference sources
and because a much more extensive body of literature on the subject was
discovered than had previously been thought to be available. Several
thousand titles were searched, several hundred abstracts read, and
more than a hundred complete articles studied and analyzed.

The most important articles, in terms of beam-plasma interaction
theories and experimental results, were summarized in Bunker-Ramo's
First Quarterly Progress Report, dated September 1965. That report
does not contain information from classified sources. A classified ad-
dendum to the report will be provided upon request of NASA and upon
authorization of the cognizant security agencies. A list of the unclassified
titles of classified documents is included in the bibliography of that re-
port. No classified developments of significance were reported in the
literature which pertain directly to this contract, with one notable excep-
tion; i, e., the work done by Republic Aviation for Wright-Patterson Air
Force Base in a beam-plasma reentry communications scheme., The
items of significance to this study resulting from this classified contract
were not items of security concern in themselves, Therefore, the First
and Second Quarterly Progress Reports summarized the essential features
of the Republic Aviation effort which pertain to this study. More de-
tailed information will be provided upon request and authorization by
the cognizant security agencies.

The most significant beam-plasma interaction studies covered in this
search were the Smullin and Getty experiments in high density hydrogen
beam-generated plasmas at MIT, and the nonmagnetically confined beam-
plasma interaction studies of Looney and Brown at MIT and those of
Drummond and Kofoid of Boeing Aircraft in Seattle.
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The first group of studies is highly important because of its basic or
fundamental significance. The Looney-Brown and Drummond-Kofoid
experiments were primarily important because they explain or report
coherent oscillations obtained in the absence of magnetic fields through
interaction between electron beams and low density plasmas. This, in
turn, is important because it is basically the situation, from the inter-
action field point of view, which obtains in the hollow cathode discharge.

Item 2: Perform theoretical analysis of the microwave radiation from

the hollow cathode electron-beam-mode discharge, as a func-

tion of beam current, voltage, and pressure including the
analysis of the following characteristics:

(a) Power density spectrum of radiation from the discharge
(b) Radiation patterns of the emitted power

(c) Nature of the radiation mechanism.

The range of pressures and degrees of ionization covered will
include those typically encountered in the ionized plasma sheath
during the reentry phase of space flights,

This item proved to be the most difficult theoretical job, as might be
expected from the basic difficulty of providing precise theoretical des-
criptions of practical plasma behavior, and because one is dealing here
with plasma conditions not of the usual idealized laboratory model. How-
ever, an approach was found which to some extent has already been veri-
fied. Bunker-Ramo's model of the mechanisms involved is based on the
Looney-Brown experiments and the Drummond-Kofoid theoretical approach.
Item 3: Investigate, theoretically, the means of controlling the radiated
power and of providing microwave modulation of the beam for

use in radiation of microwave telemetry signals, incorporating
the results of Items 1 and 2.

For purposes of reporting, results of the effort on this item were
combined with the report on Item 2, because modulation methods were

found to be inseparable from analysis of the source and characteristics
of the radiation itself.
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“' . This effort is closely related to Item 2 and was conducted concurrently.
‘ The theoretical work eliminated many proposed modulation and control
techniques, but further experimental work is required before the results

are definitive.

Item 4: Theoretically investigate the penetration of neutral gas and of
ionized gas by the electron beam from the hollow cathode elec-
tron-beam-mode discharge, incorporating the results of Item 1.
Penetrating properties will be studied as a function of gas pres-
sure and percentage of background ionization of ionized gas.
The range of pressures and degrees of ionization investigated
will include those typically encountered in the ionized plasma
sheath during the reentry phase of space flights.

This item was performed primarily through extension of experimental
results obtained in interaction experiments between the electron-beam-
mode discharge and target plasmas. Some experimental investigations
and theoretical treatments of the penetration of neutral gas by electron
beams were included.

Item 5: Utilizing the results of Items 1 through 4, estimate the value of
the utilization of the electron-beam-mode discharge as a tech-
nique for providing microwave telemetry through a reentry
plasma sheath. The applicability of this method will be stated

as a function of:

(a) Sheath thickness

(b) Density of ions and neutrals in the sheath
(c) Percentage of ionization in the sheath

(d) D-c beam power

(e) RF modulator power.

