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PREFACK

The Princeton University Conference on Partially Tonized Plasmas
including the Third Sympos ium on Uranium Plasmas has been undertaken with the
support of the Research Division of the National Aeronautics and Space
Administration. It has the enthusiastic sponsorship of Mr. F, Carl Schwenk,
who is Director of the Research Division and Dr. Karlheinz Thom, Manager of
the Plasma Program.

The Conference is being held at a time of ferment in this field
especially regarding the possibilities for nuclear pumped lasers. Fundamentals
of both electrically and fission generated plasmas have been studied for a
considerable time and will be reported at the Conference. Research in gaseous
fuel reactors using uranium hexaflouride will be described and their and
other partially ionized plasma applications will be discussed.

The members of the Conference Committee are listed on the following
page. Their willingness to serve is acknowledged and greatly appreciated.
Mr. F. Carl Schwenk is thanked for his luncheon speech entitled FUTURE POWER
SYSTEMS IN SPACE and Dr. Theodore B. Taylor, Chairman of the Board of the
Internat ional Research and Technology Corporation is thanked for his
challenging dinner talk NUCLEAR POWER RISKS AND SAFEGUARDS.

The preparation of the papers for this Conference and their
presentation sre greatly appreciated and the attendance and participation
of many prominent workers in the field are recognized as essential to the
success of che Conference.

The administrative assistance of the Princeton University Conference
Stafi and The Aerospace Systems Laboratory is gratefully acknowledged.

Conference Co-Directors: Q P laf L“F\

J. Preston Layton
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Welcome

Robert G. Jahn
Princeton University

It is my great pleasure to welcome you all
here to this conference on Partially Ionized
Plasmas including the Third Symposium on
Uranium Plasmas. It is a particular pleasure
first of all because I see so many close personal
friends and colleagues involved in the program
and in the audience; colleagues from both other
academic institutions and the industrial sector,
and especially our very good body of friends
from the space agency. I also find it a particu-
larly happy occasion to welcome you here because
of the quality of the program that has been
assembled by Karl Thom and his committee. From
what could have been a very disparate and polyglot
specturm of topics, they have put together a
meeting of great interest and considerable
coherence. I am looking forward to participating
in it as much as I possibly can.

Then, too, it is a meeting which covers a
field that we here at the School of Engineering
and Applied Science have .dentified as ome of
those relatively few areas in which we are
going to attempt to have something to say. This
has been the case for many years. A significant
number of our faculty and a corresponding cadre
of research staff and graduate students have
worked in the areas that are the concern of this
conference for many years, and you will hear from
some of them during the course of the meeting.

Also, this subject we are discussing over
the next few days is a particularly appropriate
one to be aired in an academic institution. It
is not a field that has enjoyed by any stretch
of the imagination the priorities and the high
pressure of some other research activities in
this country. We certainly do not compete with
the big programs of controlled fusion, defense
systems, etc. Notwithstanding, it is an area
which has been ripe for good scholarship, for
careful and leisurely work, the joy of exploring
side avenues and checking allowed alternative
possibilities and seeing some substance begin
to grow out of this nebulous domain in which we
began many years ago. I have the sense right
now that the field is coming ripe for some
very significant developments out of the basic
science, and I hope we see some of that coming
to fruition here in the next two or three days.

In addition to satisfaction in the meeting
and my hope that you will all share our interest
in this program, I hope you will have some fun
while you are here and take the opportunity to
enjoy our campus and our town and to see the
various technical activities here within the
school. Thank you all for coming.



Purpose

J. P. Layton
Princeton University

During the past several years a number of new

avenues of research on partially ionized plasmas
have opened, particularly in the area of

fissioning and fission-fragment excited plasmas
and in nuclear pumped lasers.
has also been made in the science

uranium hexafluoride cavity reactors. This

Important progress
and technology of

conference will review past accompl ishments, survey
current research, and examine future growth of the

science, technology and applications in these

interesting and potentially important topic areas.

Workshop discussions will concentrate on the
status in the various areas of this field,
including the identification. of new research
tasks.

As I have observed the field over some period

of time, fission plasmas have not received the
broad fundamental attention which they deserve.
Considerable ground work has been laid, and it is
to be hoped that in publishing the proceedings of
this conference and in future papers, theses, and
articles in archive journals that the topic of
fission plasmas and other partially-ionized
plasmas will begin to receive the attention that
{s warranted by the kinds of applications which
appear to be offered in a number of future tech-
nologies.

Some fields suffer from too much physics. I
am not sure that, even with some tongue in cheek,
1 can offer the fusion field as suffering in that
way, but perhaps. Sometimes engineers over-react

by rushing in to development efforts involving
industry spending of tremendous sums without amn
adequate technology base or bonifide applications.
go far work in fission plasmas hasn't erred in
either of those directions, and I hope that it
can be kept from such errors. As 1 have seen
research here in the academic thicket at Princeton
for 25 years, a much closer working relationship
between practitioners in the basic sciences end
those employing the engineering approach is highly
desirable. Engineers also have to get a broader
understanding of their overall responsibilities in
bringing new technologies into use than they have
had in the past.

I have been a missionary for systems analysis,
particularly of the broad and parametric sort, for
a number of years and have found there are a
lot more savages than there are missionaries. How=
ever the way to nirvana is undoubtedly as hard on
the savages as it is on the missionaries. It is my
purpose to urge the need to pursue the overall
topic of partially ionized plasmas from both basic
science and technology standpoints, but it also
needs to be tied together in an analytical way
from the systems and applications viewpoints. It
is hoped that this field will move toward its
applications with better balance than has been
evident in many fields involving sophisticated

science, high technology and expensive develop-
ments.

1 offer Figure 1 as presenting an essential
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Figure 1 General Purpose Block Diagram for Tokamak
Fusion Power Stations
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message in how to consider an overall system., This
{s a sheet that we made up in The Aerospace Systems
Laboratory (TASL) here at Princeton when we were
undertaking the parametric systems analysis of
fusion power stations. It attempts to identify

an economically and environmentally viable station
as the whole system, The point is that the fusion
reactor system at the center has to derive inputs
from and is dependent on the concept and definition
of all the other systems that make up the stationm,
as well as on the demand and other considerations
to provide outputs of value to prospective users.
This approach needs to be applied to partially
jonized plasma systems at the same time that basic
feasibility is being resolved to assist in planning
the research and technology programs and in
identifying the economic applications.

Methodnlogies are available for reducing the
block diagram of Figure 1 to an overall parametric
systems analysis basis. The TASL approach to the
analysis of nuclear fusion systems is shown in

Figure 2. The interdependence and interaction
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Figure 2 TASL Approach to the Analysis of Nuclear
Fusion Systems

. between the three primary analytical concerns -
performance, operations and economics are indicated
as well as the feedback to the power demand and
other considerations such as the environment in
the concepting and definition of the overall
system and its components.

Figure 3 shows how the parametric performance
of a typical thermodynamic system can be handled
by preparing physically based mathematical models
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Figure 3 TASL Approach to the Parametric Per-
formance Analysis of a Typical Thermo-
dynamic System

for computer analysis and relating them to reality
by reference to existing point designs. Any
analysis of future technology is essentially
uncertain and therefore probabilistic. A method
for handling uncertainty in parametric systems
analysis is presented in Figure 4. Although the
amount of data required is substantial such an
analytical process is ultimately necessary to
provide proper benefit/cost and risk analyses
needed by a decision maker before proceeding with
large scale and very expensive developments.
Fortunately, the entire process does not need to
be activated at the outset since much can be, and
needs to be, learned from simple and partial
analyses while the basis for the final analysis is
being established.

I will not at this time belabor these points
by a more detailed discussion. My purpose was to
argue that much work lies ahead - conceptual,
analytical and experimental before major systems
based on partially ionized phasmas are realized.
1t is the purpose of this conference to examine
where the field stands at the present time and to
project a course for the future.
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Background

Jerry Grey
Consultant

This conference has two major trauches of
effort: one is in electrically-generated plasmas
and one is in fission-generated plasmas. These
are the subjects of the first two sessions. A
third area, not covered at this conference, is
combustion-generated plasmas (seeded or not) which
have been principally considered for MHD systems,

Although the electrically-generated and
fission-generated plasma technologies have enor-
mously disparate backgrounds, as Dean Jahn
mentioned earlier, the modern concepts dealt
with in this conference both started about the
same time: the late '40's and early '50's, The
first paper on fission-generated plasmas was
published by Shepherd and Cleaver in 1951,
although there was considerable discussion before
that time in the '40's. In that field, inciden-
tally, the most extensive literature coverage
appeared in the first two symposia on uranium
plasmas, of which this one is the third. Those
two volumes, both of which came out in the early
part of this decade, constitute an excellent
background in the field.

In electrically-generated plasmas, there is
an enormous electrical engineering literature,
dealing primarily with switching arcs. Classical
texts such as Cobine were published some time
ago. The modern science and technology of the
subject of this conference, partially ionized
dense plasmas, came about with the proliferation
of thermal arcjets which occurred sometime in
the '50's. There was a major growth in that
field in the late '50's and early '60's,

In each of these two primary branches there

. were two major-sub-branches, giving four almost

different topics to discuss. In the fission area,
there are the open-cycle concept and the closed-
cycle concept. In electric generation, we have
steady and pulsed generation of plasmas.

Looking first at electrically-generated
plasmas, in the steady state area, I will deal
only with relatively modern developments. The
first real push was in the commercial applications
of resistance-heated gases. Although induction
heating technology existed at that time, the
companies in the field such as Giannini, Thermal
Dynamics, Humphreys, and Linde were principally
concerned with commercializing this ~ew science
and technology as rapidly as possible using
resistance-heated plasma devices. 1rer? was a
fair amount of growth in the fields of plasma
spraying, welding, and cutting (replacing oxy-
acetylene torches), and also in the development
of an effective research tool for those who
wanted to study very high temperature partially
ionized plasmas.

The most advanced work in this field was
done principally in the testing area, and the
most elaborate tools for generating and studying
steady state arc-heated plasmas were those
developed for simulation of atmospheric reentry,
which was one of the key technical problems in
the rapidly-growing space program. The only way
one could simulate reentry was to generate the
equivalent stagnation temperatures, and the
best way to do this was with a controlled
atmosphere using electrically-heated gases. Some
elaborate wind tunnel facilities were built up
at WPAFB, AEDC, Ames and other centers, culmina-
ting in the enormous 50-megawatt electric tunnel
developed and built at Wright Field in the late
'60's. These facilities still exist; they are
still quite actively used and continue to develop.

