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emission frequency and ifs harmonics could produce, under some conditions, a virtually f]a%f
white noise spectrum from below 0.5 megahertz to frequencies above 1.2 GHz. Quantitative
investigations during the latter part of this contract showed that the efficiency of con-
verting the dc electrical power input of the classical Penning discharge into broadband

RF radiation was no more than 0.1 or 1.0%. y 2

High levels of electrostatic turbulence, anomalous electrical resistivity, and very
strong axial and radial electric fields were observed in this steady state, classical
Penning discharge. RMS levels of electrostatic plasma turbulence were sometimes in excess Pl
of several volts; axial and radial electric fields in excess of several hundred volts per Q..
centimeter were measured in this d1scharge These phenomena provide both a mechanism for .»\
creating high energy density plasmas in the steady-state, and a phys1cal explanation for :
the implied anomalous electrical resistivity. Our studies of heating in turbulent plasmas .-
have led us to investigate collisional magnetic oumping. We now believe that collisional i
magnetic pumping may be highly effective in turbulent, electric field dominated plasmas @
and that the heating rate might be many hundreds of times faster than assumed in early wcrk‘yf
done in the 1950's. In addition to these scientific results, this contract has also .3:-;
supported three graduate students who have obtained their Master's degree in Electrical -
Engineering, one student who is shortly to obtain his Ph.D. in Electrical Engineering, and .,
a number of additional students who will complete their degree program after their employ- .-
ment on this contract. This contract was used as a vehicle for a very successful pilot
program for undergraduate research assistants who worked in the Plasma Lab during the e
Summer of 1985, and contributed their efforts to our research program. This contract also .-.
supuorted a computational uhysics effort off campus, during its Tinal year. SR
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n EXECUTIVE SUMMARY
é Background Information

This document describes a recently-completed five-year program of

F research at the University of Tennessee’s Plasma Science Laboratory, which
- is located on the Knoxville campus, and affiliated with the Electrical
a Engineering Department. Our Laboratory specializes in the experimental
* investigation of interactions between RF radiation and plasmas, and on
research in electric field dominated, steady-state plasmas. These plasmas
é exhibit several unique characteristics: very high levels of plasma turbulence;
- broad-band radio frequency emission; ion kinetic temperatures up to several

kilovolts; ion kinetic temperatures much higher than that of the electron

population; and strong axial and radial electric fields, measured values of

.

which have been in excess of several hundred volts per centimeter along the

E..; magnetic field. The presence of strong electric fields in the plasma allows

- work from external sources to be done on the plasma, thus affecting its

:': confinement, heating, and transport properties. Such electric field dominated

* plasmas can achieve high energy densities, and are of potential utility in such

& applications as lasers, pulsed broad-band radio frequency emitters, high

‘ power sub-millimeter microwave emission, communications, and directed F
3 energy weapons.

;3 The level of effort of this contract during its five year duration is

: summarized on Table 1. This contract covered a five year period in one year !
i increments, which extended from March 15 through March 14 of the following

E year. The contract supported the Principal Investigator for 1/4 time during
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the entire duration of the contract. It also supported one graduate research

assistant during the first year of the contract, and two graduate assistants

LS ¥l

during the subsequent four years. The total budget for the contract over the

five year pericd was $325,060, an amount which supported the 16 archival

1A
-~
o

and conference presentations listed in Appendix C, and supported in whole or
in part four graduate experimental theses at the UTK Plasma Science
Laboratory. The activities of each year have been documented in detailed
Interim Scientific Reports, with the UTK report number listed in Table 1,
Ny which were submitted to AFOSR, and are available in its archives. In

addition, each of the five years required a proposal, which is documented in

:Z; the UTK reports listed in the last column of Table 1.

i Objectives of Research

The initial objective of this contract was to experimentally identify and

confirm the existence of the geometric mean interpenetrating beam plasma

>

instability in a classical Penning discharge, and to further explore the radio

| at 3u8 ST

A frequency emissions from this steady state, electric field dominated plasma.
. As the contract progressed beyond its first year, exploratory research with the
diagnostic instruments available in the UTK Plasma Science Laboratory

revealed additional interesting phenomena, which were incorporated among

the objectives for the final three years of the research program.
D : .
~ The objectives of the research during the initial two years were to set up,

with AFOSR support, a classical Penning discharge in the UTK Plasma

NN
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Science Laboratory, and then to identify and confirm the existence of the
geometric mean plasma oscillation in the steady-state, electric field
dominated plasma. The geometric mean emission frequency was discovered
jointly by Professors J. Reece Roth and Igor Alexeff of the UTK Plasma
Science Laboratory. These objectives were met by the end cf the second year
of the contract. Exploratory research during the second year of the contract
revealed broadband, white-noise-like RF emission from the classical Penning
discharge, of a kind that might be useful for jamming or EMI simulation.
Strong axial and radial electric fields also were observed, as well as high
levels of plasma turbulence.

It became our objective during the third and fourth years of the contract
to study the strength and nature of the broadband emissions from the classical
Penning discharge; to study the interactions of microwave radiation with the
classical Penning discharge plasma; to study the drift waves and turbulence
observed in the plasma using time series analysis techniques; and to
understand the anomalously high electrical resistivity observed in this
plasma. Finally, during the last year of the contract, theoretical insights into
the plasma heating process, which originated outside the scope of this
contract, were followed up by Mr. Mounir Laroussi in a theoretical analysis
which indicates that collisional magnetic pumping can be up to several
hundred times more effective than previously believed possible if one goes
about it in the right way. A theoretical study of this "first-order collisional
magnetic pumping” then became an objective for the final year of the contract,

and was the subject of a recent theoretical publication.
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Five-Year Technical Resuits

During the first year of this contract a steady state, electric field
dominated classical Penning discharge plasma facility was designed,
assembled, and put into operation. This facility, which remains in active use
in the UTK Plasma Science Laboratory, consists of a steady-state classical
Penning discharge operating in a water cooled magnet system which is
capable of 0.4 tesla. The high voltage power supply, magnet system, cooling
water, and vacuum system were assembled; and the first plasma achieved
near the end of the first year of this contract. During that first year,
diagnostic systems were put into operation which included spectrum
analyzers to examine RF emissions up to 28 GHz, and a retarding potential
energy analyzer. At the end of the first year, the plasma was capable of
operating for hours at a time and was observed to exhibit a broad-band RF
white-noise spectrum over frequencies from 0.5 megaHertz to 1.0 GHz. The
discharge was also observed to produce ions with characteristic energies,
along the magnetic field lines, of several hundred electron volts, and the
discharge also exhibited evidence of strong electric fields, up to severeal
hundred volts per centimeter, albng the magnetic field in the plasma.

During the second year of this contract, additional diagnostic systems
were placed into service, including a high voltage Langmuir probing system
for axial profile measurements, and an active RF diagnostic system to
measure plasma number density by observing the absorbtion of RF power at

the electron plasma frequency. Phenomena investigated during this contract

5
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period included RF emission at frequencies over the band from 0.5 MHz to 2

GHz; ion energies and ion energy distribution functions; axiil electrostatic

AR |

A potential profiles; and a rich variety of nonlinear mode coupling phenomena
! = among the various I.F, near-field emissions from the plasma.

During the third year of this contract, additional diagnostic systems

; u were placed into service, which included specially made, broad-band antennae
! . for the measurement of absolute RF emission levels over frequencies from
\ ' approximately 50 MHz to 1200 MHz; a 32 GHz microwave scattering
\ N apparatus for the detection and study of plasma density fluctuations; and a
l e two channel, analog-to-digital data handling system capable of measuring
J fluctuating phenomena up to 10 MHz, with associated software capable of
‘_ obtaining auto and cross power spectra, phase spectra, and coherency spectra
. at frequencies up to 10 MHz. The two-channel data handling system was used
W to compare the density fluctuation signals obtained from the microwave

* scattering experiment with the fluctuating electrostatic potentials from a 1
- Langmuir probe on the plasma edge. This data handling system was also used

to compare the fluctuating electrostatic signals from two capacitive probes y
E located at different azimuthal or axial positions with respect to the plasma.
The plasma fluctuation measurements made with the microwave scattering
“ apparatus and the capacitive probes indicate a low frequency disturbance, in
(‘3 the range of 10 to 50 KHz in the plasma, the frequency of which is directly

proportional to the magnetic field strength. This frequency is far too low to be

£

é in this plasma.

associated with the ion or electron cyclotron frequency, or the Alfven velocity - .
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H During the fourth year of this contract, more detailed investigations of

the broad-band RF emissions, from below 1 MHz to more than two GHz, were
conducted. These emissions were found to be incoherent; the emitted
8] radiation intensity was proportional to the electron number density and not to

its square. A calibrated, broadband antenna was developed which had a flat

] L frequency response from approximately 100 MHz to 1.2 GHz. Measurements
made with this antenna showed that the efficiency of generating the RF

:j‘-‘ emissions was only about 0.1%, and decreased with increasing plasma number

o density. During this fourth year, microwave scattering measurements made

in connection with a master’s thesis revealed very high amplitude number

Cume e e oo e e

density fluctuations within the plasma, with the fluctuations reaching 6% of

the rms number density. An important density fluctuation phenomena
revealed during these measurements was a spoke, which rotated about the
axis of the discharge with a frequency of several 10’s of KHz.

During this fourth year, a theoretical program was undertaken to look in
more detail at the theory of interpenetrating electron beams, which describes
the geometric mean emission frequency and is related to the high levels of
electrostatic turbulence in the plasma. This theory was extended by Prof.
Igor Alexeff and the Principal Investigator to include a cold background
plasma in the region in which the two interpenetrating beams interact, A
second line of theoretical investigation was initiated during this fourth year
by the Principal Investigator and the Senior AFOSR Graduate Research
Assistant supported by this contract. The GRA repeated and extended some

old work on collisional and transit time magnetic pumping, to include recent
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insights about this heating method which imply that it might be made far
more efficient and effective than the old theory suggested.

Finally, in the final year of this five year contract, the theoretical
investigations of collisional magnetic pumping paid off with the very
interesting prediction that collisional magnetic pumping might be made
several hundred times more effective than previously believed possible, by a
rather simple modification of the collisional magnetic pumping process. The
old theory predicted second order plasma heating, proportional to the square
of the ratio of the perturbed magnetic field to the background, steady-state
magnetic fleld. The new theory shcws that, if the perturbed field is at all
times greater than the background, constant magnetic field, the plasma
heating rate is linearly proportional to this pertubation parameter.

The experimental program during this final year of research also
produced some very interesting and significant results. An active microwave
plasma diagnostic procedure, which utilized the Hewlett Packard microwave
network analyzer bought with the AFOSR URIP funding, and wh.ich was
developed under our ONR contract, was applied to the plasma in the classical
Penning discharge. This diagnostic procedure allowed us, for the first time, to
measure the effective collision frequency in the classical Penning discharge
plasma. It was found that, at low magnetic fields, below approximately 0.25
Tesla, the effective collision frequency in the classical Penning discharge
plasma was approximately 0.5 MHz, a value consistent with electron-neutral
impact collisions in the plasma containment volume. At higher magnetic

fields, however, the effective collision frequency increased dramatically, to

8

'~

B W 9 W o

P Ll

C

RS e ta bl o G g ge g5,



AL

ALl

==

sy
.
«

-
v

values approaching 20 MHz, as the magnetic induction approached values of
0.4 Tesla. This dramatic increase in the effective collision frequency is
associated with increased levels of turbulence in the plasma, which scattered

the electrons more effectively than electron-neutral collisions.
Results of Other Contract Programs

This contract also supported other activities in aid of our experimental
and theoretical research program. A major initiative in the fourth and fifth
year of this contract was a collaborative arrangement in computational
physics with Dr. Robert J. Barker of AFOSR. Our contract was used as a
vehicle to enable Dr. Barker to purchase the computer hardware and software
required for this collaborative activity.

Another activity was the purchase of equipment, including low
frequency and high frequency (microwave) network analyzers, with $233,745
of fiscal year 1985 funds which UTK was given by AFOSR un.der the
Department of Defense-University Research Instrumentation Program
(URIP). Another activity, in the second and fourth year of this contract, was
participation by the Principal Investigator in the International Conferences
on Plasma Physics held during the early summers of 1982 and 1984, the first
in Goteborg, Sweden, and the second in Lausanne, Switzerland. An archival
paper describing research done under this AFOSR contract was presented at
each meeting. An extensive trip report was submitted each of those two years

to AFOSR, which described technical developments at the conference, and the

9
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E Principal Investigator’s visits to European plasma-related laboratories before
= and after these conferences.
f$ Finally, during the fifth year of this contract, it was used as a vehicle for
b a pilot program, sponsored by AFOSR, to support undergraduate students as
research assistants affiliated with AFOSR contract research in the UTK
: Plasma Science Laboratory. Six students were hired under this pilot program
during the summer of 1985. The program was extremely successful in terms
of furthering the research objectives of our contract, and introducing
o engineering students to ongoing experimental research programs in the
]
plasma laboratory.
. Utility of Results to the Air Force
2 The steady-state electric-field-dominated classical Penning discharge
- may be a test bed to study physical processes that occur in weapons-related
- intense microwave radiation and particle beam sources which are pﬁlsed on
time scales to short to allow ready investigation of their physics. The
observation, during the first and second year of this contract, of broad-band,
‘ white-noise like RF emission over frequencies from 0.5 MHz to 2 GHz, was
. suggestive that this manifestation of the two interpenetrating beam
é; instability might be useful for jamming communications, or for
. electromagnetic noise generation. Indeed, the emissions from the Penning
f- discharge plasmas in the UTK Plasma Science Laboratory were capable,

under the right conditions, of jamming both AM and FM radio reception in

A
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Ferris Hall, where the Electrical Engineering Department and the Plasma

Lab are housed. Quantitative measurements undertaken in the second and

2L

third year of this contract indicated that the intensity of the RF emission was

T AT, Y. TR W W W B R e B il B - —— ——

proportional to the electron number density rather than to the electron
N number density squared. This is characteristic of an incoherent radiation
E.:-E process in which each electron radiates power independently, rather than a
L collective, dipole-like emission in which intensity is proportional to the square

of the number of electrons participating. Moreover, the overall efficiency of
the emission process, defined as the integrated RF power divided by the dc

input power to the classical Penning discharge, was on the order of 0.1% or

T T EERY Y Y Y., v,
3

less, and had a functional dependence such that the emitted power decreased
with increasing plasma density.
Other results of this program may be of utility to future Air Force

e programs. The production and maintenance of steady state, high power

Pt of ey S ae oL AL MH
.
. »

density plasmas for such military objectives as weapons effects, high power

- lasers, and directed energy weapons may benefit from our observafion and

. level of understanding of anomalous plasma resistivity due to plasma

4_ turbulence, and collisional magnetic pumping. During the third and fourth

: year of this experimental program, radial and axial profile measurements

z were made of the electrostatic potential, number density, and electron

é, temperature of the classical Penning discharge. It was found that, under

highly turbulent plasma conditions, axial electric fields, parallel to the 1
\ magnetic field lines, were as high as several hundred volts per centimeter in |
~ this plasma. The implied electrical conductivities of these plasmas is

) 11
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anomalous, and is several hundred to several tens of thousands of times

higher than the conductivity to be expected from binary collisional processes.
'The very encouraging theoretical analysis which was performed in the
fifth year of this contract on collisional magnetic pumping indicates that this
mode of plasma heating may be competitive with other methods, such as
ohmic heating and ion cyclotron resonance heating. Collisional magnetic
pumping as a plasma heating method may be particularly useful in heating a
high power density plasma for energetic lasers; a slight modification of
collisional magnetic pumping, in which a slug of plasma is accelerated along
an axial magnetic field by a traveling wave, may be of utility in directed

energy weapons.
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THE UTK PLASMA SCIENCE LABORATORY

Scope of Research Progran:s

Course offerings and active research in the field of plasma science have
been underway at the University of Tennessee, Knoxville, since 1970. The
UTK Plasma Science Laboratory was set up in its present form in 1980, and
occupies the entire first floor of Ferris Hall, the Electrical Engineering
Department’s building on the UTK campus. The UTK Plasma Science
Laboratory acquired in 1980 approximately $400,000 of Plasma-related
instrumentation from the NASA Lewis Research Center, which enabled us to
begin a research program on electric field-dominated plasmas. This inventory
of laboratory equipment has been supplemented over the last four years by
used, but serviceable, surplus equipment obtained from Department of
Defense installations within a half-day’s driving distance of Knoxville.