The effort under work statement Items 2 and 4 contributed the most
to the accomplishment of this item. The general findings are that the
electron beam will penetrate the ion sheath at the altitudes of interest,
but the microwave radiation from this beam is still in question. More
definitive conclusions must await further experimentation. The results
of effort on this item are reported in detail in Chapter III and summarized

in Chapters IV and V.
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III. DISCUSSION OF TECHNICAL EFFORT

A, EFFORT OF FIRST THREE QUARTERS

The various significant problem areas encountered during the effort
covering the first three quarterly contractual periods are summarized
in the subsections which follow. The results of the effort on these prob-
lems serve as the basis of the work performance for the final quarter's
effort, presented in Section C of this chapter.

1. Focusing

The electron beam produced by the electron-beam-mode discharge
has a greater than normal stability and collimation, primarily because
the balance between divergent space charge forces and convergent mag-
netic forces is struck and maintained in the very process of forming the
beam. In other words, no abrupt change in boundary conditions is en-
countered by the beam in the process of passing from its source into
the region of neutral or ionized gas surrounding its source. Some theo-
retical support for this picture has been obtained and reported in the
Second and Third Quarterly Progress Reports. However, it is the ex-
periments themselves which speak most eloquently for this point of view.
The same beam current densities, velocities, and collimation which one
is very hard pressed to achieve through the use of sophisticated magnetic
focusing techniques in high vacuums is very easily achieved by the electron-

beam-mode discharge.

This self-focusing property of the electron-beam-mode discharge can
be used as specified, with carefully designed cathodes, if their heat dis-
sipation is adequate and if their size is not comparable to the dimensions
of the sheath surrounding the cathode. The use of the beam alone is
feasible for penetrating the reentry-produced plasma sheath down to al-
titudes at least as low as 100,000 feet, everywhere along the reentry body
except at the stagnation region, providing (1) the average velocity of the
beam is high enough and (2) there are no electric fields external to the
reentry vehicle which are significant compared with the voltage required
to accelerate the beam in the preferred direction. It is thought that one
may thus expect to keep the electron-beam-mode discharge collimated
even through large pressure fluctuations, down to at least 100,000 feet,
providing such pressure fluctuations do not occur more rapidly than the
frequency with which the space charge-neutralized beam can adjust to

a change in neutral particle density.
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For most reentry speeds (including that of Apollo) suitable for manned
spacecraft reentry, this condition is met. For weapons-type reentry
velocities and flight profiles, this condition probably would not be met.
For precise limitations on the rate at which pressure fluctuations can
occur, experiments specifically designed to determine the limit of the
beam's ability to adjust to pressure changes must be performed. These
simple experiments can be performed in conjunction with the radiation
study recommended in the unsolicited proposal previously submitted to
NASA, ERC by Bunker-Ramo and in Chapter V ("Recommendations'’)
of this report.

2. Radiation

A theoretical treatment of the radiation mechanisms of the electron-
beam-mode discharge has been achieved in the last two or three months
of investigation., This treatment is based upon the Looney-Brown ex-
periment and the Drummond-Kofoid theoretical treatment. This approach
was outlined in the Third Quarterly Progress Report and is discussed in
considerable detail in Section B of this chapter. To summarize, it has
been found that, since the present mode of oscillation from the electron-
beam-mode discharge is probably the lowest order, and therefore strong-
est, mode of oscillation achievable, order-of -magnitude increases in
power output or efficiency are not likely to occur. Some increases in
power output levels can be achieved, probably, through redesign of the
cathode, electron-beam power density increases will tend to be linear
with increased power and, therefore, unattractive from the point of view
of reducing power and weight required for the reentry system. An ex-
perimental program to verify the results of these predictions and to
determine quantitatively how much improvement can be expected over
the previously observed power levels would be worthwhile.

The EBMD has never been considered to exhibit the Boyd and Gould
type of amplification which could provide coherent electrokinetic oscilla-
tions which were convertible to electromagnetic oscillations. However,
for the sake of completeness and in order to round out the categories

described previously, the subject will be discussed in connection with
the EBMD.