During this time, also, there was considerable
interest in continuous arc-jet capabilities for
space propulsion. Here AVCO was the spearhead,
although some early work was done by Giannini
and a number of other laboratories, including
NASA and the Air Force. There is a current re-
surgence of interest in thermal arcjets for
propulsion, despite their relatively low
efficiency compared to some of the others, and
whether or not this develops is a matter for
resolution in the near future.

Most of the work on these steady state
plasma generators was done in gases, Air
was particularly useful for the simulation of
reentry, but a lot of work was done in nitrogen
in the commercial arc-jets and also in wind
tunnels, as well as argon and helium for con-
venience in basic research. For propulsion,
hydrogen was the principal gas.

During this time, however, there was some
interest in developing higher conductivities
by the use of potassium and other seeds. There
was also a fair body of work in the alkaline
metals, lithium in particular, at Los Alamos
and Langley. Toward the end of this era the
development of inductively-heated plasmas,
particularly useful for simulating fission
plasmas, began to accelerate.

In the pulsed plasma area, the early
technology was developed by Winston Bostick
at Stevens Institute of Technology in his
plasmoid experiments. A propulsion effort at
Republic Aviation formed the early engineering
phase of these devices, but by far the bulk of
the technology and the literature was developed
here at Princeton under Dr. Jahn's direction.

In the fission-generated plasma area, all
the early work was propulsion oriented. The
concept of a new high-thrust, high-specific



impulse rocket technology for space flight was
the motivating factor. The open cycle was
earliest; preliminary work was directed at

some form of containment, or separation of the
fissioning plasma material from the propellant;
that is, uranium is a poor propellant and hydrogen
is a good one, and so one would like to generate
energy in the uranium and exhaust only the hydro-
gen.

The earliest studies were based principally
on stabilized vortex separation; e.g., theoretical
analyses by Kerrebrock, Meghreblian, Rosenzweig,
Easton and Johnson, and Grey, The effort began
to expand significantly only with the introduction
of the coaxial reactor concept, which Weinstein
and Ragsdale suggested in an American Rocket
Society paper around 1960, ..o program then
grew rapidly under Frank Rom's direction at
NASA's Lewis Laboratory, extending to a number
of laboratories around the country, Tlhese studies
were reviewed in a comprehensive series of
papers, mainly by Rom and Ragsdale, in the
mid-'60's and early '70's,

The principal effort continues to remain
in fluid mechanics and heat transfer: the
basic problems of containment and how to heat
the propellant fluid without burning up the walls
of the rocket engine and nozzle, These are
covered in a survey paper by Herb Weinstein.

The early studies were mainly cold flow
simulation, which led to the spherical geometry
that has been examined in most detail. Hot-flow
simulations used induction heated plasmas, which
simulate the active heating of a plasma while
it is simultaneously being cooled by the propell-
ant, modeling the open-cycle system more effec-
tively. These studies were done by the TAFA
division of Humphreys. Ward Roman brings this
effort up to date by describing the current
United Technologies Research Center program.

There were extensive and extremely capable
heat transfer studies performed, particularly
in the radiation field, principally by United
Technologies and Lewis researchers. They devel-
oped an extensive and basically new technology
in dense plasma radiation characteristics. The
current approach is to be all-inclusive, to look
at all the possible energy contributions, as is
described in a paper by Smith, Smith and
Stoenescu.

One of the key elements in absorbing radiated
heat transfer in hydrogen in certain important
ranges of the spectrum was by seeding the gas
with tungsten or graphite particles. A number
of capable studies, both theoretical and experi-
mental, were done in this fieid, the experimental
work mainly by Chester Lonzo at Lewis in the
mid-'50's, and most of the theoretical work at
United Technologies. There were also significant
contributions by Georgia Tech and the University
of Florida.

There was fairly extensive study in the
nucleonic area. Nucleonic criticality was one
of the essential elements. The early cavity
reactor studies by George Safonov in the early
'50's were rudimentary, but the essential con-
sideration of nucleonic criticality was extended
rapidly by such people as Carroll Mills at Los
Alamos. There was extensive experimental simula-
tion of the plasma core system by Kunze and
his collaborators at Idaho in the mid to late
'60's, using uranium foils distributed throughout
a cavity to simulate the hydrogen plasma, which
gave some substance to the nucleonic calculations.

The first basic problem with the fissioning
plasma-core system, aside from the question of
fundamental feasibility, was that all of the
concepts were too big. To get nuclear criticality
in a plasma core, it was necessary to use dimen-
sions of the order of several meters as well
as very high pressures, giving rise to systems
of enormous mass.

The second basic problem was that as the
volume got bigger, so much energy was deposited
in the walls and in the solid structure that
it couldn't all be absorbed by the inflowing
propellant. It was necessary to have some
external method of "dumping" the excess energy.
A radiator was first suggested by Meghreblian
around 1960, and then as the systems concepts
matured, it appeared that radiation of external
heat was going to be necessary.

»

Two relatively recent developments attempted
to cure these problems. The first was Hyland's
concept, published in 1970. Instead of depending
totally on the plasma core itself for criticality,
Hyland placed some solid fuel elements in the
reflectors which surrounded the cavity to
generate a substantial fraction of the total
reactor energy. This allowed him to shrink
his reactor down to a dimension of somewhat
less than a meter and made the system look a
little more practical. However, it aggravated
the second problem; that is, even more heat
was now generated in the solid material, and
therefore much more energy had to be extracted
by external systems. A method for utilizing
that external energy, developed by Layton and
Grey some time ago, is the dual mode concept
which Stanley Chow discusses in his paper.

The major efforts in plasma-core technology
terminated with the demise of the NASA nuclear
program in 1973, The feasibility of neither the
open cycle nor the closed cycle concepts had
yet been developed; that is, the basic feasibility
of containment and ability to operate as a
system. The remaining work in the field, which
is the subject of this conference, has been
supported primarily by NASA's research division.

The other basic approach to plasma-core
utilization was the closed cycle. The concept
of using a compiletely closed containment system
to hold the uranium plasma and separate it from
the hydrogen was actively pursued by McLafferty's
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group at United Technologies, This idea of with., 1In addition to the experimental advantages
using a fused silica container surrounding the it gives, it may also be a very attractive energy
plasma region and transmitting energy totally by source.,

radiation from the plasma region to the hydrogen
was an obvious outgrowth of the problems asso-
ciated with the hydrodynamic and other containment
problems of the coaxial flow concept. The basic
problem was radiation heating in the fused silica
and how to avoid it. One approach, stabilization
of the vortex flow necessary to produce a convec-
tive separation of the hot gases from the vortex,
saw a great deal of excellent fluid dynamics
research, as well as the radiative heat transfer
work cited earlier. Recent studies in these areas
are reported by Krascella, by Blue and Roberts,
and by Leovy.

In addition to the two basic coaxial-flow
and closed-cycle ('light-bulb") concepts, there
are also a number of other approaches. The
magnetic and electric body-force containment
concept was studied very early, by Gross and
others. The idea of using MHD-driven vortices was
examined by Romero and several others. There
was serious consideration for some time of the
plasma core reactor as a source for MHD power.
Principal studies were by Rosa, and more recently
by J. R. Williams at Georgia Tech. There is
currently a resurgence of interest in this
application.

This leads us into the next phase: what
is going on today and what areas are most fruitful
for exploration? First of all, there seems to
be a renewal of interest in the whole propulsion/
power application for fission plasmas and for
electric propulsion. Schwenk provides an intro-
duction to and a summary of that subject.

A major recent effort has been the use of
fission-generated energy for stimulating lasers.
There are a number of papers on this topic. There
is also a major effort underway in uranium hexa-
floride utilization as a research tool, the sub-
ject of another series of papers.

There are a host of potential new applica-
tions. The energy crisis fostered the dragging
out of all the old dogs to take a new look at
them and see if there are any new applications.
There are some interesting new applications in
space, as discussed in detail in several papers.
These will be elaborated upon in the workshop
sessions, which have the purpose of setting
the stage for a whole new era of partially
ionized plasma research and applications based
upon the growing interest and the active research
effort that is going on today in a number of
new directions.

ADDITIONAL COMMENT BY CARL SCHWENK °

Since 1973 our program has become more
basic. That has been an advantage to us. We
have given the idea of the UF, plasma a lot more

attention because of several factors. It might
just be the most useful form of a fissioning
gas, and it certainly is a lot easier to work
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Abstract

Large (2 cm-diameter) hollow cathodes have been
operated in a magnetoplasmadynamic (MPD) arc over
wide ranges of current (0,25 to 17 kA) and mass
flow (10 ® to 8 g/sec), with orifice current den-
sities and mass fluxes encompassing those encoun-
tered in low current steady-state hollow cathode
arcs. Detailed cathode interior measurements of
current and potential distributions show that maxi-
mum current penetration into the cathode is about
one diameter axially upstream from the tip, with
peak inner surface current attachment up to one
cathode diameter upstream of the tip. The spon-
taneous attachment of peak current upstream of the
cathode tip is suggested as a criterion for charac-
teristic hollow cathode operation. This empirical
criterion is verified by experiment.

Cathode cavity conduction processes are commented
on briefly; the emission processes at the cathode
surface are examined in some detail. It is shown
that thermionic emission cannot account for the
observed current in such MPD discharges, Field
emission from micro-spots moving rapidly over the
cathode surface is shown to be a possible primary
emission mechanism in such cathodes. Possible
enhancement of the emission due to the photoelectric
effect is also investigated. From order-of-
magnitude considerations, it appears that a form of
field-enhanced photoelectric emission can account
for most of the observed current in the MPD hollow
cathode, thus suggesting a possible novel emission
mechanism for other hollow cathodes. The emission
model preferred has not been experimentally veri-
fied.

I. Introduction

Since the early part of this century, the precise
nature of the electron emission from cathode sur-
faces in arc discharges has been the subject of
considerable theoretical and experimental investi-
gation, Despite this effort, in many types of
arcs, satisfactory theories do not exist for the
cathode surface electron emission processes. One
such poorly understood arc is the hollow cathode
.n.