The UTK Plasma Science Laboratory is equipped with a variety of
operating plasma diagnostic instruments, and a large inventory df power
supplies, electronic test equipment, and RF and communications-related
electronic equipment and hardware which support our exploratory research
efforts. The UTK Plasma Science Laboratory also has two inexpensive-to-
operate steady state Penning discharge plasmas on which instruments can be
developed and dekbugged, and on which data of unsually high quality can be
taken with our existing instruemnts. A recent grant (FY 1985) of $233,743
from AFOSR under the DoD-University Research Instrumentation Program

(URIP) has allowed us to purchase state-of-the-art RF network analyzers and

13
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g other state-of-the-art electronic test eqﬁipment which not only provides our
é - students training with the latest equipment, but also makes it possible for us
| ﬁj to take plasma diagnostic data of a quality and kind that is possible to very
p few other university based research laboratories.
e Since 1980, the UTK Plasma Science Laboratory has been partially
; :‘ supported by contracts with Office of Naval Research, the Air Force Office of
! S Scientific Research, the National Science Foundation, and the Tennessee
E Valley Authority. In calendar year 1985, the total budget of the UTK Plasma
E Lab was just under $500,000. The UTK Plasma Science Laboratory is
. e affiliated with the Electrical Engineering Department of the University of
§ * Tennessee in Knoxville, and focusses its research efforts on steady-state,
;. ~ electric field-dominated plasmas. Our emphasis on steady state plasmas
§ . makes it much easier for us to take diagnostic data of high quality, and to vary
q = parameters in an exploratory way to identify and study the physical processes
L < which occur in these plasmas. The emphasis on electric field dominated
plasmas (those plasmas having strong radial and/or axial electric fields
penetrating them) has allowed us to focus on an area of plasma science which
has been neglected both within the DoE’s fusion program, and by other

university research groups in the field of plasma science. Particular electric

field dominated plasmas under study in the UTK Plasma Science Laboratory

!
|
|
. . . . . - 3 . '
include the orbitron maser, which is of interest because of its capability to i
produce sub-millimeter microwave emission at power levels in excess of one ‘

|

|

watt; and plasmas generated by Penning discharges, which are highly

turbulent, and provde a convenient test bed for research on plasma

14
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turbulence, anomalous electrical reéistivity, and collisional magnetic
pumping as a plasma heating technique.

Since 1980, the UTK Plasma Science Laboratory has established a
record of new discoveries, archival publications, and interesting experimental
results of which we are proud. Among our recent accomplishments are the
following:

1. Joint discovery of the goemetric mean plasma emission by Professors J.
Reece Roth and Igor Alexeff, followed up by archival publications (Refs. 1,2),
and by a series of investigations .1 the UTK Plasma Science Laboratory
during the first, second and third years of this contract. As part of this work,
the geometric mean emission frequency was identified, and its theoretically
predicted functional dependence on plasma parameters confirmed.

2. Observation of broadband RF emission from Penning discharge plasmas,
at frequencies which range from below 0.6 MHz to more than 1.7 GHz. This
continuum RF emission is like white noise, and represents an extreme form of
nonlinear mode coupling among harmonics of the interpenetrating electron
beam instability with which this emission originates. The total power in this
broadband emission, under non-optimized operating conditions, ranges up to
1% of the dc input power to the Penning discharge plasma.

3. Observation of strong axial electric fields in Penning discharge plasmas.
These axial electric fields have values up to several hundred volts per

centimeter along the magnetic field, and represent a high degree of

anomalous plasma resistivity. These fields provide a mechanism which
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makes possible high plasma power densities, by feeding power into the plasma
through the axial electric field.

4. The conception by Professor J. Reece Roth and mathematical

development by Professor Roth and Mounir Laroussi, a Ph.D. student working

A B

in the Plasma Lab, of a new approach to collisional magnetic pumping. This

o w

method should be as much as several hundred times more effective than the

LR

mechanisms suggested in the late 1950’s, which rely on a second order plasma

PRE S
P
PR

heating effect. Collisional magnetic pumping is a plasma heating method
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which is particularly easy to apply, and may be especially valuable for heating

partially ionized plasmas for high power laser applications.
5. A wide variety of plasma diagnostic instruments have been built to

facilitate our research program. The UTK Plasma Science Laboratory now

- has one of the best-equipped university facilities in the country for the steady-
3 state, quantitative measurement of RF plasma emissions over a wide
& frequency range, for the measurement of the interactions of RF radiation with
- plasmas, and for the measurement of plasma turbulence in the form of
electrostatic potential and number density fluctuations over a wide dynamic
N range and over a wide range of frequencies.
Laboratory Space and Utilities )
'E The UTK Plasma Science Laboratory occupies approximately 1800 sq. ft.

on the ground floor of Ferris Hall on the UTK campus. This floor also has
offices available with six desks for research assistants associated with the

Laboratory, and a loading dock for equipment. The Laboratory is furnished

16
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with running water, two sets of two inch supply and discharge mains at city
water pressure for cooling of the magnetic field coils; city sewers; 70 KVA of
440 volt three-phase electrical power; 120 KVA of three-phase, 220 volt
electrical power, fluorescent lighting, air conditioning, tile floors, and
building services. In addition, the Plasma Science Laboratory has available
approximately 400 sq. ft. of office and light-duty research space on the 5th
floor of South Stadium Hall, under the nearby football stadium.

The Electrical Engineering Department offers further services and
facilities, including a student machine shop, an electronic parts store, a
technical services shop which can maintain and repair equipment, secretarial
services, an IBM copy machine, a Xerox 8010 Star word processor with a laser
printer, and a wide range of computational facilities.

The impact of the AFOSR contract on the UTK Plasma Science
Laboratory can be seen by comparing Figure 1 and Figure 2 below. On Figure
1 is shown the UTK Plasma Science Laboratory in early 1981, before funding
by the AFOSR contract. The Magnion coils, which had recently been 6btained
as a surplus donation from the Oak Ridge National Laboratory, are at the
center of the floor. No funding was available to repair its dc power supply, to
furnish cooling water, or set up the necessary glass vacuum system. When tne
contract was announced, the University supplied the necessarry water
connections shown in Figure 2. Figure 2 is a recent photograph of the AFOSR
equipment shown in Figure 1, with the vacuum system in place, and the

electrical and water cooling lines connected.
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g On Figure 2 is a photograph of the AFOSR classical Penning discharge
apparatus. Most visible are the seven-inch ID Magnion water-cooled copper
E‘E coils on the right center. The glass vacuum system which threads the bores of
{f these coils is visible to the right and left of these magnets. The cooling water
' lines are visible to the left, and the large cylindrical structure to the left
E E- center is the plastic safety shield over the high voltage electrode connection.
. The coils in this array are spaced in such a way that the imagnetic field in the
,‘ :E: plasma containment volume, between cathodes of the Penning discharge, is
E "& uniform to within * 1 percent.
Impact of AFOSR-URIP Equipment Grant

In 1983 we submitted a proposal to the AFOSR for $233,743 to buy new,
state-of-the-art equipment for our AFOSR research effort in the UTK Plamas
Science Laboratory. Most of this money was to be spent on low and high
frequency network analyzers to make possible highly sophisticated ac.tive and
passive plasma diagnostics. In April, 1984 we were pleased to learn that this
proposal was fully funded with fiscal year 1985 money. This money became
available to usin January, 1985.

Preparations for purchase of this equipment started in the late Fall of
1984, and were conducted primarily by Prof. David Rosenberg, a portion of
wnose time was supported by this contract. Searching the catalogs, and
negotiations with the Hewlett Packard Corporation occupied much of our time

during December, January, and February of 1984-85. An order for the low

Al
&
'

19

a_2_"




.y frequency and microwave network anéllyzers was placed with the Hewlett
: - Packard corporation in March, 1985. At this writing, approximately 90% of

% the equipment, in terms of its cash value, has been delivered and tested. We
P @ were able to get a good price on most of this equipment by utilizing
'f ‘ consignment equipment, which had been used as demonstrator models at
E N trade shows etc.. However, this equipment is otherwise new and has the same
. warranty, calibration, and testing as new equipment.

-. According to the Hewlett Packard representative, the network analyzers

E which we purchased represent the most sophisticated and highest-tech item in

the Hewlett Packard equipment inventory. In order to run this equipment,

E\' Prof. Rosenberg and a research assistant from the UTK Plasma Science Lab

took a special course in Atlanta, Georgia in August, 1985. The new

instrumentation which we intend to buy should greatly facilitate the

measurement of RF emissions above 1 gigahertz, and make possible
quantitative measurements, which heretofore have been extremely difficult,

at frequencies up to 20 GHz.

i Impact of DoD Surplus Equipment

During the period covered by this report, the Principal Investigator and

one or more of the research assistants associated with this contract have made

U

eight screening trips to DoD installations within a half-day driving range of

o

=2

Knoxville. These screening trips were initiated in December, 1982, and have

continued as we build up an inventory of microwave and electronic test
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equipment of a kind which facilitates exploratory basic research in our
general area of interest: RF interactions with electric field dominated
plasmas. The screening trips have served the primary function of filling gaps
in the microwave hardware needed at various wavelength bands. and picking

up isolated pieces of test equipment that we need for our research program.

Specalized Research Equipment Used on This Contract

Over the past five years, the UTK Plasma Science Laboratory has bu:it
up an inventory of specialized research equipment, plasma diagnostic
instrumentation, and computerized data reduction capabilities that are, if not
unique, at least well above average by university standards. Among the
specalized equipment at the UTK Plasma Science Laboratory available for
our research program is the following:

1. A 20 centimeter inside bore, 0.35 tesla, 18-coil, water-cooled solenoid
complete with power supply, cooling water, and a control system capable of
providing steady state magnetic fields for plasma research. This fécility is
currently dedicated to the ONR experiment, the contract for which will expire
on October 1st, 1987.

2. A 17 centimeter inside diameter, 0.50 tesla, 8 coil water-cooled solenoid,
with power supply, cooling water, and control system. This facility is used in
the current AFOSR research contract for the classical Penning discharge, and
is capable of providing a steady state magnetic field for plasma research.

3.  Both of the above mentioned magnet systems are furnished with glass

vacuum systems, which allow flexibility in rearranging diagnostic probes and

21




.“ sensors. The glass vacuum systems also allow electrostatic potential
| fluctuations and RF emissions from the plasma to be detected outside the
| ‘g vacuum system. Each of these vacuum systems has a refrigerated cold trap,
! sy using a special freon which achieves -100 degrees centigrade, and each system
E can reach base pressures in the mid or low 106 torr range. Each vacuum
L. system also has a turbo-molecular vacuum pump which reduces the
background contamination which would otherwise occur from diffusion pump
oil. These vacuum systems have been in operation for several years, are
throughly debugged, and are extremely reliable research tools.

4. The UTK Plasma Science L.aboratory has available a 40 kilovolt, 1 amp

R N L T T Y RS N W B W W mm— = w =
)
e,
s i

:::'. dc high voltage power supply which is used to energize the Penning discharges

on the current AFOSR and ONR experiments. This power supply has safety
! interlocks, overcurrent and overvoltage trip protection, and allows the output
« voltage to be varied from a few hundred volts to a maximum value of 40
& kilovolts, while drawing up to 1 amp of current. This power supply uses

- vacuum tube electronics, and therefore operates reliably in spité of the
- occasional arcs characteristic of steady state Penning discharge plasmas.

2 5. A major recent addition to our inventory of specialized research
: equipment is a Hewlett-Packard model 8510 high frequency network analyzer
: which is capable of operating from 45 MHz to 18 GHz. This network analyzer
é was purchased with part of the DoD-University Research Instrumentation

Program grant awarded to the UTK Plasma Science Laboratory. This

]

Pa

analyzer allows us to measure the frequency response and impedance function

of microwave equipment over the frequency range of the instrument. It
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facilitates absolute measurement-s of RF power, and turbulence
measurements over a dynamic range of 80 dB. To our knowledge, no other
university-based plasma research laboratory in the country possesses such an
instrument.

6. As part of the instrumentaiton purchased with the AFOSR-DoD-
University Research Instrumentation Program grant, we also bought a
Hewlett Packard model 3577 low frequency network analyzer, the frequency
response of which ranges from 5 Hz to 200 MHz. This network analyzer can be
used for calibration of absolute signal levels, and for measuring the frequency

response of our diagnostic equipment.

Plasma Diagnostic Instrumentation

During the past five years, the UTK Plasma Science Laboratory has
built up an inventory of plasma diagnostic instrumentaiton which makes it
well-equipped by university standards. Some of this instrumentation is the
first of its kind and has been documented in the literature. These pubiications
are listed in Appendix C. The most notable items of our diagnostic
instrumentation are the following:

1. Vacuum Mass Spectrometer - The vacuum system used for the classical

Penning discharge is equipped with a vacuum mass spectrometer which not
only allows us to detect leaks in the vacuum system, but also confirms that the
gas in the vacuum system during an experiment is that intended.

2. Capacitive Probes - On Figure 3 is shown a photograph of a dual

capacitive probe system used in the UTK Plasma Science Laboratory. The

23
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! two capacitive probes are resting horfzontally in the upper portion of the
1 photograph; the equipment rack contains the power supplies for the probes,
and the amplifiers and filters which are part of the data handling system for
f: these probes. These probes have a frequency response which is virtually flat
’ from 1 kilohertz to 10 megahertz. These probes can be positioned at various
locations immediately outside the glass vacuum system, where they can

detect the electrostatic potential fluctuations associated with plasma

T Y Y T Y R Sy

instabilities and turbulence. Under other conditions of operation, capacitive
probes are inserted into the vacuum system, and are positioned in the vicinity
of the plasma boundary.

3. Langmuir Probes - The UTK Plasma Science Laboratory has a number

T VTN T
. s e =)
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Sl e

i of Langmuir probes and a high voltage Langmuir probe power supply system
l . which is used for measuring plasma parameters. An unusual problem
A Fo. encountred in these electric field dominated plasmas is that the plasma
; ¥ potential is often quite high, on the order of kilovolts. For this reason, it is

necessary to bias the Langmuir probe to several kilovolts in order to take a

Langmuir probe curve which will allow us to measure the electron kinetic
temperature and number density. We have developed a data handling system
which will take the Langmuir probe traces automatically, and print out, on
line, the plasma parameters based on the Langmuir probe trace. This
software development is described in the next section. A photograph of the
LeCroy 3500 computer, with a Langmuir probe trace on the screen, is shown
in Figure 4, along with Saeid Shariati, the graduate student who developed

this software program for his Master's thesis.
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Figure 4
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4. Retarding Potential Energy Analyzers - The vacuum system used for the

classical Penning discharge has a retarding potential energy analyzer

2 permanently installed. When data are taken, this analyzer is energized by an
E external power supply on an equipment rack. The retarding potential energy
= analyzer is used to measure the integrated energy distribution function of ions
.:. lost along the axis of the magnetic field in the two Penning discharges.

5. A Polarization Diplexing Microwave Interferometer - This instrument

was developed in collaboration with Prof. Andrew L. Gardner of Brigham
o Young University. This instrument can use both modes of polarization of the
i microwave radiation at 28 GHz, and can detect densities as low as 108
X : electrons per cubic centimeter.

| 6. Analog-to-Digital Data Handling System - The UTK Plasma Science

‘. Laboratory has an analog-to-digital data handling system based on the
LeCroy 3500 SA system, shown in Figure 4, with three type 8837, 32
megahertz transient recorders. The LeCroy system is capable of taking three

T simultaneous channels of data, and digitizing them at rates up to 32 MHz.

: This digitized data can be displayéd on the screen of the LeCroy model 3500

r SA, and then sent by a hard-wire data link to the Electrical Engineering

9 Department’s VAX 780-11 computer for analysis by appropriate software
~ programs.

:g‘j 7. Calibrated, Broadband Antennas - As part of our on-going research
program to measure RF plasma emissions, we have developed two calibrated,

ﬁ broadband antennae, which have a very broad and flat frequency response,

E from approximately 100 MHz to 1.2 GHz. In addition, they have been

27
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absolutely calibrated to measure the incident power, in watts, received from

our plasmas. The instrumentation and hardware necessary to make and

3

implement these absolute calibrations have also been developed, and include

the HP 3577 low frequency network analyzer, described in the previous

SRS
P |
: section.
l','
: ;._ 8. Other Research Equipment - In addition to the above individual items of
ke plasma diagnostic equipment, the UTK Plasma Science Laboratory is well
= equipped with a variety of power supplies, RF voltmeters, signal generators,

ol

microwave hardware and accessories, and other equipment necessary to do RF
detection and plasma research. Over the years, we have built up our
inventory of research equipment through the DoD Surplus Property
Utilization Program, which makes available used but serviceable equipment
to DoD contractors. This has allowed us to obtain equipment useful for

exploratory research which we could not afford otherwise.

Specalized Data Reduction Capabilities

At the UTK Plasma Science Laboratory, we have attempted to stay at
the leading edge of the development of plasma diagnostic software and digital
data handling and reduction methods. The resources of our Electrical
Engineering Department are very valuable in this respect. Some of the
hardware and software which we employ are as follows:

1. The VAX 780-11 Computer - This computer is installed in Ferris Hall,

and is readily available to users in the Electrical Engineering Department.

There are four hardwired data links from the VAX computer to the UTK

28
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Plasma Science Laboratory, three of which are presently connected to

| terminals and/or the minicomputers described below. This computer makes

_ _l

available on-line data reduction of fairly sophisticated programs, the running

of which on our minicomputers in the Plasma Lab would either take too long,

El .)' 5
L

or not be possible.