To obtain amplification of the information or signal energy on an
electron beam immersed in a plasma, the signal energy must be avail-
able as a space charge wave on the beam, and the beam must have a
plasma frequency close to the plasma frequency of the medium modified
by the cyclotron frequency in the case of a longitudinal B field focusing
for the beam (which is usual).
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This B field also provides the anisotropy in the permeativity tensor
which gives rise to the capability for unstable growth of space charge
waves, The qualitative picture does not require the B field, however,
and is given without it, under the assumption that bunching amplitudes
are small, The plasma electrons oscillate at a frequency of

- . 3 rad
wpe = 2w \/ne x 8:9 x 10 —ec

where n_ is the electron density in the plasma. The beam electrons
oscillate, while drifting, at a frequency

= ZTr\/nb x 89 x 103Eﬂ

w
secC

pb

where ny, is the beam's number density of electrons. If the electrons
aof the beam are passing through the plasma medium at a velocity

Uo =/ Ze/mVO

where Vo is the d-c beam velocity

(pv)d_c = neA Uo

will flow, where A is the beam area, modulated by a current modulation

pv = neAU

If one writes total current as

I=(p+ p)(U+ u)A
then

~~

~ ’
J (current density) = pU + Uo'ﬁ’ + pU + Uop

Under the assumption of small I~J, F, neglecting products in RF quantities
yields

(pU_ + pU + U p)
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Let U be a maximum when P is in phase qualitative; then, in a snapshot, .
TorU p
p of

represents the total RF modulation amplitude of a wave which propagates
at a group velocity Uo and a phase velocity

U
o

w
{ - oP
w
It must now be assumed that

(w )2

L <<
w

or the phase velocity will be unsuitable for synchronous interaction be-
tween the fast and slow space charge waves (+ wp/w)when distributed
interaction occurs in a medium whose phase vel%city is simply the d-c
beam velocity perturbed by kT /m.

Thus, a half-period of oscillation of the electron bearmm must see a
translation of one space charge wavelength in the medium in order for
the phase of the retarding field to be proper for growth. Of course, the
retarding field is necessary to reduce d-c beam energy through increased
RF oscillation.

The requirement for positive energy growth provides wp/w, and, for
synchronism, wp/w=0.1. In the EBMD, these conditions are obviously

violated except for evanescent waves.

3. Penetration

With respect to the beam itself for penetrating the reentry plasma,
it is clear that if the power and weight requirements of the power supply
and hollow cathode discharge can be met in a reentry spacecraft, one
can, through every region of the reentry body except the stagnation region,
produce a collimated electron beam which escapes the immediate and
most dense regions of the sheath surrounding the vehicle. In addition,
there will be radiation of a coherent nature associated with this electron
beam propagating along it, either by virtue of the effect of the electron
beam itself upon the permeativity tensor of the target plasma or by the
beams simply serving as an antenna which is more resistant to loading
and physical attrition effects of the plasma. Modulation of this radiation
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can in principal be achieved by variations in cathode voltage. It has
been found impossible, with Bunker-Ramo's present knowledge, to pre-
dict the rate at which modulation can occur, the absolute attenuation
which the beam-generated coherent radiation would sustain under such
circumstances, and the radiation pattern which emerges from the beam-
plasma system except in the most general terms., That is, the radiation
would tend to be circularly polarized along the axis of the beam. The
effective gain of this antenna, however, must be determined by experi-
ment since ordinary antenna theory does not lend itself to predicting the

spatial mode structure of such a system.

B. SUMMARY OF THE FIRST THREE QUARTERS' RESULTS

The efforts of the first three quarters can be summarized under two
major headings: modulation studies and beam studies. Modulation studies
“include the generation, control, and transmission of the EBMD-associated
radiation through the reentry plasma. Beam studies include the formation,
control, and transmission of the beam through the target plasma.

1. Modulation Studies

In the modulation studies, a classification was made of all of the im-
portant beam-plasma or plasma oscillation modes which have been
analyzed, This was an attempt to reduce the EBMD-associated oscilla-
tions to a small enough class to permit a start upon modifying a valid

theory to fit the EBMD,

This approach proved to be fruitful, but it was not very economical
of labor or rapid. It did produce a body of knowledge for the labor which
will continue to be useful to both Bunker-Ramo and NASA, ERC.

It was shown that the EBMD is not a beam-plasma traveling-wave
phenomenon, but a plasma (or beam-plasma, in a broader sense) oscilla-
tion phenomenon. The existing mechanisms for conversion from electro-
mechanical to electromagnetic oscillations are inappropriate to describe
the conversion in the EBMD. The mechanism that is operative has

proved difficult to describe.