Hollov(lilthodu were first used to advantage by
Paschen as early as 1916 in spectroscopic studies
where such cathodes were shown to be capable of
simultaneously providing high electron number den-
sity and relatively low temperature ions and neu-
trals in an essentially field-free cathode cavity,
More recently, hollow cathodes have been used as
electron emitters in advanced ion thrusters where
they exhibit longer lifetimes than oxide coated or
liquid metal cathodes.(2) As sources of dense,
highly ionized plasma, hollow cathodes have also
been investigated at the Oak Ridge National Labora-
tory and at the Massachusetts Institute of Tech-
nology. These researchers point out important
features of a hollow cathode discharge: (3

"This work supported by NASA Grant NGL-31-001-005,

(a) the discharge creates a very pure external
plasma (low contamination by cathode materi-
al,) dense, (ngv10'-10""cm™?®) and highly
ionized (up to 95%);

(b) the cathode enjoys a reasonably long life-
time, despite high current densities and high
cathode wall temperatures (> 2500°K).

An important part of hollow cathode research dealt
with the study of the noise oscillations of the
discharge(4), since it was interesting to evaluate
the possibilities of using hollow cathode arcs as
a source of quiet plasma for experimental work on
wave propagation. Hollow cathodes were also stud-
%gd gxtonsivoly in Europe in the nineteen sixties
»6), Large hollow cathodes are ssxrrently finding
applications in high power lasers(7) and in the
production of high power neutral beams for plasma
heating in controlled thermonuclear fusion reactors.,

Despite the fairly exhaustive studies conducted
at these various research establishments on the
influence of the various parameters (geometry, gas
flow rate, current, external pressure, axial magnet-
ic field strength, electrode temperature, ctc,) on
the performance of the hollow cathode discharge as
an efficient source of dense, highly ionized plasma
and as an efficient, long lived electron emitter,
the physics of processes inside the cathode cavity
are still poorly understood., One major reason for
this lack of understanding is that the typical
cathode dimensions of most of these researches are
so small (0.1 to 0,3 cm. inner diameter) as to pre-
clude detailed diagnostic probing of the cavity
interior. Such diagnostic probing is essential to
identify the dominant physical processes of emis-
sion, ionization and conduction inside the hollow
cathode cavity. In the few instances where large
hollow cathodes have been used, the high energy
levels of a steady-state arc discharge are in them-
selves not conducive to the use of simple diagnos-
tics.

There is therefore a strong motivation for the
detailed diagnostic study of a large diameter
hollow cathode in a relatively low energy environ-
ment. The MPD arc facility at Princeton (Fig. 1.)
is ideally suited to such an endeavor for two
reasons: :

(a) the large cavity dimensions permit the detail-
ed study of the plasma by probing, photo-
graphic and spectroscopic observations.

(b) the total energy content of pulsed, quasi-
steady MPD déscharges is low enough to per-
mit the use of small diagnostic probes of
simple construction, with no cumbersome heat
shielding required.

This paper describes the results of detailed
measurements made inside the cavity of large (2-cm-
diameter) hollow cathodes, over a wide range of

at Mason oratory, Yale Univ., New Haven, CT.



currents and mass flows as stated above, In section
II the experimental apparatus and diagnostic tech-
niques are briefly described, Section III summa:
rizes the major experimental results, Section IV
begins an analysis of the cathode surface emission
processes by examining thermionic emission, In
section V field emission from the cathode surface
is discussed. The third possible emission mecha-
nism, photoelectric emission, is examined in sec-
tion VI, foliowed by a summary in section VII.

11, Experimental Apraratus

The quasi-steady MPD accelerator with a hollow
cathode is shown schematically in Fig. 1. Argon
propellant (at feed rates from 10-° to 16 g/sec) is
injected into the discharge chamber through a fast-
acting solenoid valve fed from a high pressure
reservoir., The gas can enter the discharge chamber
either through the hollow cathode, or through six
outer injectors set in the insulating plexiglas
backplate, or through both,

Current to the discharge is supplied as a fast
risetime (< 5 psec) flat-top pulse typically of
t roc duration by an 84 station LC-ladder network,
8) Charged typically to 4 kV, this 35 kJ network
(with a total capacitance of 2,2 mfd) providtg)
when discharged through a variable impedance'”’in
series with the accelerator, currents from as low
as 0,25 kA up to 17 kA,

The cylindrical arc chamber is 12,7 cm in dia-
meter and 5.1 cm deep. The hollow cathode is
located on axis, screwed into an insulating circu-
lar plexiglas backplate. The coaxial annular
aluminum anode, displaced slightly downstream from
the cathode tip, has an i.d, of 10.2 cm, an outer
barrel diameter of 18.8 cm, and a thickness of 1 cm.
The particular hollow cathode dimensions and geom-
etry are noted in the subsequent text where appro-
priate,

The plasma formed in the discharge chamber during
every (v 1 msec) firing of the discharge exhausts
into a glass bell jar vacuum tank with an i.d, of
45 cm, 76 cm long, evacuated to some 10~! torr
prior to each discharge by a mechanical pump. A
probe carriage mounted inside the tank, controllable
in two dimensions from outside the tank, allows de-
tailed probing both inside and outside the hollow
cathode,

The self-induced magnetic field everywhere within
and about the hollow cathode is measured by an
induction coil with an i.d. of 0.05 cm and an o.d.
of 0.3 cm, wound from 350 turns of #44 magnet wire.
The magnetic probe signal, proportional to dB/dt,
is passively integrated through a 10 msec RC inte-
grator and displayed on a Tektronix 551 oscillo-
scope. At very low currents, the rather low mag-
netic field signal from the integrator is boosted
by a Tektronix AMS02 differential amplifier, with
gain selection from 10°-10°, before being read on
the oscilloscope.

A single Langmuir probe, consisting of a cylin-
drical tungsten wire 0,025 cm in diameter, imbed-
ded in a quartz tube of o.d. 0.02 cm with only the
end face of the tungsten exposed to the plasma,
is used to measure plasma floating potentials,

In addition to spectral photography of the dis-
charge with interference filters, emission spectra

from the hollow cathode discharge were obtained
using a Steinheil GH glass prism spectrograph which
recorded radipt&on over the spectral interval from
4200 A to 6200 A,

II1. The Search for Hollow Cathode Operation
in Er‘g Hollow Cathodes

1. Uninsulated Hollow Cathodes

In the first phase of the experiments, the hollow
cathode was uninsulated, so that current attachment
could occur on the outer cylindrical surface, face,
or inner cavity of the cathode, The purpose of these
experiments was to determine whether hollow cathode
operation, with preferential current attachment
inside the cathode cavity, could be obtained in large
hollow cathodes in an MPD arc, For typical MPD
discharge currents of kiloamperes, the orifice dia-
meter of the cathode (v 1 cm) was chosen such that
two arbitrary scaling parameters, a mass flux m/s
and a current density J/s, where s is the cathode
orifice area, were comparable to typical mass fluxes
and current densities in low current, steady-state
hollow cathode arcs. A typical uninsulated cathode
is shown in Fig, 2a., The cavity dimensions are
noted on the figure.

With this hollow cathode, when argon gas was in-
jected both from inside and outside the hollow
cathode to the discharge, current attachment occur-
red predominantly from the face and outer surface
of the cathode, with no visible plasma formation
inside the hollow cathode, as shown in Fig, 3, Fig.
3a shows the camera perspective used in photograpﬂ-
ing the 16 kA, 12 g/sec discharge through a 4880
Ar 1T narrow bandwidth interference filter. Fig. 3b
shows clearly that the luminous regions of the dis-
charge are outside the hollow cathode cavity, while
the cavity itself appears quite dark,

Even when gas was injected solely through the
hollow cathode, magnetic field measurements revealed
that there was negligible curvent attachment inside
the cathode cavity, Fig. 4 shows enclosed current
streamlines in and about the hollow cathode cavity
derived from the magnetic field neasurements for a
current of 29 kA, at a mass flow of 0.3 g/sec. The
figure shows that a mere 3% of the 29 kA discharge
penetrates the cavity under these vperating condi-
tions,

These early experiments indicated that merely in-
stalling large hollow cathodes in an MPD arc does
not guarantee significant current attachment inside
the cavity, accompanied by formation of a stable
cavity plasma, A careful search was therefore re-
quired to identify specific operating conditions
under which the discharge would spontaneously
emanate from within the cavity. To facilitate this
search, it was decided to insulate the face and
outer surface of the hollow cathode, thereby forcing
the current to attach inside the cavity. Under con-
ditions of 'forced' plasma formation within the
cavity, controlled variation of three key independent
variables, cathode geometry, mass flow rate, and
discharge current, might then lead to the empirical
identification of necessary conditions for charac-
teristic hollow cathode operation in MPD arcs. The
validity of such empirical criteria, if identified,
could easily be tested by removing the insulation
of the hollow cathode; to observe whether, under
these specified operating conditions, the discharge
now preferentially emanates from the cavity interior,



in spite of the available external conducting sur-
face.

2. Insulated Hollow Cathodes

a, Effects of Cathode Geometry Changes. In the
fiTSt series of oxprfmn v!& Tully inulltod
hollow cathodes, two of the independent variables,
current and mass iiow, were fixed, and the effects
of cathode geometry changes on the cavity discharge
were examinoed, For all insulated cathodes, gas was
injected only through the hollow cathode to the °
discharge, with the outer injector orifices sealed,

The first question to be answered was whether by
forcing current atvachment inside the cavity, a
stable discharge could be maintained in these large
cathodes, Current and potential distributions were
measured inside the cavity of hollow cathode HC
VI1I, shown in Fig, 2e, and were found to be quasi-
steady and azimuthally symmetr.c. The surface
:.urnnt distribution,for J=7 kA, hed g/sec, was

termined by translating the magnetic probe
axially upstream from the cathode tip at a radius
of 0.8 ¢cm, with the 0.3 ev.diameter probe touching
the cathode inner surface. This surface current
distribution, drawn normalized by the enclosed
current at the cathode tip, is shown as the dashed
curve in the upper half of Fig. 5. For reference,
HC VIII is shown in cross-section at the top of the
figure.