2. A HP 9836 Series 200 Minicomputer - The primary function of this unit

T YT Y

is to run the HP 3577 and HP 8510 network analyzers in their fully automated

mode. It can also be used as a stand-alone computer for other data handling

= i atn g e

‘é and data processing tasks. This computer is connected by a hardwired link to
the EE Department’s VAX 780-11 mainframe computer.
3. A LeCroy 3500 SA Minicomputer - The LeCroy Minicomputer was

described previously, and is used as a three channel, 32 MHz transient

A

recorder and digitizer system with three LeCroy model 8837 transient

recorders. In addition, the LeCroy system has a four channel, 1 MHz model

Z
,F
' 8501 analog-to-digital converter which is used at lower frequenies, when the
”; system is used as a smart X-Y plotter or oscilloscope. The LeCroy 3500 SA
' minicomputer is connected by a hardwired data link to the EE Department’s
g VAX 780-11 mainframe computer, and can transmit digitized data to that
- computer for analysis by various software programs.
~ 4. A Tektronix Model 4002A Graphics Terminal - This older unit was
E:‘ obtained surplus from the NASA Marshall Space Flight Center in Huntsville,
. Alabama, and is used as a graphics terminal by our graduate assistants to '
communicate over a hardwired link with the EE Department’s VAX 780-11 .
mainframe computer.
: : ,
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5. Software for Plasma Turbulence Analysis - The software required to

analyze the statistical properties of simultaneously sampled signals is based
on a time series analysis computer program very generously furnished to us
by Prof. E. J. Powers of the Unviversity of Texas, Austin. This program has
been modified for use on the EE Department’s VAX 780-11 mainframe
computer. This program has the capability of displaying such statistical
properties of the plasma fluctuations as the auto and cross power spectra of
two simultaneously sampled channels, phase spectra of the fluctuations
between two channels, the coherence spectra, and finally it also contains the
output software package required to plot the calculated data.

6. Computerized Reduction of Langmuir Probe and Retarding Potential

Energy Analyzer Data - The LeCroy model 3500 SA transient recorder system

has been modified to act as a smart X-Y plotter, to do real time, on-line data
reduction from such diagnostic instruments as Langmuir probes, retarding
potential energy analyzers, capacitive probes, and charge exchange neutral
energy analyzers. The software required to support this and similar plasma
diagnostic data reduction systems was not available from LeCroy or any other
manufacturer. Mr. Saeid Shariati, a former graduate student in the
Department of Electrical Engineering (who now works for the General
Electric aircraft engine plant in Cincinatti, Ohio), has, for his master’s thesis,
developed software for the LeCroy 3500 transient recorder system which
reduces data from a retarding potential energy analyzer and the high voltage
Langmuir probe system, as well as our charge-exchange neutral energy

analyzer systen:.
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Some results of the data reduction program are shown in Figures 4 and
5. Figure 4 shows the printout of the raw Langmuir probe curve on the
LeCroy model 3500 display screen. By using an interactive light pen, the
investigator may designate the data which are to be analyzed by the software
program, and the boundaries of the ion saturation regime of the Langmuir
probe curve. A best-fitting straight line is fit automatically to the data in the
ion saturation regime, and the difference between this extrapolated ion
saturation line and the probe current is taken to obtain the electron current to
the probe. The electron current is plotted against probe potential on the semi-
log plot shown in Figure 5. The limits of the straight line portions of the semi-
log curve in Figure 5 are designated by the investigator with the light pen.
The slope of the straight line portion determines the electron kinetic
temperature of the plasma. The investigator then also designates the upper
and lower limits of the electron saturation regime, to which the computer
program automatically fits a straight line. The intesection of these two
straight lines is, following normal practice in the reduction of Langmuir probe
data, taken as defining the plasma potential at the electron saturation
current. Once these portions of the curve are identified on the screen of the
LeCroy 3500 by the light pen, the computer program automatically
determines the plasma parameters which can be obtained from a Langmuir
probe, including the electron kinetic temperature, the floating potential of the
probe, the plasma potential, the electron number density, and the ion kinetic

temperature. A similar software program is available to reduce data from the
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retarding potential energy analyzers, and also from a charge exchange

neutral energy analyzer.

Weekly Plasma Seminar

An important part of our research activities at the UTK Plasma Science
Laboratory is a weekly Plasma Seminar in which the senior faculty and all
research assistants participate, along with undergraduate students and any
one else who is interested. Our graduate research assistants are expected to
give at least one, one hour-long seminar on their work during each quarter,
and in addition we obtain outside speakers from the Oak Ridge National
Laboratory or visitors to the campus to supplement our seminar schedule.
The nature of this weekly seminar can best be appreciated by looking over
some of the topics which were covered in the academic years covered by this
contract. Copies of our seminar schedule are included in Appendix H of this

report.
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E RESULTS OF EXPERIMENTAL RESEARCH PROGRAM

Y This research program was initiated on March 15, 1981, and spanned a
oy total of 5 years. It was supported by AFOSR contract 81-0093 under NP
program manager Dr. Robert J. Barker of the Bolling Air Force Base. This
i contract was a new start at the University of Tennessee, Knoxville, and is an
important part of our efforts, at the UTK Plasma Science Laboratory, to

conduct research on electric field dominated plasmas, and to investigate the

LA
<

physical processes associated with RF emissions and plasma heating and

turbulence in these plasmas.

The objectives of this contract were as follows:

A

1. To operate for experimental investigation a steady-state classical

Penning discharge which creates an electric field dominated plasma
penetrated by strong radial and axial electric fields.

2. To optimize the operation of this Penning discharge to produce

::: phenomena of interest, including radio frequency emissions at the géometric
oy mean emission frequency and other frequencies; anomalous plasma
&2 resistivity; and ion heating by the application of raw DC electrical power.

= 3. Todetermine the most effective electrode geometry, axial magnetic field
= profile, and plasma operating conditions which produce the phenomena of
é interest.

N 4. To develop dedicated plasma diagnostic instruments to measure the
.- phenomena of interest, where such instruments are not already in the

inventory of the UTK Plasma Science Laboratory.

£=5
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5. To measure the parallel and pex:pendicular plasma resistivity, and
compare these values with theoretical predictions.

6. To conduct exploratory studies of RF emissions, to determine whether
any unanticipated phenomena are present.

7. To conduct theoretical studies of beam-plasma interactions, to provide

insight into phenomena observed in the laboratory.

Summary of Technical Results, 1st Year

All of the necessary formalities were complete in time for contract
AFOSR-81-0093 to start on March 15, 1981. Upon signing the contract, we
were able to place orders for required vacuum equipment, and arrange for the
University to begin the plumbing and electrical work necessary to install the
magnetic field coils for the AFOSR contract, at no expense to the Air Force.

The rectifier power supply for the coils was made by the Sel-Rex
Corporation 25 years ago, and no documentation was available when this coil
system was obtained as a donation from the Oak Ridge National Laboratory.
A complete wiring diagram was drawn up by Mr. Roger Richardson, our
summer research assistant, who also repaired the control system. The power
supply ws hooked up to water and electrical power. The power supply was
tested and produces 900 amps of direct current when connected to the coils.

Final assembly and operation of the vacuum system was delayed until
mid-February, 1982, by the procurement of a special piece of 5 inch diameter

glass pipe which threads the inner bores of the magnetic field coils. The
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vacuum system was fitted with a turborﬁolecular pump which was purchased
with equipment money designated in the first year of this contract. The first
plasma was achieved in February, 1982, and this was followed by several
weeks of exploratory investigations.

After achieving the first plasma’, our first priority was to bring on line
the diagnostic instruments necessary for our research program. This
proceeded rapidly, thanks to the facilities and equipment already available at
the UTK PLasma Science Laboratory. On the same day we achieved the first
plasma, it was possible to make measurements of the RF emission spectrum,
since the spectrum analyzers required were mounted in a mobile equipment
rack and were easily borrowed from the ongoing investigations for the ONR
contract. A retarding potential energy analyzer, identical to that used in the
ONR contract, was installed in the vacuum system, and, when required,
connected to the same power supplies, ramping circuits, and xy recorder used
for the ONR experiment. Available equipment was used to fabricate a high
voltage Langmuir probe (needed because floating potentials up to 10 kV must
be measured) for potential profile measurements.

During this first year, the AFOSR magnet facility was set up to produce
a classical Penning discharge configuration (Refs. 3, 4), in which the magnetic
field is approximately uniform along the axis of the discharge. This
configuration lacks the magnetic field minimum in the vicinity of the anode of
the discharge which is character:.!i¢ of the modified Penning discharge. The
classical Penning discharge was operated with a uniform magnetic field up to

0.3 Tesla at the Penning anode, and produced a plasma about 10 centimeters
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! in diameter and 70 centimeters long. Tl;e plasma was operated in the steady-
= state with helium and argon gas, and the glass vacuum system allowed RF
h'.' radiation to escape.

,-,.F- Some of the initial experimental results are illustrated in the Interim
* Scientfic Report for the first year. A Spectrum of RF emission from 0 to 500
i MHz revealed 27 harmonics extending out to 500 megahertz. Harmonics have
- been observed under other conditions to 1 MHz. Many nonlinear mode
-‘ coupling phenomena were apparent, including an example of plasma
ﬁ “lability” in which the spectral amplitude is greatest around t'.e 8th harmonic

at 200 MHz. This maximum in the envelope of harmonics of the geometric

- -

> . . .
At

mean emission frequency occurs at the electron plasma frequency for the

discharge.

- Summary of Technical Results, Second Year

In early Summer, 1982, a high voltage Langmuir probe capable of being

moved along the plasma axis was installed and put into operation. This

N instrument yielded axial profiles of electrostatic potential as well as

simultaneous data on electron kinetic temperature and number densities. An

antenna provided data on RF emissions, and axial ion energy spectra were

':'-' measured by a retarding potential energy analyzer. A publishable set of data

were taken in October, 1982 and were presented at the APS Plasma Physics

o
- Division meeting in New Orleans in November, 1982. During the period from

a November, 1982 to the end of January, 1983, the apparatus was disassembled
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and modified to provide a more uniform axial magnetic field; to install larger

5l

diameter glass tubing in the vacuum system and hence allow a larger plasma
diameter; to make additional provisions for cooling the cathodes of the

discharge, where the greatest heat deposition takes place; and the retarding

Y T W W W KWW W
A SRR
o | =

potential energy analyzer and Langﬁ)uir probe systems were decoupled, so

;; that they now use independent power supplies and can both be operated
simultaneously. The vacuum system was reassembled and put back into
service in early February, 1983. The plasma functioned in a new regime of
& operation involving up to 700 watts of power input, 0.7 amperes of current,
E and number densities that exceeded 10!9 particles per cubic centimeter
SL; throughout the plasma volume.
Spectra of the RF emission from 0 to 1 GHz were taken as a function of
.. the neutral background pressure of argon gas. As the pressure increases, the
5 nonlinear mode coupling seems to increase, and gives rise to RF emission
s above 500 MHz. Finally, at very high pressures, the RF emission falls to low
- levels. Spectra of the RF emission from argon gas over frequencies from 0 to 1
GHz were measured for values of the background magnetic field strength
¥ which span a factor of 2. The amplitude of the RF emission, and the degree of
nonlinear mode coupling, increased dramatically with magnetic field
strength. This phenomenon was observed also on the modified Penning
btg discharge operated for the ONR contract, and represents a somewhat
surprising and counter-intuitive result. It appears that the addition of a :
E:‘:— constraint to the system, in the form of an increasingly strong magnetic field, E
\
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g will increase the RF emission amplitudes, and promote the nonlinear
N processes which are responsible for coupling energy to higher frequencies.
"g During these investigations, RF detection equipment was used at
::: frequencies of 10, 35, and 70 GHz. No emissions were observed under the
- operating conditions existing at the time. In addition, a panoramic spectrum
-:: analyzer which covers the range from 1 GHz to 28 GHz was borrowed from

Professor Alexeffs AFOSR contract, and this instrument indicated no RF
emission above 1 GHz, for the particular conditions observed. All of the

detectors above 1 GHz, however, were relatively insensitive, (by a factor of

LR}
Ay

about 20) compared with the antenna and detection system on our 0 to 1 GHz

spectrum analyzer.

Y YW
Y te”
A

The above preliminary findings were followed in the summer and early

i fall of 1982 by a series of investigations of the potential profile and the ion

energy distribution functions in the classical Penning discharge. These

findings were reported at the APS Plasma Physics Division meeting in

November, 1982. The emphasis of these data was the simultaneous

o |

measurement of the floating potential profile along the axis of the discharge,

(3

L
L

and of the axial ion energy distribution function with a retarding potential

[ZALY

eirergy analyzer located beyond the cathode at one end of the discharge. The

floatiag potential on the plasma axis was about 2300 volts when

;;;'. approximately 3100 volts was applied .. «he midplane anode ring. A radial

potential drop of 800 volts occured across the plasma radius and/or in the

. sheath between the plasma and the midplane anode ring. Most of the axial

E potential drop occured within 5 centimeters of the cathode, a conventional
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sheath effect. The retarding potential curve for the integrated ion energy
distribution function under these conditions has a best-fitting ion kinetic
temperature of 2.9 keV. The actual experimental data depart from this
Maxwellian distribution, and have a small monoenergetic peak near the
anode potential of 3.1 kilovolts.

When this discharge was operated under relatively high pressures, an
interesting structure began to develop in the axial potential profile for high
pressure operating conditions in argon gas, with an anode voltage of 3100
volts. The potential on the axis was about 1 kilovolt below that of the anode,
and a small potential well, of at least 200 volts, was evident on the retarding
potential curve for these conditions. Finally, at very high pressures, a
significant potential well for ions develops rear the midplane of the discharge.
The axial electric fields associated with this potential minimum are about 50
volts per centimeter, The origin of these potential wells, and the factors which
promote their formation and maintenance are yet to be fully understood.

The results taken during the period from February 1, 1983 to March 15,
1983 were reported at the 1983 IEEE International Conference on Plasma
Science, held May 23-25, 1983 in San Diego.

On Figures 6 and 7 are two RF emission spectra taken when the plasma
was operating in the high power mode. The first of these shows the emission
spectrum from O to 1.2 gigahertz. The vertical scale is 10 dB per centimeter.
The intensity of RF emissions is approximately a factor of 100 higher than
they were in the lower density and lower current configuration operated

earlier. The emission shown in Figure 6 has a broad maximum around a
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frequency of approximately 700 MHz, and is present above the upper limit of
1.2 GHz. The structure on the RF emission spectrum is not random in
character or due to inadequate video filtering; retracing of the spectrum with
a manual scan shows that the peaks are reproducible, and present in the
steady-state. These peaks are harmbnics of the geometric mean emission
frequency, the fundamental of which is about 40 MHz. The peak at
approximately 700 megahertz is consistent with the electron plasma
frequency of the discharge.

To determine the upper limit of the RF emission of this plasma, we
borrowed from Professor Igor Alexeff the high frequency spectrum analyzer
which he purchased under his AFOSR contract. On Figure 7 is shown an RF
spectrum over the range from 0.5 GHz to 2.5 GHz. Emissions are clearly
evident in the band from about 1 GHz to 1.8 GHz. The RF emissions are above
the base line at 2 GHz.

Summary of Technical Results, Third Year

At the beginning of the period covered by the report, the experimental
program was devoted to taking a simultaneous, publishable set of axial profile
data from the classical Penning discharge, which included measurements
made under the same operating conditions, and at the same time, of axial
profiles of electron number density, electron kinetic temperature, plasma
potential, and floating potential taken from the Langmuir probe used to make

the other measurements. These profiles documented both the plasma
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:!. parameters along the axis of the Air Férce classical Penning discharge, and
a the existence of very strong axial electric fields under some conditions of
™ operation. At the same time that these axial profiles of plasma parameters
. were measured, the emission of RF radiation over the range from 100 to 1200
| : MH:z was simultaneously measured. These data were presented at a paper at
| ‘ the Americal Physical Society’s Plasma Physics Division in November, 1984.
o After the completion of this phase of our research program, we turned
} our attention to microwve scattering measurements in this discharge. Mr.
ﬁ Larry Baylor initiated a research program involving microwave scattering of
a 32 GHz signal from the highly turbulent plasma of the classical Penning
\: discharge. The experimental apparatus was based on 32 GHz microwave

components already available in the UTK Plasma Science Laboratory, and
was quickly assembled, debugged, and placed into operation. Mr. Baylor was

able to observe very strong signals from the scattering of microwave

<! radiation, over scattering angles from 20° to 160°, from the propagation
'P direction across the plasma diameter. These experimental investigations
| . were written up for June graduation, 1984.

:.L In the year following March 15, 1983, several new pieces of diagnostic
e apparatus were put into operation, and older diagnostic systems were refined
to permit more accurate measurements of plasma kinetic temperatures,
5;; number densities, and plasma potentials. A continuing effort to refine the

design of our Langmuir probes has resulted in probe assemblies which can be

inserted axially along the magnetic field lines, and which have a sufficiently

small minor diameter that they do not significantly disturb the plasma
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number density or anode current wheﬁ they are usea. Probes similar in
design to those now used on the AFOSR classical Penning discharge were first
developed for the modified Penning discharge used in the ONR contract, and
validated in that apparatus against number density measurements made with
a 27 GHz microwave interferometer. In addition to refinement of the
Langmuir probes and probing system, we have made improvements in the
probeholders for capacitive probes, in RF antennae, and in the retarding
potential energy analyzer system. These improvements extend the range of
measurements possible with these systems and/or greatly facilitate the ease
with which more accurate data can be taken.