The frequency-shifting of the output radiation by voltage control of
the cathode, observed experimentally, has an explanation of one sort
in the sheath-type oscillations or in the plasma diode oscillation described
by Wehner et al. The mathematics involved in an attempt to describe the
oscillation in the cathode proved by ballistic analysis are intractible.
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The analysis, however, did reveal the very significant effect of the
electron's acceleration through the sheath and showed that only an ex-
tremely non-Maxwellian velocity group can account for the formation of
the beam from the negative glow. Previously, spectroscopic studies had
provided the same conclusion without providing an insight into the effects
of the various portions of the discharge. The line-spectrum nature of
the emission, its stability with respect to most discharge parameters
(except voltage), and its low power density relative to the discharge
energy are consistent with what is understood of the Wehner type oscilla-
tions. Coupling the coherent electron oscillations into the beam as space
charge waves or into the cathode fields as electromagnetic waves, however,
is not likely in the former case, nor quantitatively supported in the latter.
It is necessary to experiment further in order to clarify this problem:.

Such experimentation is provided for in the proposal previously sub-
mitted to NASA, ERC.

Considerably more effort is needed in the entire field of radiation
mechanisms. There is a plethora of experimental reports of oscillations
and radiations in high density, low density, cool, hot, confined, free,
accelerated, drifting, gaseous, liquid and solid-state plasmas. There
is a respectable amount of generalized energy-momentum-propagation
theoretical treatments, with a few allusions to the experiments as classes
of events. However, there is nowhere, except in Smullin and Getty et

al, a concerted attempt to relate specific observations with nonparametric
theoretical treatments.

2. Beam Studies

Considerably more success was met in the beam studies, because
there is a history of investigation of beam scattering and collimation
running back to J. J. Thompson, or even to Faraday, if one wishes to
stretch a point slightly. Many of the most brilliant experimental physi-
cists and mathematical physicists of the nineteenth century and the twen-
tieth century (to 1940) have concerned themselves with this problem.

In addition, many of the modern-day engineers concerned with beam tube
and ion engine design have used the results of these scientific studies in
their analyses of beam formation and control.

There is one factor in the EBMD which has escaped previous attention
by investigators prior to the work of Hugo Van Paassen and Emil Muly,
in which one of the authors of the present report was involved. This
factor is, obviously, the mechanism by which the perforated wall hollow
cathode can produce, stably and consistently, a collimated beam in nor-
mally hostile regimens of pressure and pressure changes. The explan-
ation is provided, albeit without sufficiently tutorial introduction, by the
final report in Contract NASA-714. This tutorial was partially provided
in PR No. 3 under NAS 12-9. G. Russell has provided further analysis
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through a trajectory treatment interior to the cathode, which adds to the
realization of the uniqueness of the effect but does not make the tutorial
part of the job less difficult. His work is covered in the fourth quarter's
effort. Application of the effect to plasma sheath penetration is straight-
forward for the model of the plasma used. Lack of knowledge, however,
exists about the quality of the model which is invincible to those not privy
to exact descriptions of the actual reentry plasma—and this large group
includes the present investigators, in spite of their studying many reports
of measurements and analyses thereof. Fields of large average values
transverse to the motion of the beam electrons, or oscillations which
derive their amplitude gain from the beam's kinetic energy, are inimical
to collimation. Nothing has been found in the present research which can
do more than compensate for these perturbations by increased electron
velocity. Increases in electron velocity are limited by cathode heat dis-
sipation at high pressures (>10 p) and by relativistic nonadiabatic effects
at low pressures. Since use of the beam in transmission through the
plasma sheath is, in practice, power and weight-limited, the latter of
these two limitations is academic and the former of concern mainly in
the laboratory, or below 100, 000 feet.