The surfage current Mzttr file, deduced from
the enclosed current profile ’r:a shown as the
heavy line in the half of Fig. 5. It shoul
be noted that the peak current demsity (> 1 kA/cmat
this operating condition), occurs at the cathode tip,
The lower half of Fig. 5 shows floating potentials
on the hollow cathode axis obtained using the Lang-
muir probe., The potential profile shows that coin-
cider.t with the region of high current density
current attachment is a region of weak axial poten-
tial gradient, < 10 V/cm,

To obtain further information on the physical
processes occurring in the hollow cathode, a few
near-infrared spectrograms of the discharge were
recorded using another insulated cathode, desig-
nated HCI, shown in Fig. 2b, The near infrared
spectral region contains a number of strong neutral
argon lines which are more readily identifiable
than those neutral lines in the visible part of the
spectrum, since the latter tends to be dominated by
ionized argon and impurity lines, Fig. 6 gompares
the spectral interval from 6500 2 to 8600 A for the
uninsulated hollow cathodesin the 29 kA, 0.3 g/sec
discharge with that for the fully insulated cathode,
HCI, at 7 KA and 4 g/sec. Both spectrograms were
recorded looking directly upstream into the cavity
along the axis., Fig, 6a shows that the distribu-
tion of radiance of the spectral lines does not
reflect any of the cathode geometric features des-
pite the measured 0.8 kA (see Fig, 4) attaching
inside the cavity for this 29 kA, 0.3 g/sec con-
dition, The Al lines are barely discernible inside
the cavity and there is no continuum radiation.

In dramatic contrast, the spectrum of the fully
insulated cathode discharge shows a sharply defined
continuum in the cavity with Al and AlIl lines
brightly superimposed on it (Fig. 6b). There is
very little radiation recorded beyond the cavity
at this exposure, with a high level of radiant flux
emanating from the cavity,
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Having satisfactorily obtained a quasi-steady
azimuthally symmetric discharge inside large hollow
cathodes by forcing the current to attach inside
the cavity, the effects of cathode geometry varia-
tions could now be examined, Some of the many
cathode configurations examined are shown in Fig,
2b, ¢, d, o, f, g and h, As shown in the figure,
different tip geometries as well as different inner
electrode shapes were examined, In particular, the
conical configurations, Fig., 2f, g, may be consider-
ed as steps in the transition from a hollow cathode
with a cylindrical cavity to a solid electrode with
a flat face,

Despite these many drastic changes in cathode
geometry, the measured current and potential dis-
tributions inside the cavity of these hollow cath-
odes, at fixed current, 7 kA, and mass flow, 4 g/sec,
are all nearly identical to those shown for cathode
HC VIII in Fig, 5. The characteristic features of
high current, high mass flow hollow cathode opera-
tion that emerge from these studies are described
elsewhere (10) in detail. They can be summarized
as follows:

(a) For all insulated configurations, the discharge
current attaches to the downstream portion of
the cavity with a peak surface current density
at the cathode tip in excess of 1 kA/cam®,
The region over which 80% of the current at-
taches is 0.6 cm long, coincident with a weak
central axial electric field of less than
10 V/em,

(b) measured radial profiles of floating potential

inside the cavity indicate that the bulk of

the potential drop occurs near the inner cath-
ode wall, while the cavity interior is nearly
field-free,

Due to the insensitivity of the details of the
current and potential distributions inside the hol-
low cathode cavity to changes in cavity geometry
at fixed high values of current and mass flow, it
was decided to select one particular cathode that
was most amenable to diagnostics, and to study this
cathode for wide variations in the other two inda-
pendent variables, current and mass flow, The
cathode design selected, designated HC XII, is
shown in Fig. 2h,

b, Effects of Current and Mass Flow, For the
fixed cat geometry , current and poten-
tial distributions inside the cavity were measured
over as “’0 a range of currents and mass flows as
possible with the given expcrimental facility,
Local measurements of magnetic field and floating
potential inside the cavity were made for currents
from as low as 0,25 kA up to 17 kA, with mass flows
from 10-* up to 16 g/sec.

Fig. 7 shows the surface current dﬂlsit{ Yroﬂlos,
obtained from magnetic field measurements(?) at
various mass flows from 5 x 10-* up to 0.4 g/sec in
HC XII, with the current in all cases fixed at

0,25 kA, From these current density distributions,
three characteristic features emerge:

(a) As the .argon mass flow is reduced from 0.4
g/sec to 0,1 g/sec, the peak in the surface
current density moves from 0.3 cm to 1.9 cm
upstream of the cathode orifice., Over this
same range in wmass flow, the length of the



cathode (measured from the end) over which
80% of the input current is found to attach
to the surface, increases from 0.7 to 2.2 cm,

(b) Correspondingly, the current attachment at
the surface becomes more diffuse, leading,
for a fixed current, to a drop in the peak
current density.

Further reduction in mass flow from 107! g/sec
to 5x10-? g/sec causes the peak in the cur-
rent distribution to move downstream towards
the open end of the cavity,

(¢)

Fig. 8 shows surface current demsity profiles for
a fixed, higher current of 0.9 kA and mass flows
from 5x10~* g/sec to 8 g/sec., Here, just as at
0.25 kA, the current density peak moves first up-
stream from the cavity end and the current attach-
ment becomes more diffuse as the mass flow is re-
duced, from 8 to 6,6x10°* g/sec. Again, still
further reduction in mass flow, from 6.6x10°* to
5x10"? g/sec, causes the peak current demsity to then
move downstream towards the cavity end. However,
the maximum peak penetration at the higher current
is only 0,9 cm, compared to a maximum peak pene-
tration of 1.9 cm at the lower current of 0.25 kaA.

Fig. 9 shows similar surface current density dis-
tributions for a high current of 4.7 kA, At this
high current, unlike at the lower currents, the
current density distributions are observed to be
quite insensitive to changes in mass flow. For all
mass flows, the peak current density occurs between
0 and 0.3 cm from the cavity end, and, in all cases
80% of current attachment to the surface occurs
over a length of 0,9 cm from the cavity end.

The data presented in the preceeding three fig-
ures may be cross-plotted to demonstrate the effec:
of discharge current on the cavity current distri-
butions as shown in Fig, 10, Here, for a fixed
mass flow of 0,2 g/sec, the surface current distri-
butions are plotted for three currents, These
distributions are shown normalized by the peak
current density in each case to facilitate their
comparison on a linear scale, The figure shows
that as current is increased from 0,25 to 4.7 kA,
the peak current density moves nearer the cavity
end, while current attachment occurs over shorter
cathode channel lengths. To examine whether this
trend continues to still higher currents, the sur-
face current distribution was measured for a cur-
rent of 17 kA, This distribution, aiso shown in
Fig. 10, shows that the peak current demsity occurs
still nearer the cathode tip with a shorter cathode
length (0.8 cm from the orifice) used for 90%
current attachment to the surface.

The length of the cathode cavity over which 920%
of current attachment to the surface occurs is
defined as the active zone length of the cavity,
Fig. 11 summarizes the surface current density
measurements by graphing active zone length against
mass flow rate, with discharge current as a para-
meter. The surface current density distributions,
characterized by an active zone length, are seen
to be most sensitive to changes in mass flow at the
lowest curvent (0,25 kA), becoming least sensitive
at the highest current (4.7 kA). The maximum
penetration of current into the hollow cathode
decreases as the current is increased from one
cathode diameter at 0.25 kA to approximately one-
tenth of the cathode diameter at 4.7 KA.
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The experiments described above reveal signifie
cant changes in surface current conduction with
changes in current and mass flow, To obtain a
more comprehensive picture of the energy deposition
patterns inside the volume of the cathode cavity,
these surface measurements were supplemented by
complete maps of magnetic field and floating poten-
tial throughout the volume of the cathode cavity.

Fig, 12 shows, on a cross-sectional view of
cathode HCXI1, contours of constant current and
constant floating potential at a fixed current of
0.25 kA for mass flows of 0.4 g/sec (upper part of
figure) and 0.1 g/sec (lower part of figure). At
this current of 0,25 kA, Fig, 7 shows that these
mass flows represent extremes in the penetration of
current into the cathode cavity,

For both mass flows, the equipotential lines are
approximately radial in the bulk of the cavity
plasma, implying a negligible radial field in the
volume of the cavity, In addition, the potentials
show a weak axial field of less than 4 V/cm, Since
the cathode itself is the zero volt equipotential
in both cases, all the radial equipotential contours
must bend parallel to the surface somewhere close
to it before leaving the cavity, If the potentials
bend within the debye sheath separating surface
from suui-nautul plasma, high radial fields
(v 10° V/cm) would exist at the surface. The
implications of such fields for surface emission
processes are discussed later.

From the intersecting grid of current and poten-
tial lines, the power density, j*E, in any volume
segment of the plasma can be easily determined.

The results of this computation are graphed in

Fig. 13a, b which show power density as a function
of axial position within the cavity, with radius

as a parameter, For both mass flows it is observed
that the power density profiles near the surface
are qualitatively similar to the current density
profile measured at the same radial position.
Furthermore, ip both cases the power density pro-
file retains its form well into the plasma, thus
corroborating the significant difference in cavity
current penetration inferred earlier from the sur-
face current density measurements,

In summary, by forcing the current to attach in-
side the hollow cathods cavity, the search for
hollow cathode operation in large hollow cathodes
in the MPD arc has revealed that the current at-
taches to the surface in one of two characteristic
distributions of surface current density:

(a) At high currents, high mass flows or at very
low mass flows, the peak current density
occurs at or very near the cathode tip and
the bulk of current attachment to the surface
occurs within a limited axial region upstream
of the cathode tip. This mode of current
conduction is characterized as forced current
attachment inside the cavity.

(b) For lower currents, at intermediate mass

flows, the peak current density occurs

measurably upstream of the cathode tip, and

a longer length of cathode surface is utilized

for current attachment, resulting in more

diffuse current conduction at the surface.

The spontaneous attachment of current at a

point upstream of the cathode tip might be

construed as being truly characteristic of



hollow cathode operation, wherein physical pro-
cesses peculiar to the cavity determine the
particular choice of location along the inner
cathode surface from which most of the current
is conducted.