Most plasma diagnostic instruments are nonlinear, in that they provide
signals which are not linearly related to the plasma parameters which one
wishes to measure. This is particularly true of the various parameters that
describe the statistical properties of plasma fluctuations; Langmuir probe
traces; and retarding potential energy analyzer curves. During the period
following March 15, 1983, the software required to obtain the .plasma
potential, the ion kinetic temperature, and the degree of departure from a
Maxwellian distribution of a retarding potential curve was completed,
debugged, and put into service. It is now a normal part of the diagnostic
inventory of the UTK Plasma Science Laboratory. This program is written in
Fortran, and is of potential utility to other users, if some way could be found to
market it in a standard format. This diagnostic has confirmed the existence of

ion heating to energies and/or kinetic temperatures of kilovolits.
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Previous theoretical work on the geometric mean emission frequency

.. (ref. 1,2) was restricted to the special case of two equal and oppositely directed
~
N electron beams interacting with a cold background of ions. Professor Igor

Ly Alexeff and I were able to show that growing waves were to be expected at the

geometric mean emission frequency. During the summer of 1983, we

T T A CHA T 2 "a T s TR A AT S B A om——
o,

b, ‘_ generalized this theoretical work to the case of unequal, oppositely directed
! . electron beams interacting with a background plasma consisting of cold ions
- and cold electrons. This more general theoretical analysis (although
restricted to the steady-state, non-relativistic limit) has revealed a wide
variety of new phenomena, including a growing wave from which RF
radiation can be expected to result, at frequencies above the geometric mean
emission frequency. This analysis shows that if the beams are of unequal
strength, which could happen in reflex discharges, waves can grow over a wide
range of frequencies. This may provide an explanation of the multiple
harmonics observed in Penning discharges and reported in this and previous
AFOSR status reports.

For a few months after J uiy, 1983, the experimental program on the
plasma was put into a standby mode, in which the apparatus was run only
occasionally for the checking out and debugging of the diagnostic instruments
which were being developed. During the period from September, 1983 to
March, 1984, the microwave scattering system, and the analog-to-digital data
handling system were the primary focus of attention of the research assistants
and thesis students assigned to the AFOSR experiment. Thse experiments

started to produce publishable data at the end of this report period.
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Some results from the AFOSR experiment were incorporated into a
paper which was presented at the International Conference on Plamas
Physics held in Lausanne, Switzerland on June 27-July 3, 1984. This four
page paper is included in Appendix E. In this paper, we did a comparison of

the axial profiles and RF emission of the AFOSR and ONR plasmas,

| A

generated, respectively, in a classical and a modified Penning discharge. It

now appears that the existence of strong axial electric fields and high effective

R
. "l

plasma resistivities is enhanced by the axial magnetic field gradients present
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'\ in the modified Penning discharge used in the ONR experiment. On the other

hand, the production of monoenergetic ions of kilovolt energies is enhanced by

the uniform axial magnetic field associated with the AFOSR experimental

apparatus.

Summary of Technical Results, Fourth Year

)

wuy

During the summer of 1984, the vacuum system was upgraded with new

equipment, the purchase of which was authorized in the contract for this year.

= The old, unreliable ion gauge readouts were replaced with new units which

e have automatic ranging, and use the same ion gauge tubes employed on the

ONR apparatus, and on other vacuum systems in the UTK Plasma Science

@ .

Laboratory. A Polycold refrigerated cold trap system was purchased and

Cre

installed on the AFOSR experiment. We also procured and installed a model

Iy

‘J!.J'.'.'

1200 Veeco mass spectrometer, which allows us to monitor the composition of

the background gas in the vacuum system, and to assure that the working gas
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g in the plasma containment volume is that which we believe it to be. In
o addition, we installed a work bench and additional cabinets, and otherwise
;‘d upgraded the laboratory working environment.

N Most of the experimental results obtained on the AFOSR apparatus
& during the spring of 1984 are written up in a master’s thesis by Mr. Larry R.
i% Baylor entitled “Microwave Scattering as a Plasma Diagnostic in a Penning
2 Discharge”, the Abstract and Table of Contents of which are included in
h Appendix F of this report. Mr. Baylor completed a research program

involving microwave scattering of a 32 GHz signal from the highly turbulent
plasma of the classical Penning discharge. These experimental investigations
were written up as a M.S. Thesis in E.E. for June graduation, 1984.

From early January to the end of June, 1984, final debugging and
testing of the hardware and software for the analog-to-digital data handling
o~ system was accomplished, and it became possible to correlate the microwave

scattering data with data from capacitive probes placed immediately outside

'. the glass vacuum system in which the plasma was operated. These results
‘ were reported in poster papers a't: the IEEE International Conference on
.. Plasma Science, held in St. Louis, MO in May, 1984, and at the International
: Conference on Plasma Physics held in Lausanne Switzerland in late June,
- 1984.
E The microwave scattering apparatus used a 32 GIiz source to investigate
. plasma turbulence in the AFOSR apparatus. The microwave power is
Jﬁ incident on the plasma in the ordinary mode at a power level of approximately
25 milliwatts. The scattered power is observed for scattering angles from 20

k%
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to 160° in a plane normal to the magnetic field axis. The scattered microwaves

“
,-

were fed to a balanced mixer where they were detected with a crystal detector.

als

The detected signal was then fed into e..her a spectrum analyzer or into an

i gg analog-to-digital data handling system for analysis and correlation with other

E & signals, such as those from capacitive probes.

é :._ In these experiments, the electron number density ranged from 108 to

. N 10'° particles per cubic centimeter, the magnetic induction ranged from B =

' P 0.1 to 0.4 Tesla, the discharge current ranged up to 0.2 amperes, and the input
i power was as high as 600 watts. The angular dependence and scattering
H amplitudes were measured with the microwave scattering apparatus. The
: scattering data were correlated with plasma operating conditions and with
_‘ data from capacitive probes which measured electrostatic turbulence. These
_., scattering data permitted the measurement of absolute values of electron
X number density fluctuations, which ranged up to six percent of the RMS
3 Density in these experiments - a very high value for the interior of
- magnetically contained plasmas. The frequency spectra density fluctuations
_. of had a turbulent, power-law, coriI;inuous spectrum of fluctuations, with one
L or a few peaks superimposed on this background turbulence spectrum at

frequencies characteristically a few 10’s of kHz. Some of these spectra are

shown among the data included in the paper presented at the Lausanne

v e e

conference, which isincluded in Appendix E.

s

The peak at several 10’s of KHz in the spectrum of density fluctuations

"oy in the AFOSR plasma was a function of the magnetic field strength and other :
E plasma parameters. Unlike the functional dependence expected of rotating
48
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spokes driven by E/B drift, the frequency of the rotating spoke was directly

proportional to the magnetic induction, rather than inversely proportional to

the magnetic induction, a new result. The frequency of the rotating spoke was
also found to be a weak function of the electron number density, and a
relatively weak function of the anode voltage.

Additional data, not presented at the Lausanne conference, was written
up for presentation at the APS Plasma Physics Division meeting in Boston,
Massachusetts, in late October, 1984. The abstract this paper is included in
Appendix D.

The contracts currently active in the UTK Plasma Science Laboratory
include an experimental contract to investigate characteristic phenomenain a
modified Penning discharge (a Penning discharge in a axisymmetric mirror
field), which is supported by the Office of Naval Research; and the present
contract, supported by the AFOSR, to investigate characteristic phenomena in
a classical Penning discharge (a Penning discharge operated in an
axisymmetric, uniform magnetic field). These two parallel contracts, each
supported at approxiamtely the sa'n:le level of effort, and each supporting two
graduate research assistants and one quarter of the Principal Investigator’s
time, provide a unique opportunity for a paired comparison of the phenomena
occuring in these two Pennin’g discharges.

Some results from the AFOSR experiment are incorporated in a paper
presented at the International Conference on Plasma Physics held in
Lausanne, Switzerland on June 27-July 3, 1984. This paper is included in

Appendix E. It contains a paired comparison of the axial profiles and RF

49
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g emission of the AFOSR and ONR plasmas, generated, respectively, in a
. classical and a modified Penning discharge. It now appears that the existence
oo
Y of strong axial electric fields and high effective plasma resistivities is

- enhanced by the axial magnetic field gradients present in the modified

Penning discharge characteristic of the ONR experiment. On the other hand,
! the production of monoenergetic ions of kilovolt potentials is enhanced by the
uniform axial magnetic field associated with the AFOSR classical Penning
discharge.

S From approximately December, 1984, to March, 1985, the principal
focus of our x:esearch activities was the absolute measurement of RF emission
power from the classical Penning discharge plasma. To accomplish this, we
used the calibrated, broadband antennas, described below, which were
developed by Mr. Paul Spence, the Senior Research Assistant of the ONR
contract, with ONR support. In developing these calibrated, broadband
antennae, Mr. Spence had indispensible assistance and advice from Professor
" David Rosenberg, of the UTK Department of Electrical Engineering, some of
whose time has been supported By the AFOSR contract during this fourth

e T T T YT e TN T T T T T T L X
« ..
& 0% 4 h

E o year.
;Z-_j These antennae have allo‘wed us to do son -thing which other plasma
E research groups have been able to do only very approximately if at all;
L measure the RF emission from a plasma in absolute units of watts per square
1 centimeter in the far field, while receiving the RF emissions over a broad
A i

range of frequencies (in our case from 100 MHz to 1.2 GHz) with broad-band

E,z antennas with a nearly flat frequency response. Thus, when we look at a
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emission power spectrum from the classical Penning discharge, we can be
assured that, over the frequency range just quoted, we are looking at the
characteristics of the plasma itself, and not at the frequency response or
response pattern of our antenna. Also, when we integrate the total power
under the frequency spectrum so observed, we have a reasonable assurance
that we are measuring the total power emitted by the plasma. This allows us
to make measurements of emitted power as a function of plasma number
density, magnetic field, operating conditions, and, most important for Air
Force applications, the electrical efficiency in terms of the total RF output
power divided by the electrical power required to energize the discharge.

During this fourth year, Prof. Igor Alexeff and I continued our
collaboration on the theory of growing waves and electromagnetic emission
from two oppositely directed electron beams in a cold background plasma.
This collaborative work has extended our discovery papers on the
interpenetrating beam or geometric mean emission frequency, which were
written up in references 1 and 2. We presented a paper on our theoretical
results at the 26th Annual Meetih:g of the APS Division of Plasma Physics,
which was held in Boston, Massachusetts from October 29 through November
2, 1984.

In that paper, we presented a generalization of previous theoretical work
to the case of two nonrelativistic, oppositely directed interpenetrating electron
beams of unequal density, interacting with a cold background plasma. These
conditions can be reduced to a sixth order cold plasma dispersion relation with

growing and damped solutions. In the case of two beams, each half of the total
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electron density, interacting with cold ions, we recovered our previous result,
quoted in references 1 and 2. These previous results predicted growing waves
near the geometric mean of the electron and ion plasma frequency. When the
beams are much less dense than the cold electron background density, the
growing waves are near the electron plasma frequency of the cold electron
population. The maximum growth rates were found to be not at the beam
electron plasma frequency or at the upper or lower hybrid frequency. The
frequency of an oscillator based on this instability may be tuned by adjusting
the relative intensity of the two beams as well as the beam density relative to
the background plasma. The abstract of the paper presented at the APS
meeting on October 29, 1984 is included in Appendix D.

During this fourth year, we also began a new theoretical initiative in
collisional and transit time magnetic pumping, because of its close relation to
our work on plasma turbulence and anomalous collision frequencies in
turbulent plasmas. The general subject of collisional and transit time
magnetic pumping was initially cultivated under national security wraps
during the mid 1950’s, when the‘e:ntire fusion program was classified, and
various RF-based schemes were being considered for plasma heating. Upon
declassification in 1958, a fundamental survey paper on RF heating by Burger
et al. (Ref. 6) was published, which summarized, among other things, the
theoretical results on collisional and transit time magnetic pumnping which
had been derived up to mid 1958. This paper contained an outline of the
theory of collisional and transit time magnetic pumping, which was not

followed up in the literature with further publications. The very brief
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E. discussion in that paper adopted a very abbreviated and telegraphic style, in
- which the basic equations were written down, followed by the result, with no

F: intermediate steps. The only help to the reader was an off-hand remark that
o, the result was obtained by application of Floquet theory. Floquet theory is a
ff, = method used in celestial mechanics and applied mathematics to deal "+ith
E l differential equations with periodic coefficients. Apparently collisional and
! transit time magnetic pumping did not appear attractive relative to other
o

plasma heating schemes of the time, such as ion cyclotron resonance heating
or Alfven wave heating. No further theoretical or experimental work of any
significance appears tc have been done from the publication of that paper

until the present.

R AR LY M aratr, _gn w30 BN AL A
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Collisional and transit time magnetic pumping are accomplished by
_.. taking an axisymmetric, cylindrical plasma, wrapping an exciting coil around
the plasma over a length L, and then exciting the coil with a low frequency
which perturbs the background confining axial magnetic field in the plasma.
If the magnetic moment, m v? /B, remains constant, then the increase or
decrease of the axial magnetic field, forced at the driving frequency, will
change the perpendicular components of the ion and electron energy. If
collisions occur, some of the perpendicular energy fed in by this magnetic
pumping will be transfered to the parallel direction, thus heating the plasma.

N The classical method of collisional or transit time magnetic pumping,
which was described by Burger, et al. (Ref. 6), as well as Rose and Clark,
Miyamoto, and other plasma physics textbooks, contemplated putting a

. sinusoidal signal on the exciting coil, which alternately raises and lowers the

ﬁf’. .
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axial magnetic field above and below the constant, dc axial field existing
outside the pumping coil.

It occured to me that this arrangement of magnetic pumping was
inefficient, because one loses almost as much perpendicular energy in the
negative half of the sinusoidal excitation as one gains in‘the positive half of
the cycle. Indeed, the original theory of Berger, et al. was somewhat
discouraging as to the heating rates and heating effectiveness possible using
this form of magnetic pumping. I thought that if one used a time varying
excitation such that the currents in the exciting coil flowed only in a direction
to enhance the background magnetic field, then the perpendicular ion and
electron energy could only increase above its equipartition value outside the
pumping region. Collisions would then be far more effective in transfering
energy from the perpendicular components. I suggested this as a possible
Ph.D. thesis problem to Mr. Mounir Laroussi, who is the Senior Research
Assistant for the AFOSR contract. Mr. Laroussi started out by reproducing
the many missing steps in the original article by Burger, et al., to make sure
that we knew how the authors got from their basic equations to their result.
This has been done, and appears in the Interim Scientific Report for the fourth
year, and in the first part of the archival SSST Symposium paper in Appendix
E.

Summary of Technical Results, Final Year

By the beginning of the final contract year, which spanned the period
from March 15, 1985, to March 14, 1986, the vacuum system of the classical
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Penning discharge had been upgraded by the installation of a new set of more
reliable ion gauges which were capable of automatic ranging; the installation
of a Veeco mass spectrometer to monitor the impurities in the vacuum system
and allow leak detection; and the installation and operation of a freon-cooled
cold trap which reduced the base pressure to the low 10 torr range. These
additions and improvements, which had been made over the previous twelve
months, did not change our experimental results in any way, but made it
much easier to obtain reproducible, high quality results more rapidly than
was possible with the older vacuum technology previously in use.

Also during this final year of the contract, the low frequency and
microwave network analyzers, and other equipment purchased with the DoD-
URIP equipment grant, were ordered, delivered, and applied to the data
takiag process with some very gratifying results, which were presented at the
November, 1985 APS Plasma Physics Division meeting; at the IEEE Plasma
Science meeting held in Pittsburg, PA in 1985, and at the 1986 IEEE meeting
in Saskatoon, Canada, in 1986.

The network anclyzers we}; used to measure absolute RF power
measurements for the near and far field from the classical Penning discharge.
The emission spectra observed cover the frequency range from 0 to 1 GHz.
'The measured power has been plotted against the electron number density
calculated from Langmuir probe measurements in Figure 8. The efficiency,

defined as the radiated RF power, divided by the dc input power to the
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- discharge, was also measured as a function of the input power and is plotted in
o Figure 9. These efficiency measurements were disappointing. The efficiency
}-'2 of power generation in the frequency band from 0 to 1 GHz was on the order of
:',1 0.1%, and tended to decrease with increasing power input to the discharge.
- The power radiated from the discharge increased no faster than linearly with
E the electron number density of the discharge. Even at number densities above

' 4 x 10° electrons per cubic centimeter, the radiated power declined with
N increasing electron number density, perhaps as a result of a self-shielding
b o effect.

During a series of measurements, two types of waves were observed. The
first type was in the frequency range from 10 to 100 KHz. The wave frequency
was independent of the magnetic field, but a function of the neutral number
v density. This appears to be an example of the continuity equation oscillation,

previously observed and reported by the Principal Investigator prior to 1970.

£ ol e o

The continuity equation frequency observed had the theoretically predicted

square root dependence on the product of the neutral number density and the

el o
X |

ion number density. The phase spectrum of this oscillation observed with two

probes, showed no phase shift both azimuthally and axially, implying that the
entire plasma was oscillating in unison with a single phase and frequency,
again characteristic of the continuity equation oscillation.

The second (1 pe ol wave observed in these experiments was seen over the
frequency oo trom 200 to 500 KHz. This frequency was proportional to 1/B,
and directly proportional to the anode voltage. These oscillations are due to

the E/B cross field drift instability. Radial electric fields up to 1 kilovolt per
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,?_ centimeter have been observed. The groﬁp velocities of these waves have been

.“ calculated and are on the order of 20 kilometers per second.

::: Our new network analyzers, combined with low noise amplifiers and
! ﬁ careful attention to experimental technique, allowed us to observe turbulent
i spectra of electrostatic potential fluctuations in this discharge over a dynamic

range which, in some cases, exceeded 70 decibels from frequencies of 1

.: kilohertz up to 10 MHz.