The period of space charge amplifying oscillations must be, in general,
restricted to values of times greater than that required to provide ions
to combat the space charge spreading produced thereby (through reduction
of beam velocity). Similarly, pressure fluctuations of given magnitude
relative to total pressure must occur in periods shorter than the same
ion build-up time. Since the only provider of proper ions is the electron
beam-air molecule in elastic collisions, the problem reduces to one of
neutralizing the excess electron density. If this scattering or collimation
takes place in a plasma, such as the reentry plasma instead of in a neutral
gas, it can validly be assumed, in the absence of fields, that the plasma
electrons space-charge neutralize the ambient ions. This ion build-up
time can be expressed in terms of pressure, electron velocity, and ion-
izing cross-section¥* as the solution to

dn2
a - PPy

where n2 is the ion density, n is the electron density, v is the electron
velocity, p is the pressure and P is the ionizing efficiency. Thus the
equation is a statement of balance between electron build-up and ion
compensation. Unfortunately, P and vi{ are dissimilar functions of vol-
tage. If one assumes, however, that in a cylindrical beam, N, (the
total ion density) is the simple average sum of the local densities —so
that distribution is uniform spatially —the specific value of t from the
equation above may be written as

“A. Von Engel and M. Steenbeck, Elektrische Gasentladungen, J.
Springer, Berlin, Vol. 1, 1932, and Vol. 2, 1934

III-7



t n
dn
fdt L _

nl 1

If, further, NO>>NZ or Ni’ p is not time dependent during the interval,

VR, VE

py P IV pP [V *

for T in psec, p in mm Hg, and P in cm

Note that either n2 nor nt is explicitly contained in this expression, i
having been integrated out in the case of n2 and conditioned out in the ‘
case of n{. Thus, the final expression is independent of current for
currents small compared with total neutral-plus-ion flux, and for ve-
locities small compared with

v

C, (t < 0.1)
Typical values of T for air are, at 5000 volts: 1 psec at P = 10_5; .2
0.1 usecat P = 10-4; 0.015 psec at P = 10-3; 0.0012 pusec at P = 10 7
etc. Therefore, at pressures in excess of 10 u, if T< 10-3, 1 kmc os-
cillations in pressure can be compensated for if

An
(TQ <<1)

0
and the space charge density is

An1
(—I\T <0.01)

For a Mach 3 passage from 110,000 to 100, 000 feet, one observes,
outside the region where P/Po >1.0, a pressure change of 0. 15 mm Hg

in 10" pusec. The conditions are clearly met up to Mach 10 and above.
Assume that a stagnation pressure ratio of 20 to 1 is reflected in pressure
versus altitude changes as well, so that 0. 15 mm Hg

<$P_> = 20 x 0.15 = 3 mm Hg/iO7 psec

o
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. By extrapolation, 1 mm Hg» 107 musec. The ratio is then

10'5 x 3 2

10

= 3 x 10 °<<{

and is acceptable.

Noting that velocities of translation through a plasma lower than ion
thermal velocities provide no net average potential changes, one can
validly assume that average potential changes for a material of finite

relaxation time, e. g.,.
1 /K
r = -E SZZ. 3

for glass fiber phenolic can be no larger than sheath potentials at the
surface, or values of 10 to 100 volts, compared with more than 5000

volts accelerating potential.

Penetration of the plasma by the beam is concluded to be practicable
based upon experiments with the EBMD and Bunker-Ramo's model of
the reentry plasma. However, nothing in the effort of the first three
quarters has provided a quantitative picture of the character and amount
of controlled radiation which can be associated with the EBMD in the
plasma sheath. The fourth quarter's work, as described in Section C
of this chapter, does provide a better insight into the radiation mechanisms
and overall probability of plasma sheath penetration feasibility. However,
it does not provide final answers. These must await completion of ex-
perimental investigations recommended in Bunker-Ramo's unsolicited
proposal for extension of the present contract, as modified in the State-

ment of Work.
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C. FINAL QUARTER'S EFFORT AND RESULTS

The work of the final quarter has been devoted primarily to developing
a model of the mechanisms giving rise to coherent microwave radiations
from the EBMD. Earlier work on this contract indicated that the oscil-
lations are a sheath-drift-sheath type of oscillation rather than a spatially
continuous interaction between the beam and the plasma. Based on this,
the interactions between various regions of the EBMD were investigated
to determine where sheath-drift-sheath oscillations could occur. The
work of Wehner (Ref. 1) and Looney and Brown (Ref. 2) indicates that
the requirements for oscillations of this type are much like those for a
klystron. A coherent velocity modulation is imparted to electrons in a
sheath, converted to density modulation in a drift region, and removed
by a second passage through a sheath. If the following necessary condi-
tions are met, oscillations of this type are possible.

(1) The time an electron spends in the sheath must be consistent
with attaining a coherent velocity modulation at the oscillating
frequency.