The first of the above two hypotheses has already
been tested in the early experiments with uninsulat-
ed hollow cathodes, As shown in Figs 3 and 4, when
the current is high (7 kA) then for both mass flows
of 6 g/sec and 0,3 g/sec, there is negligible cur-
rent attachment within the cavity, the bulk of cur-
rent prefering to attach to the exposed face and
outer surface of the hollow cathode, Since there
is negligible Spontaneous cavity current attachment
under these conditions, it is evident that
insulating the face and outer surface of the cathode,
at similar conditions of high current (4,7 kA) and
mass flows (4 g/sec and 0.4 g/sec), the current is
being forced to attach inside the cathode cavity,
with a "forced" current density distribution as
shown in Fig., 9, The test of hypothesis b) above,
is described in the next section,

3. Characteristic Hollow Cathode Operation

An empirical criterion for characteristic hollow
cathode operation in an MPD arc is that the peak
surface current density Spontaneously occur upstream
of the cathode tip along the inner cyungricn
Surface, as for example, at J=0,25 kA, m=0,! g/sec,
in Fig, 7. To test this criterion, the insulation
on the face and outer surface of cathode HC XII was
completely removed, angd at the same operating con-
dition of J=0,25 kA, m=0,1 g/sec,
current distribution inside the cavity for this
uninsulated cathode was measured. This distribution
is shown as the heavy line in Fig. l4a. Also shown
in the figure as a dashed line is the measured sur~

¢e current distribution for the insulated version
of the same cathode at the same current and mass
flow. The two distributions are normalized by the
peak current density in either case. The strong
similarity between the two distributions demon-
Strates that, when the current and mass flow inside
the cathode are properly adjusted for a given
cathode geometry, the discharge does prefer to run
from within the cavity interior in spite of the
available external conducting surface,

current measurements inside the
cavity, photographs of the discharge were also
taken for the uninsulated cathode at J0,25 kA,
Mm=0,1 g/sec. A typical photograph, tuken without
any spectral filtoring and time-integrated over
the discharge duration, is shown in Fig, 14b. The
radiance outside the cavity is so low at this
exposure that the cathode is not visible at all,
To provide a sense of perspective, the discharge
was first photographed as in Fig. 14b and then,
illuminated by a Spot lamp, the discharge chamber
was imaged on the same film, using different cam-
era settings. A typical double exposure is shown
in Fig, l4c, Figs. 14b, ¢, show that the discharge
radiance emanates predominantly from the cathode
cavity interior, with a marked absence of radiance
from outside the cavity, This is in sharp con-
trast to the picture obtained with an uninsulated
cathode at much higher current (16 kA) and cathode
mass flow (6 g/sec), in which the cavity itself is
observed to be qQuite dark (Fig. 3). Finally, in
Fig. 14b it is observed that the downstream 0,8 cm
of the cathode cavity appears darker than the region
upstream of it, The lowering of intensity of radi-

To supplement the
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ance in this region is consistent with the 1=+
surface current density measured in this region
(Fig. 14a) and the correspondingly lower volumetric
energy deposition (Fig, 13b),

In summary, the spontaneous occurrence of a peak
current density upstream of the cathode tip, and
the strong similarity between the cavity current
distributions for the insulated and uninsulated
cathode is deemed Strong evidence for the conclusion
type of surface current distribution, and
the values of current and mass flow at which it
occurs, are indeed characteristic of hollow cathode
conduction for the given geometry,

From the experimental results presented above,
interesting dependencies have been revealed of the
cathode cavity conduction patterns on both mass flow
and current for a fixed cathode geometry, These
measurements were not made in sufficient detail to
enable the construction of a detailed analytical
model of the cathode conduction and emission proces-
ses, Furthonore, certain physical parameters
germane to the construction of such models, such as

The approach, therefore, is semi-empirical, but
nevertheless useful insofar as it discriminates
between several candidate models and thus defines
specific directions in which further research might
be conducted,

A phenomenological conduction model, consistent
with all of the measured curu?t glstributlons, is
described in detail elsewhere,(11) [p brief, the
mean free path, A", for escape through the cathode
orifice of energetic electrons in the distribution
tail, is identified as a characteristic conduction
dimension. When A" is very short or very long
relative to the cavity diameter, conduction is
electric field domin ted, occurring mostly from the
cathode tip. When A" is roughly one cathode dia-
meter, the resultant axial conductivity gradient
opposes the field gradient, thus moving peak cur-
rent attachment up to one diameter upstream of the
tip.

This paper focuses on emission processes at the
MPD hollow cathode surface, Three major possible
emission mechanisms are investigated: thermionic,
pure field, and photoelectric emission, We begin
with thermionic emission,

IV, Thermionic Emission

1. Uniform Thermioniec Emission
—_——— NI Emission

The emitted thermionic current density at a metal
surface is given by the Richardson-Dushmann equation:

Jen = AT exp(- £ m

where A = 60 A/cm® °K? for tungsten, T is the cath-
ode surface temperature and4, the work function,
is about 4.5 e.v, for pure tungsten, Fig, 15 is a
graph of thermionic current density versus cathode
surface temperature for the tungsten hollow cathode,
Also shown on the figure are typical measured
average surface current densities, <j’>, for the
range of arc current from 0.25 to 4,7°kA. From
these current densities and the Richardson emission
curve, it is clear that hollow cathode surface
temperatures of order 3200 °K Or greater are required




if thermionic emission is to be the major source of
electrons in the discharge. For currents greater
than 4,7 kA, the maximum thermionic emission, cor-
responding to the boiling point of tungsten, is
still not sufficient to account for the total emit-
ted current at the cathode surface, For the lower
currents of 0,25 and 0.9 kA, the cathode, if hot
enough, could provide the necessary emission cur-
rent density, It is therefore instructive to
estimate the temperature rise at the hollow cathode
surface due to the discharge at these operating
conditions.

The discharge is assumed to provide a constant
flux, F_, of heat radially to the cathode surface,
The hea? is assumed to flow purely radially inside
the cathode and the cathode wall is assumed to be
infinite in radial thickness. The problem can then
be treated as one-dimensional heat conduction in a
semi-infinite slab with a constant flux, F_, inci-
dent upon it, The solution of t” appropr?ato heat
diffusion equation is standard, ) "We shall save
space here by simply showing a sketch of the pro-
blem (below) and quoting the result:

7 [Stacnenie shaf o
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The temperature anywhere in the cathode is then
given by:(12) s
=(r-r)) . (r-r)) (x-r)

2F
'I‘(r,t)-!o—[(g&)rexp( e —y erf = 3},

2

r>rc 2)

where K is the thermal conductivity of tungsten and
X is its thermal diffusivity,

The temperature at the cathode surface (r = rc) is

2F

Tt = = @1/ ®
Typically, the MPD hollow cathode takes about 10-"
sec to reach a quasi-steady state, For thermionic
emission to be significant, the surface temperature
should therefore rise to temperatures of order
3000°K or greater in this time, For this time
scale, and for characteristic values of the physical
constants K and)¥, Eq. 3 reads:

T(re,t) = (2.2 x 1073 ¥, °K)

where F_ is in units of cal/cm?-sec.

Typically the energy flux to the cathode in an
arc discharge is only about 10% of the total energy
in the discharge. The rest is distributed anong
anode heating, gas heating, gas flow power, radia-
ted power and frozen flow power, We shall, however,
assume that all the power in the discharge goes into
the cathode surface and thereby obtain an estimate
of the extreme upper limit to the temperature rise
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at the cathode surface,

For the higher current of 0,9 kA, with a measured
terminal voltage of roughly 40 V, the total dis-
charge power is:

P, = 8,6 x l()3 cal/sec

TOTAL
Experiments have shown that the plasma inside the
hollow cathode forms over a length of typically one
cathode diameter, The surface area of the cathode
which is directly heated by the plasma is therefore:

S=mxDxD= 11,3 cn

where D is the cathode inner diameter of 1.9 cm.
The average heat flux to the surface, Fo, is thus:

P
ro-—mg&- 7.6 x 10

For this value of F_, Eq. 3 gives a temperature
rise at the cathode surface of only 17°K, Also,
Eq. 2 shows that, on the time scale of 10 “sec,
heat has not diffused more than 0.2 cm into the
cathode, Since the cathode wall is 0.6 cm thick,
our earlier assumption of the cathode as a semi-
infinite slab is justifiable. At the higher cur-
rent of 4,7 kA, with a terminal voltage around 120
v, the surface flux, F_, is a factor of 15 higher
than at 0.9 kA, Even go, Eq. 3 then gives a maxi-
mum cathode surface temperature rise of only 260°K.

cal/c-z-sec

This simple analysis shows therefore that due to
the short duration of the MPD discharge, the cath-
ode is not significantly heated by the discharge.
Uniform thermionic emission in the MPD hollow cath-
ode is therefore not likely as the major source of
electrons, There is, however, the possibility that
the cathode surface is not heated uniformly but in
localized spots distributed over the surface, The
electrons emitted from these local hot spots could
be scatter.. rapidly to appear to cover the whole
surface; since the magnetic field measurements were
made at a distance of 0,15 cm away from the surface,
due to the 0.3 cm dimension of the probe itself, the
probe could have measured only a '"smoothed out" cur-
rent density near the surface, However, this pos-
sibility can be negated by a very simple analysis
as follows in the next subsection,

2, Thermionic Emission from Localized Hot Spots

Let the number of local hot spots be N, Let the
area of each hot spot be A, The average current
density of each spot is therefore:

<gpor> = INA  Alen’

where J is the total discharge current. Now in
general when a current j_ of electrons is emitted
from a spot, the ion cursont, j;, returning to that
spot along the field lines is smaller than j_.