-. During the Summer and Fall of 1985, a series of paired comparison

e measurements were made on the classical Penning discharge, and the

modified Penning discharge operated for our ONR contract in the UTK

Plasma Science Laboratory. The two Penning discharges were operated over

a range of number densities between 1.0 and 10 x 10° eiectrons per cubic

,. centimeter, while the far-field radiation was observed with a calibrated,
0 broadband antenna which measured the emitted radiation in the bandwidth
- from 100 to 1000 MHz. It was found that the integrated RF power from the
': modified Penning discharge, operated in a mirror magnetic field, was at least
“ a factor of five times higher than the RF power emitted from the classical
_-E Penning discharge. These data are shown in Figure 8. The radiation

efficiency is defined as the integrated RF power of an isotropic emitter over 4n

steradians, divided by the dc electrical input power to the discharge. This
t radiation efficiency is plotted as a function of the average electron number

density for the classical and modified Penning discharges on Figure 9. Here
E: again, it is evident that the modified Penning discharge generates broadband

radiation much more efficiently than the classical Penning discharge of the
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Air Force experiment. The difference in radiation efficiency is

characteristically an order of magnitude. The efficiency of the modified
Penning discharge decreases with increasing number density, perhaps as a
result of a self-shielding effect of the plasma. The magnitude of the radiation
efficiencies for this data set are eveh smaller than earlier data, taken at
higher anode voltagcc. The fraction of the dc input power radiated as RF
varies between one partin 104, and one part in 105. On Figure 10 is shown the
radiation efficiency as a function of the effective dc resistance of the discharge.
This is obtained by dividing the anode voltage by the anode current, and is
related to the anomalous resistivity in the bulk of the plasma.

These data were somewhat discouraging, in that they seem to indicate
that the steady state version of the classical Penning discharge is not very
efficient in converting dc electrical power into broadband radiation. The data
on Figure 8 indicate that the integrated power emitted from the classical
Penning discharge is on the order of 1 to 4 milliwatts, when several hundred
watts of dc power are consumed by the discharge. These low efﬁcienéies may
result from the RF generation mechanism being inherentiy inefficient, or it
may result from relative'y large fixed losses in the classical Penning
discharge which are necessary to produce the volume ionization to sustain the
plasma. If the latter is the case, a pulsed versica of the classical Penning
discharge, operating at much higher powers, might be much more efficient.
However, it appears that the modified Penning discharge, with its axial
magnetic fieid gradients and higher axial electric fields, is a more eifective
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configuration for generating broadband RF power than the classical Penning

discharge used in the Air Force experimental program.

During this final year of the contract, theoretical investigations aimed
at studying collisional magnetic pumping were able not only to reproduce the
earlier results of Burger et al., but alsb to generalize the collisional magnetic
pumping theory presented by Burger and his colleagues in the 1950’s to a
magnetic field perturbation of arbitrary waveform. An important result of
this generalized theory of collisional magnetic pumping is that a sawtooth
waveform of magnetic perturbation is capable of providing first order heating,
proportional to the magnitude of the magnetic perturbation. The first-order
heating rate possible with a sawtooth waveform is approximately a factor of
500 larger than the second order collisional magnetic pumping achieved with
a sinusoidal waveform which is alternately above and below the prevailing,
unperturbed magnetic field. This occurs because when the sawtooth
waveform is used, the perpendicular energy is always above the value outside
the exciter coil, and the net stochastic energy flow is unidirectional into the
parallel energy components of the plasma. This aspect of the theory was
written up in a paper for the Southeastern Symposium on Systems Theory,
held in Knoxville, Tennessee in April, 1986. This paper is included in
Appendix E, pages E-6 through E-10.

Other progress during this report period was made by Mr. John
Crowley, a master’s student in Electrical Engineering who joined the UTK
Plasma Science Laboratory in June of 1985, and expects to receive his

Master's degree in the summer of 1986. Mr. Crowley is developing a two-
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channel spectrum analyzer system with instrumental interchannel noise

coupling of less than 50 db. The approach is to use a narrow band filter linked

= 2E ¥E B

to the Hewlett Packard low frequency network analyzer operating in a

= spectrum analyzer mode. Mr. Crowley has developed a narrow band filter

it with a movable center frequency, which sweeps in synchronization with the
»: é spectrum analyzer, and only allows frequency components into the analyzer,
‘ B at the frequency it is analyzing at the moment.

E::: With this two channel analyzer, we will be able to detect mode coupling

v due to nonlinear effects in the plasma, and be confident (at least down to the
50 db limit of this new instrument) that any nonlinear mode coupling between
‘\- frequencies which we observe in the plasma turbulence spectrum is due to the

plasma, and not to inter-channel, nonlinear coupling within the experimental

F apparatus itself. This problem of nonlinear coupling in the instrumentation is
one which has not previously been addressed in plasma research, and we

expect that the uncontaminated nonlinear mode coupling data which this will
A0 allow us to take will provide some interesting insights into the energy

cascading process in turbulent plasma energy flows.

Utility of Research to the Air Force

:jI; The basic research on steady state electric field dominated plasmas
performed under this contract has potential relevance to several areas of Air
:§ Force concern. These include the production of broad-band RF emissions

,E suitable for jamming military communications; the enhancement of plasma
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g turbulence, accompanied by plasma heating; the heating of plasmas by

collisional magnetic pumping and/or turbulent energy cascading; the

o simulation in a steady-state, laboratory plasma of RF emission and

F‘ turbulence related phenomena which may occur on a microsecond time scale
E g in intense particle beam sources and intense RF sources of weapons interest;
’, i and the observation of anomalous plasma resistivity, which should allow

, much higher power densities to be developed than would be possible in
: plasmas in which the resistivity is dominated by binary particle collisons
{ r (Spitzer or Lorentzian resistivity). More information about these potential
it = areas of application is given below:
L s

-,
.
<

Efficient Generation of Microwave Power

.

In Penning discharges, the emitting electrons and ions are trapped by a

combination of electrostatic and magnetic trapping (Refs. 3, 4). The average

‘s

<

particle lifetime is much longer than a single transit time, in contrast to

'- travelling wave tubes where the emitting electrons are not trapped, énd pass 1
- once through the interaction region in a single transit time. The trapping of ,

.__: electrons and ions in the emitting volume may lead to much higher i
i efficiencies for RF emission than are possible in once-through devices like

By E

traveling wave tubes.

3

‘!

L High efficiencies, which one might expect for the above reasons, have not 4
been observed thus far in our experiment, The ratios of microwave power !

£, N
7 output to dc input power to the discharge are typically from 10+ to 1% at dc :
4

E input power levels on the order of several hundred watts. It may be that the i.'
64 :1
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interpenetrating beam mechanism resp;)nsible for much of the RF radiation
from these plasmas may be a minor, parasitic phenomenon, with the power
balance of the discharge dominated under all conditions of operation by
volume ionization; line emission; and the production of energetic ions, at
energies comparable to the anode pdtential, which are lost to the cathode
surface. It also may be the case that the power consumption mechanisms just
mentioned may represent fixed losses, which will become less significant as
the operating power levels or number density of the discharge are increased.
Although the data obtained under this contract give us little reason for
encouragement, we have not given up on the possibility of efficient generation
of microwave power using the classical Penning discharge, and hope to get
some data on high number density, high power pulsed Penning discharges as

a part of our future research program at the UTK Plasma Science Laboratory.

Broadband Microwave Power Generation

Experimental data show that RF emissions occur over a vefy broad
frequency band, from below 0. 6 MHz to frequencies as high as 2 GHz. Under
the appropriate conditions, the emissions are capable of jamming AM/FM
reception in Ferris Hall, the building in which the UTK Plasma Science
Laboratory is located. When the plasma operating conditions are just right,
the Rf emission is a virtually flat white noise spectrum over frequencies up to
at least 1 GHz. The physical processes responsible for such a high degree of
non-linear mode coupling and for such broad-band RF emission are not yet

understood, but are clearly related to the geometric mean emission frequency
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E and accompanying non-linear mode coupling, which give rise to RF emission

at the harmonics of this frequency. This broad-band emission has the

Bl

potential for development into a useful jamming tool, especially if the emitter

were operated on a high power or pulsed basis. The efficiency with which this

. o
i -

broad-band emission can be generated'has been measured wt levels from 0.1 to

1.0 percent, under grossly non-optimized operating conditions.

The available experimental data suggest that efficient production of
’ :Z::. broadband radiation probably is not possible under the conditions under
E 3 which we have operated our classical Penning discharge in the laboratory.
! = The paired comparison between the classical and modified Penning discharges
é " indicates strongly that the axial magnetic field gradients of the modified
; . Penning discharge increase the efficiency of broadband RF power generation
\ . by at least a factor of 10. Future work on developing efficient, broadband RF
E Lz emission from Penning discharges should therefore use the modified Penning
a discharge configuration, in which the Penning discharge is operated in a
i - magnetic mirror geometry with axial magnetic field gradients. In éddition,
3 . pulsed operation at high power levels and higher electron number densities
E :::j may also improve the efficiency of this broadband RF emission.
S Processes in High-Power, Pulsed Plasmas
:::; The classical and modified Penning discharges may simulate physical
. processes that occur in intense particle beam sources and high power
-I microwave sources, but do so in the steady state, and in plasmas of sufficiently
é low density that conventional diagnostic instruments can be used to measure
66 .
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the characteristics of the plasma and of; the resulting RF radiation. In some
cases, the electric and magnetic geometry of the classical Penning discharge is
similar to that of particle beam sources and/or high power microwave sources.
In our Penning discharges, relativistic effects are not important, as they
would be in intense relativistic electron beam devices. Penning discharges
may, however, provide useful information about physical processes in non-
relativistic proton beam sources and/or high power microwave sources, in
which RF emission at the electron cyclotron frequency is not too important.
Some of our results which may be of interest to those engaged in research
on relativistic or high power pulsed microwave and particle sources 2rc the
importance of the two interpenetrating beam plasma oscillation; the
importance of E/B drift waves in the plasma dynamics; the observation in this
plasma of the continuity equation oscillation; observation of the diocotron
instability; and the production of kilovolt ions with a broad energy
distribution, sometimes Maxwellian. These findings may be of interest for
directed energy weapons, or to other technologies that generate ion or électron

beams.

High Power Density Plasma Generation

The penetration of electric field dominated plasmas by strong radiai and
axial electric fields is characteristic of Penning discharges. These electric
fields allow the radiating ion and electron populations to be coupled directly to
an external dc power supply, thus imparting energy to the radiating species in

the same volume in which the RF emission orginates.Our research program
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has demonstrated the existence of axial electric fields of several hundreds of

b
%
’

volts per centimeter, and turbulence-induced anomalous resistivities of many

orders of magnitude above that of binary collisional proceses. This research

X

may lead not only to mechanisms for creating plasmas at a very high steady
g ~
state power density, but also to RF emitters more efficient than single-pass-

% through devices like the traveling wave tube.

g rELs

o Plasma Heating by Collisional Magnetic Pumping
: . Our research program of the last year and a half of this five year period
. was able to show theoretically that first-order plasma heating by collisional
_, magnetic pumping should be a very effective process, approximately 500
. times more effective than the second order plasma heating initially proposed
i. by Burger et al. Ccllisional magnetic pumping may prove to be a very
5 efficient way to heat partially ionized plasmas of interest in high power lasers,
- directed energy weapons, or other applications in which rapid heating of
: plasmas at power input levels in the kilowatt or megawatt ranges are' desired
for military applications. Our theoretical demonstration of an effective means
;* of collisional magnetic pumping should provide a new and more efficient
alternative to the heating of partially ionized plasmas for a wide range of high

power density applications of interest to the Air Force.
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RESULTS OF OTHER CONTRACT PROGRAMS

In addition to the program of experimental research, the results of which
are described above, this contract served as a vehicle to'accomplish several
additional objectives which were important to us here at the University of
Tennessee, Knoxville, and which would not have been possible without the

support of the Air Force Office of Scientific Research.

Development of the UTK Plasma Science Laboratory

Although development of the UTK Plasma Science Laboratory was not a
major goal of this research contract, AFOSR support has played important
role in elevating the research effort in experimental plasma physics at the
University of Tennessee from a low level to a “critical mass” of student and
faculty research effort in the areas of electric field dominated plasmas, plasma
turbulence, and the interaction of RF radiation with high temperature
plasmas. Part of the physical impact of Air Force support may be seen in
Figures 1 and 2, which show the UTK Plasma Science Laboratory before and
after building up of the classical Penning discharge, on which the research in
this report was conducted. In addition to providing the manpower required to
set up and operate this steady-state plasma research facility, the Air Office of
Scientific Research has, through the DoD-University Research
Instrumentation Program, provided an additional $233,000 for state-of-the-

art equipment which has benefited not only the AFOSR research contract in
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its last year, but also has had a major impact on the ONR and other contract
research in the UTK Plasma Science Laboratory. The availability of training
on this state-of-the-art equipment has not only attracted well qualified
research assistants, but also regular graduate and upper division
undergraduate students who have worked for us free, for the experience of
working with this state-of-the-art cquipment. Support by the Air Force Office
of Scientific research was instrumental in making the UTK Plasma Science
Laboratory, over the past six years, into an important center in the
southeastern United States for the experimental investigation of plasmas,

and the training of students in plasma science and related disciplines.

Support of Graduate Study and Research at UTK

Prior to 1980, there was no externally supported graduate study and
research in experimental plasma physics on the UTK campus. With Air Force
and ONR support, the UTK Plasma Science Laboratory now offers students at
both the undergraduate and graduate level hands-on training in experimental
plasma physics research with stét;-of-the-art equipment, using diagnostic
methods which are at the forefront of university and national lab plasma
physics research. - The contract summarized in this report supported faculty
and graduate student assistants at the levels indicated in Table 2. This
contract provided 9 man-years of training at the graduate level, and an
additional three man-years of training to undergraduates who were hired

with “surplus” funds during the first four years of the contract, or who were
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part of our undergraduate research assistant pilot program in the summer of
1985.

This five year contract from AFOSR not only has made possible the
creation of a critical mass of students and faculty at the University of
Tennessee, Knoxville, but it has supported in their entirety two master’s
theses in the UTK Plasma Laboratory, by Larry R. Baylor and Saeid Shariati,
and it has supported the bulk of a masters thesis by John E. Crowley (Mr.
Crowley will finish up his Master’s thesis, entirely under AFOSR support, in
June 1986, approximately four months after the termination of this five year
contract). This contract also has supported the bulk of a Ph.D. Thesis on
collisional magnetic pumping by Mr. Mounir Laroussi, who expects to get his
Ph.D.in June, 1987 entirely under AFOSR sponsorship.

The UTK Plasma Science Laboratory has graduated three Master of
Science in Electrical Engineering students in the past three years who have
completed their Master’s theses while working as research assistants in the
Plasma Lab. These students include Mr. Larry R. Baylor, who obtained his
Master of Science in Electrical _Eingineering in June, 1984, and is now
employed in the Instrumentation Division of the Oak Ridge National
Laboratory. Mr. Saeid Shariati completed his Master’s degree in Electrical
Engineering in March, 1985, and is employed at the Aircraft Engine Division
of General Electric in Cincinatti, Ohio. Finally, Mr. Peyman Dehkordi
obtained his Master’s degree in Electrical Engineering, and is now employed

by Spinlab, Inc., of Knoxville, Tennessee, where he is applying his
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g instrumentation skills to the development of process control equipment for the
o spinning and weaving industry.

~

I!:: Support of Computational Physics

* During the final year of this five year contract, it served as a vehicle for a
collaborative research effort with Dr. Robert J. Barker of AFOSR, our
:‘ technical program monitor. Our contract was used to purchase approximately
. $15,000 worth of hardware needed for a part-time computational physics
B effort by Dr. Barker at the Bolling Air Force Base in Washington, where he is
ET: headquartered. This hardware consisted of an IBM AT computer, disk drives,

a plotter, and other accessories needed to link this system to other mainframe

,
]

computers available to Dr. Barker in Washington, and to conduct

computational physics investigations.

e

i}-: Support of AFOSR Undergraduate Research Assistantship Program
:’::: In the Spring of 1985, during the final year of this contract, the UTK
Plasma Science Laboratory was selected by the AFOSR to run a pilot program
in which undergraduate engineering students were hired as research
} assistants affiliated with the ongoing Air Force contracts at the University.
LT During the Summer of 1985, the UTK Plasma Science Laboratory had six
students in this pilot program, two working under the direction of Professor
- Igor Alexeff, and four under the direction of Professor J. Reece Roth. This

¢ :
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B

program was set up to acquaint bright undergraduate engineering students

with tlre advantages of graduate level education and research; to improve

their skills; and to acquaint them with Air Force Research. The program was

) .’ conceived within the AFOSR by Dr. Robert Barker, and put in place as a pilot
i program at only three institutions; UTK, New York Polytechnic University,
: _ and the University of Miami at Coral Gables.