(2) The time the electrons, considered as a group or flux rather
than individually, spend in the drift space must be consistent
with that required for a portion of their average energy to be
available at the oscillation frequency.

(3) A path must be available for the demodulated electromagnetic
energy to coherently influence the modulating sheath.

These conditions are not sufficient to ensure oscillation, but since they
are necessary they may be used to determine where oscillations of this
sheath -drift-sheath type could occur.

This section of the report will first consider applying these conditions
in general to the discharge, then examine each in more detail as applied
to the model which evolves. Most of the regions of the EBMD discharge
do not have the basic configuration required and may be quickly dismissed
from the basic model. If the beam is being modulated (as it exits the
cathode) by the cathode sheath, this modulation is not likely to be part of
basic oscillation mechanism because no demodulating mechanism is
apparent downstream on the beam. The collimating plasma-frequency
and the beam plasma-frequency were previously shown to preclude a
transfer of electrokinetic to electromagnetic energy in the beam region;
also, no suitable sheath is apparent for sheath demodulation.

The only region of the EBMD in which this type of mechanism is likely
to be operative is interior to the cathode glow. Here electrons in a
reasonably field-free region are surrounded by a sheath. If this region
meets the three necessary conditions previously stated, a model of the
microwave oscillating mechanism similar to Wehner's is indicated.
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The first condition may be stated mathematically as
T =nT+AT (n=0,1,2°"")

Where 7 is the time an electron spends in the sheath, T is the period of
the oscillation, and n is an integer.

With sheath voltages and thickness in the EBMD discharge, the only
case of interest is the n = 0 case

T = AT

If AT/T is a small fraction, the time coherence of the velocity modulation
is ensured.

This type of velocity modulation was reported by Gabor et al (Ref. 3)
in 1955. It was observed during measurements of the sheath surrounding
the positive column of an Hg discharge using an electron beam probe.
These experiments also indicated that the potential distribution in the
sheath may be taken as parabolic. Using this result, T may be written as

dx
T = ———
v

where the integral is taken over the electron's path in the sheath, x is
the distance from plasma into the sheath, and v is the electron's velocity.
The potential in the sheath (V) is

v

s 2
2

X

Vix)

0.

where Vg is the sheath voltage drop and d is the sheath thickness. The
expression for T then takes the form

V0
dZ
v d
T =2 s X
v
0 V_Z_e_\/\;__f_xz
m o dZ
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and finally

= rnd2
- 2eV
s

which is independent of Vg, the initial energy of the electron, T is plotted

in Figure 1 as a function of d with Vg as a parameter. From this plot it "
may be seen that for Vg = 500 V and a sheath thickness of { mm, the
EBMD conditions, T is well within the region where the modulation is
coherent, v
3-
w27
e
o]
0
0
v
1]
0
g
a
£
tIN 1
0 1
Sheath Thickness (mm) “
Figure 1. Electron Time in the Sheath as a Function |
of Sheath Thickness /
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The second condition is that the electrons, after being velocity modu-
lated, remain in a field-free region the proper length of time for the
velocity modulation to be converted to density modulation. The expression
for the proper time (t) is given by Wehner as

ISP

t = (4n + 1)

where n is a mode number and T is the oscillation period. For the
observed frequency of approximity 1 kmc

1,25 x 1077 n =1
t = 2.25 x 10 n = 2

3.25 x 107 n = 3

For electrons which have the energy of the cathode sheath, approxi-
mately 500 eV, the transit time on a diameter of the cathode glow (3 cm)
is 2. 25 nanoseconds, which corresponds to a mode number of two. At
a pressure of 10 u, the mean-free path of a 500 V electron is approxi-
mately 5 cm or on the order of the cathode diameter. This indicates
that electrons in the cathode can remain ordered in time and space long
enough to deliver 1 kmc energy across the cathode glow.

The condition (third) for feedback between the modulation and demodu-
lation regions may be satisfied if the cathode glow is considered a dielec-
tric sphere, The dielectric constant of the sphere (€e) at the angular
frequency (w) is given by

w
6:60(1_6—)
b

13
where wp is electron plasma frequency. At a number density of 10

electrons per cubic centimeter, W, is 3.7 x 109 cps, so that
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The effect of this sphere in a cylindrical metal cavity pierced by
an electron beam on the normal natural modes of oscillation has not
been resolved. The spacings involved are too small for TE or TM
modes (Stratton, Ref. 4) but should support degenerate TEM modes.
Experimental determination of the mode patterns in the cathode will be
required to effectively solve this problem.