This is especially true in an arc where the Sheath
dr? is low (typically 10-20 v), for then the ioni-
zation efficiency of the emitted electrons is quite
low thus producing a smaller ion current than the
emitted electron current,(13) This return ion cur-
rent density when multiplied by a voltage drop
across the sheath gives the flux, F , incident
upon each spot. In arcs in general), the rntig
(3;/3,) varies from as low as 10-® up to 1,(13,14)
Po* our purposes here, we choose the highest pos-
sible value so as to maximize the heat input to
the cathode spot. The maximum flux, F , for a
typical sheath drop of 40 volts (a lar timate



for MPD operating conditions) is therefore:

J 40 2
FspoT,max. * NK X 7.7 cal/en"-sec

Now the largest possible value of J/NA if the
emission is thermionic is about 700 A/cm®, corres-
ponding to the boiling point of tungsten from Fig,
15, With this maximum value of J/NA, the flux into
the spot becomes:

3

o cnl/clz-soc

Fspot, max,
With this flux, Eq. 3 yields a maximum temperature
rise at the spot of only 150°K,

It is therefore clear that whether the heat from
the discharge is assumed to cover the cathode sur-
face uniformly or to heat any number of localized
spots distributed over the surface, the discharge
energy is not sufficient to heat any portion of the
cathode surface to temperatures above about 500°K,
assuming thermionic emission alone is present, If,
however, the maximum spot density is not limited to
the rather low thermionic values but is several
orders of magnitude higher, as for example, with
field emission, then the incident power density to
the spot can in fact be high enough to cause melt-
ing of the individual spots. This point is dis-
cussed in the next section. Here we conclude that
thermionic emission alone is not likely to provide
the measured current in the MPD hollow cathode,

V., Field Emission

On the basis of his pioneering work on electro-
static probe theory, Langmuir(14) recognized that
if there is a large number of positive ions in the
probe debye sheath, it is possible to pull electrons
out of the metal by lowering the potential barrier,
Mackeown(15) conducted a detailed theoretical in-
vestigation of Langmuir's hypothesis., His major
contribution to the theory was the inclusion of
the effect of wall-emitted electrons on the sheath,
giving rise to Mackeown's equation of bipolar space
charge wovement:(15) 1 A

m
2= 76 2108V (5,H%50, Wal] (@)
whorex5 is the cathode surface electric field and
V. the potential drop across the sheath, In 1928
Fsvler and Nordheim published a classic study of
electron emission in intense electric fields, (16)
Their emission equation is:(16)

je-j_-l.sulo“’xi/yup{-o.mo’fffc}, (A/en®) (5)

where ¢ is the work function ot‘ the metal, already
referred to earlier., Wasserab(17) carried out a
theoretical investigation using Eqs. 4 and 5 for a
mercury arc. He emphasizes that if the total cur-
rent density, j = j_+ j , is known, then j, and j_
are each uniquely determined by the two equations,
for a specified cathode drop V_ and work fu?ﬁ}on
‘L{I. The result of his graphical evaluation is
shown in Fig. 16 for a rather low work function of
¥= 2v. The figure may be interpreted as follows:
with small values of j there is no adequate field
for significant electron emission, j, therefore
varies proportionally to j. At large current
desntities, j, is practically constant since, when
dealing with extreme fields, (v10® V/cm), a small
alteration of j  produces a large alteration in Joe
therefore j_ is proportional to j,
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By considering the energy balence and the slight
ionization ability of the cathode emitted electrons
as mentioned above (see Compton(13)), wasserab
proves the condition,

R = {3 /5) »1

If, for example, we make q = 10, then, from Fig. 16
we observe that even with the small work function
of 2v the field emission mechanism is possible only
for current densities >10” A/cm®., In the spirit of
an optimistic estimate of the total current density
requirement for uniform field emission, we might
assume that q is as large as unity; i.e, the ion
and electron currents to the cathode surface are
equal. Then, Fig. 16 shows that total surface cur-
rent densities of order 10° A/cm® are still required
according to Wasserab's model, for pure field emis-
sion at this low work function of 2v, Such current
densities are three orders of magnitude larger than
the highest measured surface current densities in
the MPD hollow cathode, (see Fig, 9). The work
function used in the above calculations must be
considered as being very low, even taking into ac-
count the eventual influence of oxide layers on the
tungsten surface, With more realistic values of ¢
(4= 3.5 to 4,5v) it has been shown(9) that still
higher current densities are required for field
emission than those quoted above for Y= 2v,

It is therefore clear that for pure field emission
from the cold MPD hollow cathode, high fields
(> 10° V/cm) and high current densities >10° A/cm®
are required. With debye sheaths of order 10-°cm
in thickness and sheath drops of order 10-20 volts,
the necessary high electric fields are certainly
possible at the hollow cathode surface, However,
the high current densities require that the emission
be localized into many spots distributed over the
active surface of the cathode. As mentioned earlier,
these intense local sources of electrons, if they
existed, could not be detected by the mag.etic field
probe due to its size and distance from the cathode
surface. Also, the uniform grayish appearance of
the cathode active surface could be accounted for
by a rapid, random movement of the spots all over
the active surface during the discharge. Such a
movement could be caused, for example, by smoothing
out of the metal surface due to bombardment of ions
returning along the field lines to the spot., The
resultant lowering of the local electric field
might cause the spot to wander to a region of higher
electric field, and so on, Apart from ion bombard-
ment smoothing, the surface of the spot could pos-
sibly be smoothed by local melting, Consider for
example the case j = j = 10° A/cm®, Such an ion
current density incident upon the spot, falling
through a sheath potential of about 20v, will cause
the temperature of the spot to reach the melting
point of tungsten within less than 30 usec, accord-
ing to Eq. 3 above. Such local melting might cause
the local electric field to drop considerably and
hence cause the emission site to wander to an un-
heated region where the surface is still rough,
Meanwhile the molten spot may solidify and be
roughened again by random ion bombardment, thus
maintaining the chain of spot mcvement.

We conclude ‘here that whereas conditions in the
MPD hollow cathode might be appropriate to cold
field emission, such a mechanism does impose strin-
gent requirements on the nature of the emission
sites and is practically impossible to verify
experimentally,



VI, Photoelectric Emission

Although photoelectric cathode emission has been
recognized as being important in glow discharges for
many n’n. and has been discussed extensively by
Loeb and others, it appears to have received
scant attention in the literature on high pressure
arc discharges, In particular, in hollow cathode
discharges, the efficient confinement of radiant
energy by the cathode cavity intuitively suggests
the possibility of photoelectric enhancement of
the surface emission. It is surprising, therefore,
that to the best of our knovledge, no quantitative
estimates of the photoelectric emission have been
reported for hollow cathodes, particularly in situa-
tions where thermionic, pure field, Schottky and
other secondary emission ?muns have all been
shown to be hurpnublo. In the following, a
rudimentary analysis of the radiation processes
inside the MPD hollow cathode leads to the conclu-
sion that under certain conditions it is possible
for photoelectric emission to account for more than
45% of the observed cathode current. This stresses
the need for a careful experimental study of photo-
emission at the surface of MPD hollow cathodes and
suggests that photoelectric emission cannot be
lightly dismissed from cnsideration as a primary
emission mechanism in hollow cathode discharges.

1. Maximum Photoelectric Yield

The maximum possible vacuum photoelectric yield
at the MPD hollow cathode surface is estimated as
follows: First the simplifying assumption is made
that all of the energy in the radiation field in-
side the cavity arises from a single resonant elec-
tronic transition from the first excited state to
the neutral or ion ground state of argon, This
assumption is reasonable for a near LTE argon plasma
in which the resonant energy gap for the neutral
atom (Arl) or singly charged ion (Arll), ~10v, is
much larger than that for the higher excited tran=
sitions. Two cases are cont”ond: a weakly ion-
ized plasma at low currents in which all the
radiant energy is assumed carried by 11,6v resonant
photons of Ar{")md a strongly ionized plasma at
high currents in which 17,1v Arll resonant pho-
tons are assumed to carry all the energy in the
radiation field. An upper bound to the resonant
quantum flux in either of these cases incident
on the cathode inner surface can be obtained by
assuming that all of the energy in the cavity dis-
charge is in fact in the radiation field (and
neglecting end losses). If this maximum possible
quantum flux is multiplied by a maximum quantum
yield at the surface (ejected electrons/incident
quantum),, one then estimates the maximum primary
photoelectric current at the cathode surface,

The value of the quantum yield depends on the
energy of the incident quantum, and is quite sensi-
tive to the angle of incidence and the orientation
of the electric field vector of the inﬁgrn quan=
tum, It has been shown experimentally that
light obliquely incident on a photosurface consist-
ing of a liquid sodium-potassium alloy yields a
much larger photocurrent (higher quantum efficiency)
when the electric vector is contained in the plane
of incidence than when it is directed normal to
that plane, The ratio of photocurrents for the two
polarizations is a function of the angle of inci-
dence and reaches a maximum of about 60 for 60°
incidence. The magnitude of this effect for ultra-
violet light incident upon a tungsten surface is
not precisely known but must be accounted for by
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proper averaging procedures in any detailed analysis
of photoemission in the MPD hollow cathode. For our
purposes here, in order to estimate the maximum pos-
sible photoelectric yield, we assume the highest
reported yield for tungsten in the wavelength range
of interest (700-1000 X). This value, = 0,2, was
measured(21) from a tungsten surface contaminated by
oxide films, absorbed gases, etc,, not unlike the
MPD hollow cathode surface,

Table I below, shows the upper bounds of the vacuum
photocurrent densities for the lowsst current (0,25
kA) at a mass flow of 0,1 g/sec sad for the highest
current (4.7 kA) at a mass flow of 0,1 g/sec., respec-
tively, For comparison, the second colum of the
table shows the measured average surface current
density at both of these operating conditions,

Table 1
Comparison of Calculated Photo-Current Density
with Measured Surface Current Density in Hollow Cathode

Maximum Pos-
sible Vacuum
Photoelectric | Measured Average,
Operating | Type of [Current Den- | Surface Current |
Conditions | Plasma {sity, A/cm® Density, A/cm®
Weakly
J Ionized
0.25 kA All Ar I 7.6 22
m 2-level
0.1 g/sec | Atomic
System
Strongly
J Ionized
4.7 kA All Ar 11 387 830
«m 2-level
0.1 g/sec | Atomic
System

From Table I it is evident that if all of the power
in the cathode region of the MPD hollow cathode arc
is incident upon the tungsten surface as high energy
resonant quanta, then the resulting photoelectric
current could account for between 25 and 50% of the
total discharge current, Thus far in the calculation
we have not considered the effect of the cathode sur-
face electric field on the emission, The presence
of a strong (v10°V/em) electric field at the cathode
surface can change the photoemission characteristics.

In effect, the field can, under certain cir-
cums tances, cause an electron in an excited state
within the conduction band of the metal to tumnel
through the surface potential barrier and be emitted
as a photo-electron, This has the net effect of in-
creasing the quantum yield from the vacuum photo-
electric yield generally measured experimentally and
used in our calculation above,

In principle, it appears possible therefore, that
if a significant fraction of the power in the cathode
region in the MPD hollow cathode is incident upon
the cathode surface as high energy quanta, then a
field enhanced photoelectric effect can account for
all of the measured surface current. The task that
now remains is to investigate the collisional and
radiative processes occurring in the volume of the
hollow cathode plasma in order to determine what
fraction of the power in the cathode region does in
fact reach the cathode surface as high energy



radiation quanta, This is done in the next two

subsections.
2, Estimate of Net Fraction of Cathode Region
T Available to the Radiation Field .