- The program was very successful at UTK. Our students were each
{ 2 assigned, in addition to occasional gofering activities, a specific project to be
: E completed by the end of the summer. They were asked to sign up for three
3 ' credit hours of EE 4910, Senior Project Lab, and they were graded for credit on
: tx the documented write-up of their project at the end of the summer. In effect,

they did a bachelor’s thesis, as well as contributing their documented projects
to our AFOSR and ONR research programs. These students met with the rest
of the Plasma Science Laboratory staff for a weekly research conference

during the summer, and interacted with the senior graduate research

- . s B = .

o assistants as well as the Principal Investigator. The success of this program
during the Summer of 1985 has be;en such that a continuation of this program
is planned for the next three years, 1986-88.

:,’
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INTERACTIONS WITH OTHER RESEARCH EFFORTS

Publications

The progress made and research results obtained under this contract
have been systematically documented in the four Interim Scientific Reports
listed in Table 1, in the conference presentations described in the next section
of this report, in archival papers presented at international scientific
meetings in 1982 and 1984, as archival conference proceedings, and as final
reports of completed work in the form of masters or Ph.D theses which
acknowledge Air Force support, and are available through University
Microfilms.

Copies of the Interim Scientific Reports on this contract are already in
the hands of the AFOSR; copies of the archival scientific papers presented at
the International Conference on Plasma Physics in 1982 and 1984 are
included in Appendix E of this report. Abstracts, tables of contents, and the
title page from the interim scientiéc reports are included in Appendix G of
this report, and the abstracts, tables of contents, and tit!. ses of the theses

already published and supported by this contract are listed 1. Appendix F .

Conference Presentations

In addition to the archival and full-length reports of completed work

described in the previous section, and documented in Appendices E through G
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of this report, there were numerous conference presentations listed in
Appendix D, in which progress on this AFOSR contract was reported to our
professional peers. We have made it a practice to regularly present progress
reports on the activities of this contract at the IEEE International Conference
on Plasma Science, held on May of each year, and also at the annual meeting
of the American Physical Society’s Plasma Physics Division, usually held in
early November of each year. Most of these conference presentations were in
poster format, and were progress reports covering the previous six months of
activity under this contract. The poster and/or transparency materials for
these presentations were contained in the four Interim Scientific Reports
listed in Table 1.

Presentation of the work done under this contract at these conferences
allowed us to interact with other investigators from such Air Force related
laboratories as the Edwards Air Force Base, The Kirtland Air Force Base, The
Wright-Patterson Air Force Base, the Harry Diamond Laboratories, the
Naval Research Laboratory, as well as many other Dok and DoD Principal
Investigators of university contraét;, at such universities as the University of
Texas at Austin, the Polytechnic University of New York, The University of

Miami at Coral Gables, Texas Tech Universi ty, and others.

Collaboration with the University of Texas, Austin

The software required to obtain auto-and cross-power spectra and other

statistical properties of plasma fluctuations was originally developed by
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Professor Edward J. Powers of the University of Texas at Austin and his

students. This computer program has been made available to us by Prof.
Powers, and has been modified and entered into our mainframe computers at
UTK. Professor Powers’ program is based on a fast Fourier transform of the
incoming time series supplied by the analog-to-digital data handling system,
and produces auto power spectra, cross power spectra, phase spectra,
coherence spectra, transport spectra, and a plot of the time series itself for the
3 simultaneous input channels of information. This software also has been
used to obtain the fluctuation data which we presented at meetings. Mr. Paul
Spence from the UTK Plasma Science Laboratory traveled to the University
of Texas at Austin in March, 1985, and was given additional software
programs for bispectral analysis of digital time series, and other programs
which will be extremely useful in studying fluctuations and turbulence in

plasmas.

Collaboration with Dr. Robert J. Barker

A recent initiative during the final year of this contract, was
arrangement for a collaborative research effort with Dr. Robert J. Barker of
AFOSR, our technical program monitor. Dr. Barker’s expertise in
computational physics is potentially of great value to our research program,
since he may be able to tie the two internenetrating beam instability theory
which has been developed in the linearized limit by Profs. Alexeff and Roth,

to the actual non-linear manifestation of this instability which we observed in
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R the laboratory. Other opportunities for collaboration in computational
_— physics including estimating the relevance of our experimental
; t:{ measurements with steady-state, non relativistic plasmas, to plasmas of
~ interest for weapons applications which are pulsed and relativistic;
| simulation of the bunching (diocotron) instability in the Penning discharge; or
‘_ simulation of the heating process using collisional magnetic pumping.
hS

s DOD Contracts at the UTK Plasma Science Laboratory

! During the period of this report, the UTK Plasma Science Laboratory
S
/ be, was supported by three DOD contracts. The first research contract to be

4 awarded was ONR-N00014-80-C-0063 (Roth). Dr. Charles W. Roberson,
'Technical Monitor, which was granted on January 1, 1980, and has been
extended through September 30, 1987. This contract is concerned with

exploratory experimental investigations of the physical processes in electric

- field dominated plasmas generated in the steady state by a modified Penning
= discharge located in an axisymn;étric magnetic mirror geometry. These
2 investigations are focusing on RF emissions from the plasma, non-linear mode
coupling of plasma fluctuations, axial electric field profiles, and other
phenomena which may be related to, or have analogs in, the magnetosphere.
K".: The second contract to be awarded to the UTK Plasma Science
; Laboratory was AFOSR-81-0093 (Roth), which started on March 15, 1981, and
'j}: terminated on March 14, 1986. This contract was concerned with the !
K ﬁ investigation of physical processes in an electric field dominated plasma
] 78
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' ! produced by steady-state operation of a classical Penning discharge with an

X approximately uniform axial magnetic field profile. The phenomena of

| F‘-‘ particular interest in this investigation were anomalous plasma resistivity,
"f axial electric field profiles, plasma turbulence, turbulent heating of ions, non-

linear phenomena relating to energy dissipation in the plasma, and plasma

‘ _2’ heating by collisional magnetic pumping.
Professor Igor Alexeff of the UTK Department of Electrical Engineering
' 2 has held AFOSR contract 82-0045, which terminated on March 14, 1986. This
contract covered the development of a submillimeter microwave emitter based
& on the Orbitron configuration. Prof. Alexeff holds a US patent on this device,
. and under AFOSR sponsorship, has analyzed its operation and instabilities

theoretically, while pursuing an experimental program which has achieved

 __
» (9

steady state operation, and generated wavelengths down to 0.3 millimeters.

The Orbitron configuration has attracted interest at the Naval Research

9]

B Laboratory, at the Hughes Research Laboratories, and other places where
[

Ay advanced research on microwave emitters is conducted.

A Comparison of Classical and Modified Penning Discharges

The research contracts with the AFOSR and Office of Naval Research E
?‘ have been operated in parallel, and have shared much of the same computer
4

. software, diagnostic equipment, electronic test equipment, power supplies,
Y.

< microwave equipment, and other facilities of the UTK Plasma Science
ﬁ Laboratory. Nonetheless, each contract has had a different set of goals and
3 ]
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g objectives, with the exploratory research for ONR being conducted on a
modified Penning discharge, a Penning discharge operated in a magnetic

mirror field with a 5:1 variation of magnetic field along the axis, and the

E AFOSR exploratory research conducted in a classical Penning discharge, with
a uniform magnetic field along its axis.

:" This conjunction of two different kinds of Penning discharge operating in

the steady-state, and in the same laboratory, made possible a paired

.:5" comparison of the properties of these two forms of Penning discharge. This

Ky comparison was explored in the archival papers included in Appendix E,

- which were presented at the 1982 and 1984 International Conferences on

- Plasma Physics.

. These paired comparison experiments on the two types of discharge
! established that axial magnetic field gradients greatly enhanced the axial
:{: electric fields observed, and it also established that the level of RF emission
g was from a factor of 10 to a factor of 100 greater from the modified Penning
- discharge than it is from the classical Penning discharge supported by the Air
_- Force contract. Both Penning disch;xrge plasmas had approximately the same
:'.E type of current-voltage curve, with hysteresis and discontinuous jumps on the

current-voltage diagram. Both functioned in two distinct modes of operation,
and they tended to operate over the same general range of electron an<
;j neutral number densities. Other points of similarity and difference are

discussed in the papersincluded in Appendices D and E.
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Other Presentations, Visits, and Reviews

During the five year history of this contract, the Principal Investigator
has interacted with a number of outside individuals and organizations. Prof.
Roth has given invited talks at the IEEE Conference on Plasma Science in St.
Louis; at Cornell University, where he also interacted with John Nation and
the ion beam plasma group; at the University of Illinois, in October, 1985; and
at the University of Texas at Austin, in November, 1985. Professor Roth also
attended the International Conference on Plasma Physics in Goteborg,
Sweden in June, 1982, and the same conference in Lausanne, Switzerland in
late June, 1984. While in Europe, Prof. Roth visited plasma laboratories in
Grenoble, France, Garching, West Germany, and Culham, England before or
after these conferences.

In the last two years of this contract, the UTK Plasma Science
Laboratory was visited by Professor Edward J. Powers of the Electrical
Engineering Department of the University of Texas, Austin and Professor
George Miley, Chairman of the Nuclear Engineering program at the
University of Illinois. Dr. Robert Barker visited on January 20 and 21st, 1985
to give a seminar to faculty and graduate students on his plasma physics
work. He also visited on September 18th and 19th, 1985, to give a
presentation on Air Force lcscarch programs for our seminar participahts,
and to evaluate the summer pilot program for undergraduate research
assistants. He also visited on March 12 through 14 1986, for the contract
signing ceremony and final review of this contract. Finally, Dr. Osmau

Ishihara gave a seminar on his work on an MHD-based tokamak current drive

8l
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mechanism and discussed possible collaborative research efforts between our

laboratory and his own effort in the Electrical Engineering Department of the

s

Texas Tech University in Lubbock, Texas.

L ': In addition to the above interactions, we have been keeping in contact
‘t - with other Principal Investigators ahd researchers in the general area of
: % plasma heating and turbulence covered by this contract. At the Annual
! - Meeting of the APS Plasma Physics Division and at the IEEE conference on
W T

Plasma Science, we had occasion to interact with individuals doing similar
research at the Naval Research Laboratory, at Cornell University, at the
Polytechnic University of New York, at the Physics Department at the
’,_:: University Miami at Coral Gables, at the Edwards Air Force Base, at the
Kirtland Air Force Base, at the Harry Diamond Laboratories, at the
University of Texas at Austin, at Texas Tech University at Lubbock, at the
University of Wisconsin, and many other academic laboratories supported by

AFOSR, ONR, and the Department of Energy.
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STAFFING

Faculty Investigators

This five-year program of researéh utilized the services of two members
of the UTK Electrical Engineering Department faculty, Prof. J. Reece Roth,
Principal Investigator, arnd Prof. David Rosenberg. Their profesional
background which is relevant to this contract is described briefly below, and

their vitae are included in Appendices A and B.

Professor .. Reece Roth

In the past twenty years, Dr. Roth has authored or co-authored 85
publications, of which 36 were articles in refereed journals, and the remainder
of which were internally reviewed NASA reports. Dr. Roth has published in
the Physics of Fluids, the Review of Scientific Instruments, the IEEE

Transactions on Plasma Science, Physical Review Letters, Plasma Physics,

Nuclear Fusion, the Journal of Applied Physics, the Journal of Fusion Energy,

the Journal of Nuclear Instruments and Methods, the Journal of Spacecraft

and Rockets, Nuclear Technology/Fusion, the Journal of Mathematical

Physics, Nature, and elsewhere. In addition to these publications, Dr. Roth

has been author or co-author of 89 oral or poster presentations at professional
society meetings, nearly all of which report experimental data on his scientific
or engineering work. These 89 presentations include 27 full-length papers

published in conference proceedings.
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E While at the NASA Lewis Research Center, Dr. Roth made two
. pioneering contributions to fusion-related superconducting magnet
E:' technology. He was responsible for the basic design and distinctive features of
< the “Pilot Rig” superconducting magnet facility at NASA Lewis in Cleveland.
This facility went into service in Décember, 1964, and was the first such
“ facility ever to be used for plasma physics or controlled fusion research. Dr.

Roth’s second contribution in the magnet field was as the engineer responsible
for the basic design and distinctive features of the NASA Lewis
superconducting bumpy torus magnet facility. This facility was the first
anywhere in the world to generate a toroidal magnetic field.

In studying the plasma which these facilities were designed to conline,
Dr. Roth discovered two previously unrecognized modes of plasma instability.

The first of these is the “continuity-equation oscillation” (the name is Dr.

¥
~

Roth’s own) which was observed in the Pilot Rig in 1967. Dr. Roth was the

o,

first to investigate this oscillation experimentally, arnd the first to describe it

- theoretically. His work on the continuity-equation oscillation has been
_ _' recognized in standard monographs and compilations such as A. I. Akhiezer et
E’l al. Plasma Electrodynamics, and F. Cap’s Handbook on Plasma Instabilities,
Vol. 1. Dr. Roth was also the first to report the experimental observation of the !
“Geometric Mean Plasma Emission” (Dr. Roth also named this instability). |
l; His data were explained theoretically by Professor Igor Alexeff, and they
jointly reported the discovery of this new instability in August, 1979. !
'.:':: Dr. Roth initiated research on the electric field bumpy torus concept, an ;
f‘:‘_ approach to creating a plasma of fusion interest in which strong radial electric
84
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fields are imposed on a bumpy torus- plasma, in such a way that they
contribute to the heating, stability, and confinement of the plasma.

Dr. Roth has authoritative knowledge of Penning discharges; the use of
superconducting magnet facilities in plasma and fusion applications; the
continuity-equation oscillation and moving striations; ion heating and
transport in a modified Penning discharge; high temperature plasma physics;
fusion energy; and fusion technology. Dr. Roth was the first to identify the
physical mechanism responsible for ion heating in a modified Penning
discharge, and the first to describe it. Dr. Roth’s academic responsiblilities
have included teaching a required undergraduate course on plasma
engineering from his own notes, a three-quarter graduate sequence on fusion

energy, al-~ from his own notes, a three-quarter ductoral level course on

plasma and intensive one-week minicourses on Fusion Diagnostics
and Fusior. . uergy, which have attracted students from all over th ited
States and Canada.

Professor David Rosenberg

Dr. David Rosenberg obtained his Doctor of Science in Engineering from
New York University in 1964, and has been an Associate Professor in the
UTK Electrical Engineering Department since September 1, 1967. Dr.
Rosenberg has introduced and taught a wide variety of undergraduate and
graduate courses at UTK in communications, including microwave
electronics, electromagnetic wave propagation (at the graduate level),

introductory microwave networks, microwave networks, guided waves,
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: ! electromagnetic fields at the graduate level, and modern transform methods.
o Professor Rosenberg has consulted for the Army Research Office in
x Tullahoma, Tennessee, for the USAF Systems Command in Tullahoma,
E: Tennessee, and for the NASA Marshall Space Flight Center in Huntsville,

Ala. Prof. Rosenberg has been affiliated on a part time basis with the UTK

2 Plasma Science Laboratory for the last two years of this contract and has
. contributed to the development of our broadband, absolutely calibrated
3 antennas, to our microwave scattering diagnostic system, and to all aspects of
% our work that involve microwave or RF technique.

D

wd Staff and Graduate Research Assistants

The five year staffing of this contract is shown on Table 2. The five ycars

S: are shown in the first column with the contract duration and personnel
N involved during that year in the second and third columns. The status of the
;:: personnel are listed on the fourth column along with the duration‘of time
- during the 12 month contract that they were affiliated with it. The fraction of
t."-: the time which they were paid to devote to the contract while they were
s employed under it is indicated in the 6th column. The highest degrec ebtained \
. by the individual at UTK during or after his association with this contract is 5
E_‘, on the 7th column, and whether or not that individual did his thesis research

in the UTK Plasma Lab is ind..ated in the 8th column. The penultimate

L P

column lists the institution at which the individual is now working, or was

e
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last kncwn to be working, and his current status at that institution is

indicaed tn the last column.

Undergraduate Research Assistants

It is proposed to continue in future years the very successful
Underg aduate Research Ausistant pilot program which was initiated at the
UTK Piasma Science Laboratory in the summer of 1985. We have hired 9
undergraduate research assistants at a cost of $2000 each, with no university
overhead, for the summer of 1986.

The pilot program in the summer of 1985 ended with a banquet hosted b:
the Dean of Engineering at UTK, William Snyder, which was attended by Dr.
Robert Barker; Tom Collins, UTK Vice Provost for Research; ard the students
who participated in the summer program. The students were asked to spend
most of their time on a single project during the summer, and to write this
project up at the end of summer. This documentation of the student.projects
was forwarded to AFOSR program management, along with a program
evaluation form that each of the students was asked to fill out. The students
were very enthusiastic about their summer experience, and all claim to have
learned a great deal from their experience in the UTK Plasma Science
Laboratory. At least five out of the six plan to go on to graduate study in

electrical or closely allied areas of engineering.
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Student Training and Development

During this five-year contract, travel funds were set aside for our
graduate assistants, where this was necessary to their training and
development. In the last several years, we have made it a custom to take at
least our most senior graduate research assistant with us to the IEEE and
APS plasma meetings, and did this even on years when these meetings were
west of the Mississippi River.