The resulting model of the source of oscillations is the cathode sheath
modulating the fast electrons in the cathode which deliver some of their
kinetic energy to the oscillation due to density ordering which occurs in
the cathode. This energy is extracted as electromagnetic energy by the
sheath in a region opposite the modulation region. The phasing is main-
tained by an electromagnetic transfer between the interaction region of
the sheath.
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IV. STUDY CONCLUSIONS

The conclusions of the program have been reached, with the following
general results and comments held to be valid, based upon the investiga-
tions reported in Chapter III.

1. Source of Electromagnetic Energy

The beam-plasma interaction studies have shown conclusively that,
while beam-plasma amplification of the beam's plasma-electron oscilla-
tion is clearly feasible in the positive column, the observed frequencies
do not correspond to those which would be so produced. Therefore, as
previously conjectured, the cathode region is the source of electromag-
netic oscillation. The process by which the thermal and plasma kinetic
energy of the negative glow-sheath-cathode regions is connected to co-
herent electromagnetic oscillations in the microwave spectrum and
coupled out is now fairly well understood, in terms of Wehner or Looney-
Brown type of oscillations. No purely theoretical treatment of such com-
plex interactions is ever likely to be complete, however, and experiments
must be conducted to confirm the model and make it more quantitative,
On the other hand, these experiments can now be carefully directed and
can be much more economical of time and labor, as well as equipment,
since the source region and mechanism have been identified.

2. Communication Through the Plasma Sheath

Among the characteristics of the EBMD-associated radiation, as
observed in previous experiments, is the low-power density in the
microwave lines. It had been hoped that more of the total discharge
power, which is large, could be converted to electromagnetic energy
in this frequency region when the mechanism of the source oscillation
was found and quantitatively analyzed. Inherent in the process of con-
verting electron vibrations into coherent radiation is a gain of energy
proportional to (An)2 where An is the increase in number of electrons
oscillating in the proper coherent mode., It has now been discovered
that increases in total power in the discharge and not in single cathode
or beam geometry changes will probably be required, since the numbers
of electrons in the appropriate velocity ranges to affect oscillations are
fixed at constant temperature and voltage. Thus, either voltage changes
or kinetic temperature changes, resulting in higher power discharges,
would be required, to first order, although some cathode transparencies
and voltages would be more conducive to larger oscillation amplitudes
than others. No orders-of-magnitude increases will result, however,
from small variations in discharge parameters, and one must consider
the total radiation power output limited by plasma discharge power input.
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Enough feasibility exists for the beam's penetration of the reentry
sheath and its providing a waveguide to the outside of the high density
regions of the plasma to make it worthy of consideration as an antenna
or as a means of obtaining a beam for other sheath-penetration tech-
niques. These effects may be considered as modifying the permeativity
tensor of the plasma to reduce the critical frequency along the beam's
path, However, not enough power from the EBMD can be obtained in the
right frequency range to justify checking the effects of other factors.

Unless, inthe course ofthe experimental work to confirm the present
pictures of radiation sources, a development occurs which indicates that
another, more efficient mode of interaction is present, EBMD penetra-
tion of the plasma sheath is not considered to be feasible,

3. General Program Results

It is not surprising that a purely theoretical program and literature
search has not produced quantitative answers to questions which had
been formulated on the basis of unexpected experimental observations
(insufficiently complete to provide data for more than the immediate
observer's satisfaction). More than this can be accomplished, however,
based upon the year's effort, with much less experimental effort than
was formerly required and, in terms of overall expense, with less
money. A model has been provided for the radiation mechanism in
which considerable confidence is warranted, and which can be used
effectively and quantitatively to guide future experiments. Also, a
respectable body of knowledge in beam-plasma interactions and the
problems of plasma sheath communications has been assembled which
will be useful as an annotated bibliography to future investigators and
to the current investigators in future programs. NASA's chief benefit
will have been the acquisition of this information and a confidence level

in beam-plasma penetration methods, A significant and laudable achieve-

ment, scientifically, can now be completed in a short experimental pro-
gram guided by the results of the present program,
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V. RECOMMENDATIONS