In the MED hollow cathode, since most of the cur-
rent is carried by electrons, the ohmic power 7+,
is invested primarily in the electrons. The elec-
trons then transfer, by elastic and inelastic col-
lisions, some of this invested power to the heavy
:::ticlu. The flow out of the cathode orifice of

vy particles heated by electron elastic scatter-
ing, of hot electrons themselves, of radiation, and
also of heavy particles in excited states ("frozen"
flow power losses) represents a fraction of the
cathode region power that cannot be introduced into
the surface as radiation, When these individual
“orifice loss" ¢ ents are estimated for dif-
ferent hollow i; e operating conditions and
added together, it is found that only 10 to 15%
of the cathode region power leaves via the orifice;
the majority of the power can therefore be intro-
duced into the radiation field inside the cavity,
thus justifying one of the assumptions made in the
previous subsection,

3. Integrated Line Intensity in the Hollow Cathode

We have assumed earlier that all of the power in
the cathode region is contained in a single optical
transition, for either the weakly ionizcd Ar 1 plas-
ma or the strongly ionized Ar II plasma, It re-
mains to be shown, therefore, that the integrated
line intensity from the resonant optical electronic
transition in an Ar I or an Ar II plasma at speci-
fied densities and temperatures can, in fact, be as
large as the total power in the cathode region of
the MPD hollow cathode plasma, This is done as
follows:

For’ the two operating conditions listed in Table
1, the absorption coefficient at line center, k

is evaluated using:(25) =, o’
2 2.7 82
Yot Wy VWG At (6)

Here A is the wavelength at line center (in this
case the wavelength of the resonant transition);

g, and g, are the statistical weights of the reso-
nint and "ground state,respectively; A, is the
Einstein coefficient for the resonant” “transition,
and N, is the number density of atoms or ions in
the gfound state., In writing k_in the form of Eq.
6, it has been assumed that the number demsity of
atoms or ions in the resonant state is much lower
than that in the ground state. Also, other pro-
cesses that could contribute to the broadening of
the wpsorption line have been neglected in compari-
son 3“ Doppler broadening, When collisional
broadening is important, the value of k_ can be
considerably less than that given by Eq? 6. How-
ever, even n the damping ratio is 1, that is to
say when collisional broadening and Doppler broad-
ening are equally important, the value of k_ is
still as high as 324 of its pure Doppler broadened
value, (23} “For typical MPD hollow cathode condi-
tions the damping ratio is in fact quite small(®)
(v107%),  We may therefore retain the analytically
simple form of Eq. 6 and estimate k_ quite accur-
ately under these conditions. The Values obtained
are shown in Table II, below.
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Table 11(%)
Absorption Coefficient at Line Center, ko

fp
Type of Plasma h

0.25 kA, 0.1 g/sec
All Ar 1 Plasma
xo = 1067X, T0 ~ 2300°K

2 x 10

4.7 kA, 0.1 g/sec
All Ar I] Plasma

1 2
Ay = 723R, T~ 4.6 x 10°°K

5.4 x 10

From Table II, the large values of k , for a
cathode cavity dimension of 1 cm, indifate that the
resonance radiation is very effectively trapped
within the cavity plasma. The spectral radiance of
the resonant radiation at line center, I (v ), can
therefore be approximated by the blackbo&y ?udhnco,
lv(v ), at the given frequency and at the tempera-
ture of the electrons, T . The total intensity of
the resonant line radiatfon is then given by:

. 2
Tor* f L B (V) x W xavy  IW/em) (7)

where Av  is the Doppler half-width of the line and
W is the equivalent width of the line defined as the
width (given in Doppler half-widths) of that fre-
quency interval of the nearby black-body spectrum
necessary to radiate the same total energy as the
spectral line in question, Equation 7 may now be
used to estimate the equivalent width of the reso-
nant line necessary for this single line to radiate,
as a black-body, a total power equal to the cathode
region power in the MPD hollow cathode, The results
of this calculation, detailed elsewhewe,(?) are
presented in Table III, where the equivalent width,
W, and the quantity W x Ay, which expresses the
equivalent width in angstrom units, are given for
two different electron temperatures, for each of the
two operating conditions already refesred to above.

1 =

Table 111
Equivalent Width Tor Single Line to Radiate
Total Cathode Region Power(?9)

Electron Temperature

Type of Plasma Ter €.V. W 'iA\’D
0.25 kA 1.5 650 3.8
0.1 g/sec 93 0.54
weakly ionized

4.7 kA 4 n 1.3
0.1 g/sec s 27 0.53
strongly ionized

Table II1 shows that the necessary equivalent
widths for a single line to radiate the total cath-
ode region power into the cathode surface are quite
sensitive to T.. At Te = 1,5 e.v, for the 0,25 kA
weakly ionized plasma, ®) and T =4 e.v, for the
4,7 KA strongly ionized plasma, ' (9) the necessar
equivalent widths are observed to be 3.8 and 1.3
respectively, At first glance these widths seem
unreasonably large, However, resonance broadening
of spectral lines can lead to very large lintz‘
widths, particularly in high density plasmas +25)
Recent peasurements (26) of the half-width of the
1235.8 A resonance line of Krypton behind a Mash 12
shock at conditions of neutral density, N A10'%cp-?
Ne'\olo"c-", and T, = 1 e.v., show that the reso-



placs 1ine i3 10 0 20 R wide. These post-shock
conditions are not unlike those in the MPD

hollow cathode and hence the equivalent widths

required from Table 11] are quite plausible,

The equivalent width of @ Spectral line has also
been Numerically evaluated to an accunc(g four
significant figures by Jansson and Korb, They
Present a table of values of W for different values
of damping ratio, a, and the product kol. where 2
is a characteristic dimension (cathode cavity radius
in our case), For an estimated value of 4 ~ 1o°?
in t”,’l?b hollow cathode, the data of Jansson and
Korb were used to plot a graph of W versus k R,
Shaws in Fig, 17, Also shown in the figure js 4°
graph of W versus kol for a higher damping ratio of

As shown in Fig. 17, the equivalent widths of the
resonance lines of Ap I and Ar II, when the damping
ratio is 10°%, for values of k % given in Table 11
are roughtly 10 to 20, From T8ble 111, the equiva-
lent widths hecessary for these resonance lines to
radiate all of the cathode region Power are between
650 and 93 for the Ar I plasma, at temperatures be-
tween 1.5 and 2 €.v.; for the Ar II plasma, they
are between 72 and 27 for temperatures between 4
and § e,v,, respectively, The agreement even to
only a factor of )0 between the equivalent widths
obtained by the above two different approaches ijs
close enough to underscore the possible importance
of the photoelectric effect in the Mpp hollow cath-

some operating conditions, the damping ratio may be
quite a bit larger than 10-9, As an example of the
effect of a higher damping ratio on the equivalent
width, the data of Ref., (27) have been plotted for
a damping ratio of unity in Fig, 17, Now it js
observed that at the k ¢ appropriate to the Ar | or
the Ar I1 plasma, equivalent widths of 102 op great-
er are possible, From Table II] this would then
mean that the total cathode region Power could be
radiated in the resonance line at temperatures
lower than those discussed above,

The significance of the above Calculations is
that in the mMpp hollow cathode, due to the imprison-
ment of the resonance radiation, the intensity of
the resonance lines can be built Up to their maxi-
mum possible equilibrium value, given by the Planck
function, thus giving rise to a sufficiently high
flux of high energy quanta to the cathode surface

observed discharge current. Photoelectric emission
thus is a Possible uniforpm Primary emission mechan«
ism in hollow cathode discharges,

S\—rz

Large hollow cathodes in a variety of configura-
tions have been Successfully operated in high cur-
rent MPD arcs without the assistance of auxiliary
heating, low work function inserts, or external
keeper electrodes, By examining current and poten-
tial distributions inside the hollow cathode cavity
over a wide range of currents and mass flows, an

ode operation has been identified, Thermionic
emission has been shown to contribute negligibly
to the emitted current in these MpD hollow cathode
dres. Field emission from Micro-spots on the
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cathode surface, and also g form of field-enhanced
photoelectric emission, have been suggested as the

pri

mary emission mechanisms in such cathodes,
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Fig. 2 Hollow Cathode Configurations
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DISCUSS ION

J. L. MASON: How dependent is your electrodynamic
flow modelling on the fluid dynamic modelling, the
turbulent flow modelling = do you have to make some
assumptions regarding the velocity distcibutions,
for example, and are such assumptions really
important to your development of the electro=
dynamic flow modelling?

M. KRISHNAN: I have not solved the analytical
problem owing to the complex nonl inear coupling
of electrodynamics with the fluid dynamics inside
such a discharge. But we did do an experiment in
which flow to the hollow cathode was cut off alto-
gether, and different ambient prefill pressures of
argon (corresponding to amalytically estimated
flow static pressures for each mass flow) were set
in the discharge vessel. The surface current
distributions measured with ambient gas in the
cathode were very similar to those measured at the
same current with different mass flows through the
cathode. We thus tentati..ly conclude that it is
in fact the static pressure component of the
flowing gas in the hollow cathode that is
predominantly responsible for establishing the
current conduction pattern, Thus fluid dynamics
appear to be relatively unimportant to the
electrodynamics in such discharges.

J. F. DAVIS: 1Is it possible that at high
pressures, large numbers of argon atoms arrive
at the cathode surface as molecules and that
therefore self-absorption of vacuum ultra-violet
photons is hindered?

M. KRISHNAN: The pressure inside the cathode
cavity varies from as low as “ 1073 torr up to
% 100 torr. Even at the higher pressures, the
cathode plasma is a hot plasma and I would
therefore say that there are not a significant
fraction of molecules in this discharge.

M. CAMPBELL: The temperatures estimated in
such a plasma are around 20,000°K at which
molecures cannot exist in any significant
fraction.
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A SCALING LAW FOR ENERGY TRANSFER
Y INELASTIC ELECTRON-MOLECULE COLLISIONS IN MIXTURES

George K. Bienkowski
Princeton University
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Abstract

The equation governing the electron energy
distribution in the presence of a spatially uniform
electric field in a weakly jonized gas has been re-
formulated into an integral equation for the loga-
rithmic siope of the distribution function. For
gas mixtures in which the dominant electron energy-
Joss mechanism is by vibrational excitation of the
molecules, this equation is suitable for approxi-
mate analysis and exact numerical solution by iter-
ation. Super-elastic collisions are easily in-
cluded in this formulation, and do not seriously
effect the convergence of the numerical scheme.