We intend to continue our weekly plasma seminar, the program of which
for the past several academic yearsisin Appendix H of this report, and we also
have broadened the horizons of our graduate research assistants by having
them travel to other universities as weil as to meetings. Our graduate
research assistants have also accompanied Prof. Roth on screening trips for
surplus equipment at various DoD installations, which are within a half-day’s

driving radius of Knoxville.
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PROFESSIONAL RESUME

J. Reece Roth

Dy Department of Electrical Engineering
The University of Tennessee
ux Knoxville, Tennessee 37996-2100
o (615) 974-4446
FTS 855-4446
=
% [PIl Redacted L i
4
- i
R y
- IL  EDUCATIONAL ]
. - 'l
N College: Massachusetts Institute of Technology, graduated in June 1959
] with a S.B. in Physies.
Graduate: Entered Cornell University in September 1959, graduated in 1
- June 1963 with the Ph.D. Major: Engineering Physics.

Minor subjects: Magnetohydrodynamies and Astrophysics.

-
~

L PROFESSIONAL EXPERIENCE

= 1. Smmer 1957, Engineering Aide at Aerojet-General Corporation, Azusa,
:}j California. Carried through a study of the electromagnetic flowmeter
as a means of measuring the exhaust velocity of rocket engines.

- ki
g 2. Summer 1958, worked as an Engineering Aide at Aerojet-General with :
- the Rover Project (the nuclear rocket propulsion program).

:". 3. Summer 1959, worked as an Aerospace Engineer with the electrical j
a

propulsion group at Rocketdyne, a division of North American Aviation.

—

4. 1963 t0 1978, Member of the Plasma Physics Branch of the Physical
Science Division at the NASA Lewis Research Center in Cleveland,

Ohio. Was Principal Investigator of the NASA Lewis Bumpy Torus
- Project.

5. September 1978 to June, 1982. Visiting Professor of Electrical
Engineering, University of Tennessee, Knoxville. Principal Investigator
:f. of two research contracts in the field of electric field dominated
84 plasma, one with the ONR, the other with AFOSR. These contracts
provided half-time support for the Principal Investigator and 4

PRI (L M PRPLIRNT 0d vl Gkl W~ ]

L Research Assistants. A third contract with TVA provided support for

E one graduate student for studies in the field of fusion energy, and

‘ L retainer-type consulting for the Principal Investigator. In addition to

+ research, taught a junior level course on plasma engineering, a graduate ‘
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ﬂ Page 2
&
a sequence on fusion technology, plasma diagnostices, and physies of
. fusion, also taught one-week minicourses on fusion energy and fusion
.{:,' diagnostics.
2

6. June 1982 to August, 1983. Research Professor, Department of Physics.
= Continuation of contract research, and teaching of graduate sequences
- in fusion energy and plasma physics.
‘" 7. September 1983 to present. Professor of Electrical Engineering and
£; Chairman of the departmental Plasma Engineering Curriculum

Committee. Continuation of contract research, and teaching of a
graduate course sequence in Plasma Diagnostics, a senior-level course
N "Introduction to Fusion Energy," and a junior-level course in Plasma
il

Engineering. Presently in the final stages of preparing a textbook,
"Introduction to Fusion Energy".

Iv. CONTRACTS AND EXTERNAL SUPPORT

Principal Investigator of contracts witn ONR, AFOSR, and TVA which,
since 1980, have totaled $927,225 as of December 31, 1985, and will bring in
$1,417,870 by the time present contracts run out in early 1989. These
.( contracts have yielded overhead of 189,906 as of Dec. 31, 1985, and will
bring in a total overhead of $368,385 to the University when present
contracts run out. They also have provided $278,464 in special equipment
. grants which have been used to purchase new, state-of-the art diagnostic
) equipment for the UTK Plasma Science Laboratory. These contracts also

i made it possible to acquire surplus instruments and equipment from the
Department of Defense with a replacment value of exceeding one million
- dollars. These contracts will provide 4.50 man-years of faculty support and
34.7 student-years of support when the last signed contract runs out.

t:'\

O

V. HONORS, AWARDS, AND LISTINGS

.. Relevant student honors include a four-year Alfred P. Sloan Scholarship at
- M.LT., Presidency of the M.I.T. Rocket Research Society, the 1957
American Rocket Society-Chrysler Corporation's Student Award, and a
Ford Fellowship at Cornell. Life Member of Sigma Xi, Fellow of IEEE, and

3 co-recipient of one of NASA's "Awareness" awards to the Bumpy Torus

E Project. Listed in "Who's Who in the Midwest," 1970 to 1978 Editions;
"Who's Who in the South and Southwest, "17th Edition, Who's Who in

" America, 43rd and 44th Editions, American Men & Women of Science, 15th

:.T Edition; Who's Who in Engineering, Fourth Edition; Who's Who in

Technology Today, 4th Edition, and Who's Who in Frontier Science and
Technology, Ist and 2nd Editions.
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VL PROZESSIONAL SOCIETY MEMBERSHIPS

L. Fellow of the IEEE

. Life member of Sigma Xi

Life member of the AAAS

Member of the American Physical Society

Member of the AIAA

Member of the American Nuclear Society

Member of American Society for Engineering Education
Member of the IEEE Nuclear and Plasma Sciences Society
Member of the Archaeological Institute of America

.

VIL PROFESSIONAL SOCIETY ACTIVITIES

1. Associate Editor, IEEE Transactions on Plasma Science, 1973-Present.
2. Elected Member-at-Large of Administrative Committee, IEEE Nuclear
and Plasma Sciences Society, 1974-77.
3. Secretary, NPSS Administrative Committee, 1975.
4. Organizing Committee, IEEE Plasma Science and Applications
Committee, 1971-73.
5. Elected Member, Executive Committee of IEEE Plasma Science and
Applications Committee, 1974-77, 1980-82, 1985-87.
6. Member of the Program Committee, IEEE International Conferences on
Plasma Science, 1974, 1975.
7. Member, Executive Committee, Northern Ohio Section of the American
Nuclear Society, 1975-1978.
8. Member, AIAA Plasmadynamics Technical Committee, 1979 to 1981,
9. Director, and Member of Executive Committee, East Tennessee Section
of the IEEE, 1982-83.
10. Viece Chairman, East Tennessee Section of the IEEE, 1983-84.
1. Chairman, East Tennessee Section of the IEEE, 1984-85.
12. Vice President, UTK Chapter of Sigma Xi, 1984-85.
13. President, UTK Chapter of Sigma Xi, 1985-86.

VII. PROFESSIONAL ACCOMPLISHMENTS

In the past twenty years, Dr. Roth has authored or co-authored 102 archival
publications, of which 37 were articles in refereed journals, 28 were full-length papers
in reviewed conference proceedings, and the remainder of which were internally
reviewed NASA reports. Dr. Roth has published in the Physics of Fluids, the Review
of Scientific Instruments, the IEEE Transactions on Plasma Science, Physical Review
Letters, Plasma Physics, Nuclear Fusion, the Journal of Applied Physics, the Journal
of Fusion Energy, the Journal of Nuclear Instruments and Methods, the Journal of
Spacecraft and Rockets, Nuclear Technology/Fusion, the Journal of Mathematical
Physics, Nature, and elsewhere. In addition to these publications, Dr. Roth has been
author or co-author of 78 oral or poster presentations at professional society meetings,
nearly all of which report experimental data on his scientific or engineering work.
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While at the NASA Lewis Research Center, Dr. Roth made two pioneering
contributions to fusion-related superconducting magnet technology. He was
responsible for the basic design and distinctive features of the "Pilot Rig"
superconducting magnet facility at NASA Lewis in Cleveland. This facility went into
service in December, 1964, and was the first such facility ever to be used for plasma
physics or controlled fusion research. Dr. Roth's second contribution in the magnet
area was as the engineer responsible for the basic design and distinctive features of
the NASA Lewis superconducting bumpy torus magnet facility. This facility went into
service in 1972, and was the first superconducting magnet facility anywhere in the
world to generate a toroidal magnetic field.

In studying the plasma which these facilities were designed to confine, Dr. Roth
discovered two previously unrecognized modes of plasma instability. The first of these
is the "continuity-equation oscillation" (the name is Dr. Roth's own) which was
observed in the Pilot Rig in 1967. Dr. Roth was the first to investigate this oscillation
experimentally, and the first to describe it theoretically. His work on the continuity-
equation oscillation has been recognized in standard monographs and compilations such
as A. I. Akhiezer et al. Plasma Electrodynamies, and F. Cap's Handbook on Plasma
Instabilities, Vol. 1. Dr. Roth was also the first to report the experimental observation
of the "Geometric Mean Plasma Emission" (Dr. Roth also named this instability). His
data were explained theoi etically by Professor Igor Alexeff, and they jointly reported
the discovery of this new instability in August, 1979,

Dr. Roth initiated research on the electric field bumpy torus concept, an
approach to creating a plasma of fusion interest in which strong radial electric fields

are imposed on a bumpy torus plasma, in such a way that they contribute to the
heating, stability, and confinement of the plasma.

Dr. Roth has authoritative knowledge of Penning discharges; the use of
superconducting magnet facilities in plasma and fusion applications; the continuity-
equation oscillation and moving striations; ion heating and transport in a modified
Penning discharge; high temperature plasma physics; fusion energy; and fusion
technology. Dr. Roth was the first to identify the physical mechanism responsible for
ion heating in a modified Penning discharge, and the first to describe it. Dr. Roth's
academic responsibilities have included teaching a required undergraduate course on
plasma engineering from his own notes, a three-quarter senior and graduate level
sequence on fusion energy, also from his own notes, a three-quarter graduate course in
Plasma Diagnosties which includes one quarter of laboratory, a three-quarter doctoral
level course on plasma physics, and intensive one-week minicourses on Fusion
Diagnostics and Fusion Energy, which have attracted students from all over the United
States and Canada. He is now in the final stages of publishing a senior and first year
graduate level textbook, "Introduction to Fusion Energy."
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Apperdix B

Ex.

%

2. Academic Rank:

= :
tﬁ Associate Professor of Electrical Engineering (Full-Time)

3. Degree, with Field, Institution and Date:
ot
& B.S.E.E., CUM LAUDE, New York University, 1953

M.S.E.E., New York University, 1954

. D. Eng. Sc., New York University, 1964
] 4. Number of years service on this Faculty: 19
E Original appointment - September 1, 1965 - Assistant Professor

of Electrical Engineering
Promotion to Associate Profecsor of E.E. in Sept. 1, 1967

5.  Other Related Experience - Teaching and Industrial:

- ( Employer - U.S. Coast Guard
BC. Period - 1946-1949

Position - Loran-A Electronices Technician

Nt Employer - New York University, School of Engineering and Science
" Period - 1954-196 2
Position - Instructor of Electrical Engineering, Summer Research on U.S.
- Air Force and NASA Contracts
Lo -
Employer - New York University, School of Engineering and Science
- Period - 1962-1964
4 Position - Research for Doctorate, U.S. Army Grant for Research
) Employer - The University of Tennessee
:.;_‘ Period - 1965 - Present

Position -~ Assistant Professor of EE (1965-1967)
Associate Professor of EE (since 1967)

A U.S. Air Force Research Contract (1967-1968)(1983-1984)
h NASA Research (1970)

'

6. Consulting:

ARO, Tullahoma, Tennessee

LY e e I

& USAF Systems‘Command, Tullahoma, Tennessee
L NASA, Huntsville, Alabama "
:‘. -‘1
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l i 7. States in which registered: None
|

g_ 8. Publications

Masters Thesis, "Voltage Regulation of a Transmission Line as a Function of

g Terminating Admittance," New York University May 1954.

e
t Doctoral Thesis, "Fields in A Closed, Periodically Thin-Iris Loaded, Uniform
R Waveguide, New York University, June 1964.

) \:",'
| -l "On Planar Obstacles for Periodically and Interdigitally Loaded Waveguides,"
P URSI Meeting, Dartmouth, N.H., (with D.J.R. Stock), October 1965.
' :?_ "Some Results for Thin-Iris Loaded Periodic Waveguides," MIT Transactions of
E IEEE (with D.J.R. Stock), MIT-14, No. 3, March 1966, pp. 145-153.
a "A Graphical Method for Determining the Q of a Resonant R-F Cavity," ARO,
VKF/LR-AP-61 (with C.P. Enis), October 1966.
: & "Complex Propogation Constants for Closed, Lossless, Periodic Waveguides,"
£ - URSI Meeting, Washington, D.C. (with D.J.R. Stock), April 1967.
t - (' "Evaluation of the Use of a Multiplexing Monitor to Troubleshoot Electronic
! N - Systems," NASA, R-ASTR-G-WP-4-68 (with P.R. White), February 1968.
i "A Multimoded Cavity Probe to Provide High Spatial Resolution of Wake Trial
b & Ionization Measurement," AEDC-TR-69-32, February 1969.
{ "Coupled Striplines of Asymmetric Crossection," Proceedings of the 8th Annual

- IEEE Region Il Conventiori, Huntsville, Alabama (with V.W. Ramsey), No. 69-C-
= 46, November 1969, pp. 341-346.

]

SN "Data Smoothing Operations with Associated Physical Significance,"

: ;'{ USNC/URSI Meeting, Los Angeles, California (with C.S. Hsieh), October 1971.
l "An Analytical Model for Optical Determination of Respirable Coal Dust

, Particle Size," Proceedings of the 10th Annual IEEE Region IIl Convention,

i Knoxville, Tennessee (with T.F. King, G.W. Hoffman, and J.C. Hung), Pub. No.
: 72-C-HO-591-8 REG III, April 1972, pp V3-1 to V3-3.

b

] s "Design Criteria of a Universal Compandor for the Elimination of Audible Noise
3 in Tape, Dise, and Broadcast Systems," Journal of AES (with M.G. Duncan and
e G.W. Hoffman), Vol. 23, No. 8, October 1975, pp. 610-622. Also Presented at

t D; AES 49th Convention, New York, N.Y. August 1974. Also Presented at 12th

‘ Annual IEEE Region III Convention, Clemson S.C., April 1976.

5 "A Calibrated, Broadband Antenna for Plasma RF Emission Measurements
e Below 1 GHz." 1984 1EEE International Conference on Plasma Sciene (with Paul
e D. Spence, J. Reece Roth), St. Louis, MO., May 14-16, 1984.

{ B-2
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"Broadband RF Emission and Electron Number Density Measurements of an
. Electric Field Dominated Plasma." 1984 IEEE International Conference on
§

Plasma Science (with J. Reece Roth, Paul D. Spence), St. Louis, MO., May 14-16,
1984.

"Correlation of RF Emission, Plasma Wave Propagation, and Plasma Turbulence
in Classical and Modified Penning Discharges." 1984 International Conference on
Plasma Physics (with J. Reece Roth, Paul D. Spence, Larry R. Baylor, Peyman
Denkordi), Lausanne, Switzerland, June 27-July 3, 1984.

9. Scientific and Professional Societies of which a member:

IEEE (MTT-S, AP-S), Reviewer Trans. MTT-S (1972)

N ASEE, UT Executive Committee (1966-9, 77-8)
& AMS

AAUP

10. Honors and Awards:
U.S. Coast Guard Loran Station Operation Award
B.S.E.E. Awarded CUM LAUDE (1953)
S.B. Duryea Graduate Fellowship (1953-54)
ARO, August, 1967 Monthly Best Work Award
NASA Apollo 10 Flight Contribution Award

. Tau Beta Pi Member

Eta Kappa Nu Member

Sigma Xi Member

PP B

ll.  Subjects or courses taught this year by term:

Fall 1983 Hours Lecture Lab Day Eve Ext. Grad.
EE 3060 3 X X X

EE 4080 3 X X
EE 4089 0 X
EE 5870 3 X X X
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( ) David Rosenberg

b Hours Lecture Lab Day Eve Ext. Grad.
Winter 1984

o EE 3060 3 X X X

ﬁ EE 5360 3 X X X
EE 3110

Ei Spring 1984

ais EE 3060 6 X X X

. EE 3069

EE 6610 3 X X X

e

12.  Other Assigned Duties Performed During the Academic Year:

\ Electrical Engineering Department Representative to U.T. Library

; Committee

E Field and Communications Curriculum Committee

Ph.D. Prelim Exam Committees

Master's Thesis Examination Committee (for E.J. Kent)
.( Graduate and Undergraduate Advising

College and Departmernt Faculty Meetings

§ 13.  List Specific Programs in Which Faculty Member has Participated to Improve
1. Teaching and Professional Competence.

m Appalachian Science Fair Judging Committee, Knoxville

&

U.T. Graduate School Professional Development Award for Undergraduate
Curricular Update.

Graduate Courses Introduced and Taught at U.T.:
- Microwave Electronics (EE 5850)
) Electromagnetic Wave Propagation (EE 5860)
5
t‘:

Introductory Microwave Networks (EE 5870)

Microwave Networks (EE 6610-20-30)

oo,
ey

Guided Waves (EE 6670-80-90)
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Appendix C

Publications and Presentations
Supported by AFOSR 81-0093

Roth, J. R.; Hayman, P. W,; and Pastel, R. L.: “A 2aired Comparison of
High Frequency RF Emission from Two Configurations of Electric Field
Dominated Plasma,” Proceedings of the International Conference on
Plasma Physics, Goteborg, Sweden, June 9-15, 1982, p. 250.

Roth, J. R.; Hayman, P. W,; and Pastel, R. L.; “A Paired Comparison of
High Frequency RF Emission from Two Configurations of Electric Field
Dominated Plasma,” Conference Record, 1982 IEEE International

Conference on Plasma Science, May 17-19, 1982, Ottawa, Ontario, p. 65
IEEE 82CH1770-7 NPS, (1982).