It is recommended that NASA follow the experimental program in the
previously referenced proposal submitted by Bunker-Ramo as a con-
clusion to the EBMD investigation which began under IRD sponsorship
in October 1960, and under NASA sponsorship in January 1963, This
proposed program will result in definite, quantitative, and complete
descriptions of the EBMD coherent radiation when combined with the
experimental results under Contract NAS 714 and the study results un-
der Contract NAS 12-9. It is not recommended that experiment demon-
stration of the feasibility of plasma sheath penetration be funded because,
while such an effect on laboratory scale would probably result, the achiev-
able power levels make it impractical for actual flight use.

Basically two modes of electron beam-plasma interaction can give
rise to the observed radiation: (1) the Wehner-type oscillations, and
(2) traveling-wave beam-plasma interactions. The former is consid-
ered to be the type operative in the EBMD, while the latter is possible
between the EBMD and its positive column. These traveling-wave inter-
actions are generally described in the paragraphs which follow, and
contrasted with those of the EBMD, so that confidence can be felt in
dismissing this type of oscillation mechanism for application to the EBMD.

Among the many investigations of traveling-wave beam-plasma inter-
actions, three emerge as archetypical:

(1) Backward-wave interactions (Hopson et al)
(2) Forward-wave amplification (Boyd and Gould)
{3) Multi-modal beam-plasma interactions (Smullin and Getty).

A good case can be made for including other investigations in this
listing, such as the Penning discharge amplifier (Russian), the Drummond-
Kofoid observations, and those described by Kino et al. However, the
observations as included in the three models listed are believed an ade-
quate grouping for this study.

The dispersion equations which are derived from the propagation
equations for waves in plasmas are, in general, implicit functions of
i i , ..y, T, T, and
the various plasma frequencies wg, wp, Wph' Wer @pit Y e i



tube spacing and voltage parameters. One can look for growing insta-
bilities by inspecting the equations when they are simple enough, but
rarely are they so simple. One usually plots the propagation constants
versus frequency (normalized to wp) for the beam-plasma system. These
plots are known as Brillouin diagrams. If a Brillouin diagram has cer-
tain topographical characteristics, it is considered a candidate for grow-
ing instabilities, and the regions wherein there are slow and fast or
negative andpositive energy waves coupled closely together are explored
more carefully by computing interaction impedances between those pos-
sibly unstable modes of coupled waves. This computation is most effec-
tively done (the possible modes best identified) when experimental points
of observed oscillations are plotted on the same Brillouin diagram.

When w. is identically zero, as in the case of the EBMD, not all for-
mulations of the dispersion equations are equally valid. Sometimes one
can substitute wc = 0 and obtain correct results, but more often w¢c must
exist, no matter how small, in order for the approximations to be valid.

In the case of the Smullin and Getty observations, the interaction is
apparently a cyclotron resonance between noise currents at first, followed
by an increasingly large local wp until the beam's wpb = wp. The resulting
excessive RF fields cause nonlinear transverse fields set up by the in-
teraction on the exis, terminating in rapid heating of the plasma, beam
instability, and the production of X-rays, UV light, and highly energetic
secondary electrons. Without magnetic fields and wpb wp, these inter-
actions cannot occur, and they are therefore not members of the EBMD
set.

Backward wave interactions occur between waves on a beam and waves
in a plasma medium in both beam-generated and non-beam-generated
systems. The existence of a wave which grows while propagating in a
direction opposite to that of the positive energy flow implies the existence
of a conductivity or permeativity tensor whose determinantal equations
(secular equations) allow for positive feedback of the traveling wave's
energy through interaction with the plasma medium. In order to oscillate,
this feedback must not only overcome normal system losses, but also
the removal of energy from the wave in the normally forward direction
by the space charge waves on the beam. There is, therefore, a ''start
oscillation' current or impedance condition which must be met. The
only mode of positive feedback available to an electron beam whose energy
is all in the forward direction in a quasi-stationary plasma medium is
the backward-wave interaction. The force equations in the presence of
a longitudinal field contain terms in both -Vx y Bz and +Vx,y Bz; however,
since there is no external magnetic field in the EBMD system, no backward-
wave interaction can exist at any value of current below relativistic vel-
ocities for the beam electrons.
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