The approximate analytical results are only quali-
tatively correct, but suggest appropriate param-
eters which correlate the exact numerical results
very well. The distribution function as well as
certain gross properties such as net energy trans-
fer into vibration, mean energy, and drift velocity
depend primarily on a single non-dimensional param-
eter involving only E/N and the cross sections.
This parameter can be physically interpreted as the
energy gained from the field between successive
inelastic collisions divided by the typical inelas-
tic energy loss per collision. Results for mix-
tures of CO, He, and N2 are presented and shown to
correlate most of the properties.

1. Introduction

A common and very effective way to transfer
energy preferentially into vibrational states is by
electron impact in a gas discharge. Many practical
infra-red lasers, such as CO and CO2 depend criti-
cally on this process. The analysis of the per-
formance of such a device depends critically on
these electron impact excitation rates. Nighan
has shown that using a Boltzmann distribution based
on the mean electron energy can lead to erroneous
results. The determination of the correct electron
energy distribution function is therefore critical
to the analysis and design of electrically excited
molecular lasers.

In most laser codes the electron distribution
effects the results directly through the excitation
rates:

King Ninefcsij(e)fe(e)ede (1)
o

where Nj is the number density of the molecule in
i'th state, ne the electron number density, Sijle)
the inelastic cross section for the i to j tran-
sition by electron impact at energy €, and fe(e)

is the electron distribution function. When quasi-
steady results are desired the significant param-
eter becomes the net power into v bration which is:
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Puib ¥ Nne ‘/:(%)fe(e)ede (2)
where

_— Ny
S - Zi: (T‘-)Zj',s”(e)e1j (3)

and N is the gas number density, while Eii is the
energy exchange in the i + j collision. In either
case the results are sensitive to the behavior of
the distribution function, because the most rele-
vant cross sections tend to be relatively sharply
peaked at precisely the energy where the distribu-
tion function is varying most rapidly. The vari-
ation of the distribution function in turn is
dominatad by the behavior of precisely those cross
sections.

In most previous work2'3 the electron distri-
bution function is computed for a specific electric
field (E/N) and gas mixture under the assumption
that only the excitations from the ground state are
important in determining this distribution. For
lasing situations where a large number of higher
vibrational states may be appreciably populated
this assumption may need to be relaxed. This has
been recognized before and some calculations esti-
mating the effect of higher vibrational level popu-
lations and super-elastic collisions have been pub-
lished." The techniques used have generally
relied on modification of techniques developed for
zero vibrational temperature and become progres-
sively more difficult to apply as the vibrational
temperature becomes large. In addition most of the
previous calculations have been made for specific
mixtures and presentgd as examples with no scaling
laws proposed. Judd® showed that the mean electron
energy U acts as a norma’iization parameter inde-
pendent of mixture ratio for the predictiva of
rates in C02-N2-He mixtures. Unfortunately to find
this parameter for a specific mixture ratio one
must essentially do the entire calculation or at
least determine a cross plot of U versus the mix-
ture ratio for the specific gases considered.

This paper re-formulates the equation for the
electron energy distribution function in a way that
suggests natural scaling parameters that can be
computed a priori, and is amenable to numerical
computation over a very wide range of vibrational
temperatures.

11. Basic Assumptions and Formulation

Formulation

A standard spherical expansion (up to second
term) for the electron distribution function, in a
spatially homogeneous weakly ionized gas leads to




the equation for the s?hcrically symmetric part fo
as presented by Nighan!:
df_(e)

- (e} —g—

cﬂ:’ j

S
“3334 [ £ sy(0gee ()
where e 2
ule) = i_é_l_ . T - (5)

The symbols previously defined which depend on
species have been superscripted with the letter s.
Qus(€) is the electron-molecule momentum exchange
cross section for species s, 6§ is the ratio N§/N
while &5 = NS/N = f N§/N. For convenience f,(¢)
can be normalized in such a way that

/fo(c) ﬁde 3
()

The second term fy(c) is directly related to the
derivative of f, and leads to the drift velocity.
f) must remain small with respect to f, in order
for the entire procedure to be justified.

(6)

Equation (4) can be changed to a pure integral
equation by considering the negative of the loga-
rithmic slope of fy as the new variable

d &n fo(c)
Ble) = - —g 20— (7)

The incorporation of detailed balance on the molec-
ular level (with no degeneracies)

(e + 55) Sy5(e + e55) = eSy;(eds (5> 1) (8)

leads to the equation

e+es

ule)B(e) = 33 31[ E'1

ij S
exp ( [ B(n)dn>
sij
- 6; exp (/:B?)dn)]isfj(ﬁ)dﬁ (9)
£-Ejj

This equation is suitable both for some approximate
analysis and for numerical integral iteration. The
equation is essentially exact within the standard
assumptions of slight ionization level, two term
spherical expansion, and small mass ratio of elec-
trons to neutrals. Any successful analysis of

Eq. (9) is going to require either complete know-
ledge of all the cross sections and population
levels, or additional approximations and simplifi-
cations. Since the former is not available we pro-
pose certain simplifications that will retain the
essential features of the problem and are not
drastically inconsistent with the expected cross
section behavior.

Additional Approximations

No experimental and only limited theoretical
results6 for electron-impact cross sactions with
vibrationally excited molecules exist. Since in a
laser related situation some estimate of the effect
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of these collisions is better than complete neglect,
the following simple assumption is used, The exci-
tation process from level i to i+n is in all re-
spects equivalent to the excitation process from
level 0 to level n; i.e., the inelastic cross sec-
tions and their associated energy losses depend on
%hc }cvol difference n, but not the identity of the
evels:

S;,1+n(€) * S (€) = 5o (e)
(10)
Eiitn " En T " &y

The assumption on the energy losses involves essen-
tially the neglect of anharmonicity and its direct
effect on Equation (9) is not expected to be ser-
jous. The assumption about the cross sections is
much more difficult to justify and is undoubtedly
not true in detail, the general level of the cross
scctigns is, however, consistent with Chen's re-
sults® for Ny even though the energy dependence is
not correct.

Incorporating the assumptions (10) with Eq.
(9) reduces the double sum (over i and j) into a .
single one over n = j-i. The resulting equation is:

a+nc:| €
u(e)B(e) = ZGSE[[“D (/ B(n)dn)
s W ;

- o exp</f: B(n)dn>]£ s (e)dg (1)
where §-negy

A+ L

55/65
J=n i

(12)

The effect of the vibrational (and electronic)
level populations now enters the problem solely
through the parameter aé. In a situation where
vibrational excitation is dominant and the lowest
levels can be approximated by a Boltzmann distribu-
tion function at an equivalent vibrational temper-
ature Tyo based on the 0 to 1 population ratio, of
becomes exp(-ne§;/kTyg). For typical lasing situ-
ations in CO where the "plateau" region of ths
vibrational level distribution is 10-2 to 10~ of
the ground state vibrational population this ap-
proximation is a very good cne. Within these
assumptions Equation (11) can serve as the starting
point for deducing effects of mixtures through the
parameters 65 and S}, and the effect of elevated
vibrational energy through of as determined by the
parameter Tyg.

III. Approximate Solutions

Vibrational Collisions

In the region of energies where vibrational-
excitation collisions are dominant, the character-
istic range of integration on the right-hand side
of Eq. (11) is €g a typical vibrational energy
spacing. Now the logarithmic slope B is assumed
to be approximately constant uver an energy range
€o and also large enough so that integrals from
€ + € to € + 2¢, can be neglected compared to
integration from € to € + e?. These assumptions
incorporated into Eq. (11) lead to an approximate



equation for B = €gB:

g = N(c)(l-c")(l-k (8 3;9;.-)- " ‘%) (13)

e () Sylerdde,?
€ €)e
M(e) = iq'.(_gl_"_#____"_ (18)
and
(15)

Q, * ? 8%, and S, = sz:n e

while ¢ is an energy value between 0 and €y which
defines an average value of Sy. Formally ¥ is
defined by the relation:

[‘Sv(c + cox)(acox)o'“dx

1
= §y(e+d)e e ®ax  (16)

The parameter R(a.colkTvo) can again be formally
defined as

s
Bne, -Bx
t §6’§S,’. (cﬁ:ox )o:e " (eteox)e  dx

o

8- 1 -8x
"‘(a'li;:_o"( “;)csv(u“é)[e & (17)

R(8, €o/kTyg) ™ S1(e+€)/Sy(e+c) when B << Eo/kT,,
and the while terw is negligible for €o/KTyo >>'1.
When 8 is near €/kTyg, R(B, €o/kTyg) approaches
unity and clearly represents a detailed balance
between vibrationally exciting and super-elastic
collisions. Equation (13) can be solved for any
number of approximate representation of R(8,%q/
kTyo) but the number of assumptions already incor-
porated in its derivation do not warrant anything
but the simplest solution. The term invelving
R(B, €o/kTy) is assumed to be negligible except
when 8 % €o/kTyg at which point B = €o/kTy is the
appropriate so‘ution. The results of thig simple
lznxiution are shown in Figure 1 with € = €5/2.
The approximate solution for 8 varies linearly

w he parameter M(e) when M(e) << 1 and as

€) when M(e) > 1.

Electronic Collisions

The approximate solution above did not explic-
itly depend on the fact that the dominant inelas-
tic processes were vibrational excitation. The
assumption that the logarithmic slope is approxi-
mately constant over the characteristic energy
range €, (the typical energy loss), however, makes
ae approximation inappropriate in the energy
range where electronic collisions are dominant.

A reasonable approximation can be obtained pro-
vided the cross sections in this energy range can
be approximated by a simple step function followed
by a slow 1/¢ decay.

(e) =0
S.c)-‘.s(c.)
€

£ <

€2 €y (18)
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Substitution of Eq. (18) into Eq. (11) together with
the assumption that €yB(€p) >> 1 leads to the fol-
lowing approximate solution for Be = €8 (€):

B ¥ 2 > cn

<t

& ~eBy

E;ix 1-e e<ey (19)
T a"‘-a_(tn‘e‘m (-an)-E'(-EB,,))

i (s, ()

The function Ei(x) is the standard exponential inte-

gral
X
Ei(x) -/ et ¢

The result for Ee'd» 1 (a reasonable approximation
within the expectéd range of validity) is shown in
Basic Parameters

(20)

(21)

Figure 1,

Aside from the obvious parameter €4/kTyo which
measures the importance of super-elastic vibrational
collisions, the electric field E/N appears in a non-
dimensional grouping of the form involving a charac-
teristic inelastic energy loss and the square root
of the product of