Pastel, R. L.; Roth, J. R.; and Spence, P. D.; “Parallel Electric Fields and
Anomalous Resistivity in a Classical Penning Discharge”, APS Bulletin
27, No. 8, Pt. 11, p. 1106, (1982).

Pastel, R. L.; and Roth, J. R.: “Axial Electric Fields and Electron
Number Density Profiles in a Classical Penning Discharge”, APS
Bulletin, Vol. 28, No. 8, pp. 1256-1257, (1983).

Spence, P.D.; Rosenberg, D.; and Roth, J. R.: “A Calibrated, Broadband
Antenna for Plasma RF Emission Measurements Below 1 GHz”. Paper
3R4, Conference Record, IEEE 84CH1958-8, 1984 IEEE International
Conference on Plasma Science, May 14-16, St. Louis, Missouri, p. 73
(1984).

Baylor, L. R.; Dehkordi, P.; and Roth, J. R.: “Microwave Scattering and
Electrostatic Turbulence Experiments on a Classical Penning
Discharge”, Paper 3R5, Conference Record, IEEE 84CH1958-8, 1984
IEEE International Conference on Plasma Science, May 14-16, St. Louis,
Missourt, p. 73, (1984).

Roth, J. R.; Spence, P. D.; Baylor, L. R.; Rosenberg, D.; and Dehkordi, P.:
“Correlation of RF Emission, Plasma Wave Propagation, and Plasma
Turbulence in Classical and Modified Penning Discharges”, Paper P1-
12, Proceedings of the International Conference on Plasma Physics,
Lausanne, Switzerland, June 270July 3, 1984, p. 13.

Laroussi, M.; Baylor, L. R.; Dehkordi, P.; and Roth, J. R.: “Anomalous
Drift Waves Detected with Microwave Scattering in an Electric Field
Dominated Plasma”, Paper 1W-4, APS Bulletin, 29, No. 8, p. 1197,
(1984).

Roth, J. R.; and Alexeff, .. “Growing Waves and Electromagnetic
Emission from Two Oppositely Directed Electron Beams in a Cold
Background Plasma”, Paper 1W-10, APS Bulletin 29, No. 8, p. 1198,
(1984).
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! 10. Roth, J. R.; and Laroussi, M.: “Collisional Magnetic Pumping
) Revisited”, Paper 4R-7, Conference Record, IEEE 85 CH 2199, 1985
IEEE International Conterence on Plasma Science, June 3-5, 1985,
r Pittsburgh, PA, p. 72 (1985).

N
'y
~ 11. Laroussi, M.; Spence, P.D.; Rosenberg, D.; Mannone, J. C.; and Roth, J.
R.: “RF Emission Power and Its Dependence on Plasma Parameters and
ol Turbulence in a Classical Penning Discharge”, Paper 51 Conference
¢ v Record, IEEE 85 CH 2199, IEEE International Conference on Plasma
' Science, June 3-5, 1985, Pittsburgh, PA, p. 84 (1985).
SO
ve 12. Roth, J. R.; and Laroussi, M.; Enhanced Plasma Heating by Collisional
Magnetic Pumping”, APS Bulletin, Vol. 30, No. 9(1985) p. 1390.
Z:: 13. Laroussi, M.; Spence, P.D.; Rosenberg, D.; Ghayspoor, R.; and Roth, J.

R.: RF Emission Power Measurement and Anomalous Drift Wave Study
in a Classical Penning Discharge”, APS Bulletin, Vol. 30, No. 9 (1985) p.
1397.

14. Rosenberg, D.; Spence, P. D.; Laroussi, M., and Roth, J. R.: “Scaling of
Radiated RF Power for Classical and Modified Penning Discharges”,
APS Bulletin, Vol. 30, No. 9, (1985) p. 1551.
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15. Laroussi, M. "Plasma Heating by Collisional Magnetic Pumping”, Proc.
18th Southeastern Symposium on Systems Theory, April 7-8, 1986 ISSN
0094-2898, pp. 475-479.

16. Laroussi, M.; and Roth, J. R.: “Plasma Heating by Collisional Magnetic
Pumping”, Paper 5D6, Proc. 13th IEEE International Conf. on Plasma
Science, Saskatoon, Canada, May 19-21, 1986.
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*0Oral Session 3E*
; PLASMA WAVES, INSTABILITIES AND .ANTENNAS
: K Tuesday, May 18, 1982
: 9:00 A.M., Room 253, Mackenzie Building
1 ( *Session Chairman - I.P. Shkarofsky®,
u 3E1 A PAIRED COMPARISON OF HIGH FREQUENCY RF
S EMISSION FROM TWO CONFIGURATIONS OF ELECTRIC
: FIELD DOMINATED PLASMA*
b
: 51 J. Rzece Roth, P. W. Hayman, and R. L. Pastel
P Department of Electrical Engineering
University of Tennessee
Knoxville, TN 37996-2100
B
h LY We report paired comnarison observations of RF.
N emission from two electric field dominated plasmas over
: . the range from 1.0 MHz to 70 GHz. One of these plasmas
9 }x‘ is a classical Penning discharge configuration with a
:h plasma length of about 83 centimeters, a diameter of
about 10 centimeters, and an approximately flat axfal
magnetic field of up to 0.4 Tesla. The second plasma
a5 (generated in a separate apparatus) ic a modified Pen-
e

ning discharge operated in a magnetic mirror configura-
tion with an axial mirror ratio of 5:1, intended to si-
mulate magnetospheric plasmas. This plasma has approxi-
. . mately the same dimensions as the first, and maximum

8 magnetic fields at the mirror throats of up to 0.4 Tesla.
!3 Both plasmas are electric field dominated in the sense
of having strong radial and/or axial electric fields
penetrating the plasma. Both are operated steady-state

o ahe LA B

) in helium and argon gas, and both are enclosed in glass
= vacuum systems which allow RF radiation to escape the
: .0 plasma without forming a resonant cavity. The instru-
" mentation available allows a continuous spectrum of RF
emission up to 1 GHz to be displayed, and measurements
‘( to be made at isolated microwave frequency bands uo to
70 GHz.
At the time of writing, no information is available
on the RF emission characteristics of the classical
KRG Penning discharge. The RF emissions from the modified
,$. Penning discharge have recently been found to have

several interesting characteristics. In addition to the

previously reported]’ geometric mean emission frequency,
- in the range frgm 10 to 40 MHz at background pressures
X below 2.4 x 107" Torr of Helium, we recently observed a
~ low frequency peak, the fundamental of which is about

5 MHz, and which exhibits up to 30 or 50 harmonics be-

fore fading into the txrbulent background. This peak
2t occurs above 2.4 x 10°% Torr, and the nonlinear mode
hee coupling exhibited by its harmonic generation is some-
L times visible up to 1 GHz. This "type II" emission

aBpears to te related to rotating spokes driven by ExB/

B¢ drift, which are a consequence of the diocotron in-

stability.

A The modified Penning discharge also exhibits RF
emissicn at frequencies above 1 GHz, including the 1 cm
band at 26 GHz at which the microwave interferometer

e operates. The origin and nature of these high frequency

{ﬁ emissions are a matter for continuing study.

1.) 1. Alexeff, J. R. Roth, J. D. Birdwell, and R.
N Mallavarpu: Electromagnetic Emission and Anomalous
$ Resistivity from Equal and Oppositely Directed Electron
Beams, Phys. Fluids Vol. 24, No. 7 (1981) pp. 1348-57.
2.) P. W. Hayman and J. R. Roth: RF Emission, Nonlinear
\ Mode Coupling, and lon Thermalization in a Modified
E’ Penning Discharge Plasma, APS Bulletin Vol. 26, Ho. 7

. (1981) p."1061.

*
i The work on the classical Penning cischarge was
. supported by AFOSR contract #81-0093, and the work on
the modified Penning discharge by ONR contract #N0014-
80-C-0063.
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gr 16 Parallel Electric Fields and Anomalous Resisti-

vity Tn a Classical Penning Discharge. ROBERT L.
PREhL. T, “REFCE ROTH-AND PAUL D. SPENCE, Univ. of
Tennessee, Knoxville, TN 37996-2100.* -

We have operated a steady-state plasTa in a
classical Penning discharge configuration' with a uni-
form axial magnetic field and measured the floating
potential profile along the axis of symmetry. The
total potential drop is on the order of kilovolts, im-
plying an extreme degree of anomalous resistivity. A
special high-voltage floating Langmuir probe was de-
veloped for these measurements, capable of at least 5
kilovolts without breakdown.  Previous exploratory
measurements< of RF emissions over the range from 0.5
to 1000 MHz were extended and correlated with the
electric field profile measurements. The axjal poten-
tial profile was also observed in conjunction with ion
energy measurements made with a retarding potential
analyzer.

*Supported by Contract AFOSR-81-0093 (Roth).

1. F. M. Penning and K. Nienhuis, Fhilips Tech. Rev.
3 Vol. 11, 116 (1949).

N 2. J. R. Roth, P. W. Haymn, and R. L. Pastel, Paper
- 11P-11-02, Proc. 1982 Int. Conf. on Plasma Physics,
Goteborg, Sweden, p. 250,

R

WA

QLALSY

| LA

9U 5Axial Electric Fields and Electron Density

. Profiles in a Classical Penning Discharge.® ROBERT L,
PASTEL and 0. REECE ROTH, Unjversity o; Tennessee,

Knoxville, TN 37996-2100. i
We have operated a steady-state classical Penning
discharge in a uniform magnetic field up to 0.4 Tesla.

The electrons are trapped in an axial electrostatic
F_ potential well, and form two interpenetrating beams.
l .. The cylindrical discharge is about 10 cm in diameter
o= and about 60 cm long. Recent modifications to the i
t water-cooled cathodes have made it possible to draw y
currents above 0.5 amperes at anode potentials of "
b - several kilovolts. The electron number density for :
b these conditions is above 1010/cm3, These conditions
LY have made possible RF emission amplitudes more than
20 dB higher than those previously observed, and also
. the observation of significant RF emission up to 2 GHz.
W The principal emission mechanisms appear to be at the
i geometric mean frequency and at the electron piasma
g frequency. The frequency spectrum is white noise-like .
from below 0.6 Miz to above 1.0 GHz. Data taken with
a retarding potential energy analyzer show axial ion
L energy distribution functions which range from

Monoenergetic to Maxwellian.
*Supported by contract AFOSR-81-0093.
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A CALIBRATED, BROADBAND ANTENNA FOR PLASMA RF EMISSION
E MEASUREMENTS BELOW 1 GHz*

Paul D. Spence
Department of Engineering Science and Mechanics

B o s

W) and
< David Rosenberg
t{ J. Reece Roth

Department of Electrical Engineering
University of Tennessee
i Knoxville, Tennessee 37996-2100

A constant impedance, constant aperture antenna
can make possible broadband plasma RF emission measure-
. ments which yield relative and absolute power levels.
o However, good technique, such as that described by
Z Heald and Wharton [13 must be followed for the {mmer-
ston of such an RF probe into plasma radiation.

We have used a complementary conical spiral an-

oYW W

e tenna, similar to that described by Rumsey 2], to ob-
= serve plasma RF emission over the frequency range 100
e < v < 1200 Miz. The RF emission was emitted by a modi-
fied Penning discharge as described by Roth [3] and
Roth, Hayman, and Pastel (4). The RF emission from the
discharge typically exhibits harmonic structure over
é a broad frequency range, necessitating a broadband

antenna with a flat frequency response curve to allow
detailed spectral analysis.

The antenna consists of two metal strips of ap-
proximately uniform width wound helically on a cone
made of Lexan plastic. Since the antenna is a balanced
network, a balun is employed to make the transition to
a 50-ohm coaxial 1ine. The antenna feed method is
= critical in maintaining a uniform impedance network.
.( Neglecting stray transmission line effects, the probe

- circuit for the frequency range 100 < v < 500 MHz is 50
ohms due to the spectrum analyzer, paralleled by 291
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- ohms due to balun magnetization; the combination is fed !
& by a 144 ohm probe aperture (see Fig. 1). Above 500 5
:C.. Miz, the balun seems to behave nonuniformly and re- !
d quires further fine tuning to achieve a satisfactory
frequency response and an accurate caliucation over the
) frequency range from 500 MHz to 1.0 GHz. Below 100 Miz,
" it is not clear that the antenna remains properly im-
ey mersed in the plasma radiation under present laboratory
conditions.
antenna balun spec trum 1
s aperture  10ss analyzer
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r. 1. M. A. Heald and C. b. wharton, Plasma Diagnostics 3
- With Microwaves, Krieger Publishing, New York, 1978. X
Z. V. Rumsey, Frequency Independent Antennas, Academic
. Press, New York, 1866 {
L 3. J. R. Roth, Modification of Penning Discharge Use-
[} ful in Plasma Physics Experiments, RSI, 37 (1966),
1100-1101.
4. J. R. Roth, P. W. Hayman, and R. L. Pastel, A ‘J
o Paired Comparison of High Frequency RF Emission from |
f Two Configurations of Electric Field Dominated Plasma, ;
- Proc. 1982 Int. Conf. on Plasma Physics, Goteborg,
Sweden. 1
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MICROWAVE SCATTERING AND ELECTROSTATIC TURBULENCE
EXPERIMENTS ON A CLASSICAL PENNING DISCHARGE

Larry R. Baylor
Peyman Dehkordi
J. Reece Roth

Department of Electrical Engineering
University of Tennessee
Knoxville, Tennessee 37996-2100

We have operated a steady-state classical Penning
discharge in a uniform magnetic field up to 0.4 Tesla.
The electrons are trapped in an electrostatic potential
weil, and form two interpenetrating beams in the plas-
ma, the midplane diameter of which is about 10 cm, and
the length of which is about 60 cm along the axis.
This plasma supports high levels of plasma turbulence,
axial electric fields of several tens of volts per
centimeter, and emits broadband electromagnetic ra-
diation over the frequency range from below 1 MHz to
more than 2 GHz [1,2].

Measurements from a microwave scattering apparatus
consisting of a 27 GHz Gunn diode in a homodyne mixer
configuration are presented. The microwaves are inci-
dent on the plasma in the ordinary mode at a power
level of approximately 100 milliwatts. The scattered
microwave power is observed in a plane normal to the
magratic field, for scattering angles from 20° to 160°.
The scattered signal is fed to a crystal detector and
is then displayed on a spectrum analyzer. Electron
number density fluctuations are observed in the fre-
quency range from 10 to 40 kHz. Preliminary data
suggest that the density fluctuations obey a linear
dispersion relation.

Data have been taken for various plasma conditions
in conjunction with an analog-to-digital data handling
system which analyzes a digital time series of elec-
trostatic potential fluctuations taken from azimu-
thally placed capacitive probes. This system obtains
auto- and cross-power spectra, coherence, dispersion
relations, and the phase angle as a function of fre-
quency. In these experjments fBe electron number
densities range from 10° to 10'“/cubic centimeter, the
magnetic field ranges from 0.2 to 0.4 Tesla, and the
discharge current ranged up to 0.5 amperes.

The data fromthe microwave scattering diagnpstic
is correlated with data from the electrostatic tur-
bulence diagnostic and with the plasma operating
conditions. If progress on the research program
allows, data will be reported on the absolute value
and frequency dependence of RF emissions at frequen-
cies up to 1.0 GHz.

[1] J. R. Roth, Paul P. W. Hayman, and R. L. Pastel,

A Paired Comparison of High Frequencv RF Emission from
Two Configurations of Electric Field Dominated Plasma,
Proceedings of the 1982 International Conference on
Plasma Physics, Goteborg, Sweden.

[2] R. L. Pastel and J. R. Roth, Axial Electric Fields
and Electron Density Profiles in a Classical Penning
Discharge, APS Bulletin, Vol. 28, No. 8 (1983) 1256-57.

'Supported by AFOSR contract #81-0093.

Yy

o - R e T .
i PRTLTG IO T 1 TN AT B A "."’-‘ "t WL EE R el S {- ~‘_" Y “f_[‘
o '?'\.'fa:';‘};{;{;{\'\i‘\:.‘l\‘:'.{\l\."_-.‘. RN EG RV RN G OTTUR I PRIV 30 0% 15e ¢ Fw I,

C




=

“7A

45700

2}
ot

Ty s

7]5!;f

W4 Anomalous Drift Waves Detected with Microwvave

Scattering in an Electric Field Dominated Plasma.*
LARRY R. BAYLOR, J. REECE ROTH, PEYMAN DEHKORDI AND

MOUNIR LAROUSSI, Department of Electrical Engineering,
University of Tennessee, Knoxville, TN 37996-2100.-We
have operated s steady-state classical Penning dis-
charge in a uniform axial magnetic field of 0.4 Tesla.
The electron number density is typically 2 x 109/cmd
in helium gas, vith T, = 5-10 eV. We have applied 32
GHz microwave scattering and capacitive probes ip
konjunction with & two-channel analog-to-digital data
bandllng system which is capable of producing auto and
pross pover, phase, and coherence spectra. A strong
background of electrostatic turbulence vas observed,
the RMS values of density of which vere as high as
several percent of the average alectron density. The
fluctuation spectrum exhibited several peaks between
10 and 50 kHz, which appeared to be the fundsmental
and sub-multiples of E/B drift waves, characteristic
of Penning discharges (1), The frequency of this
disturbance was proportional to B, implying a radial
clec;ric flcld. the magnitude of which is proportional
to B4,

1. J. R. Roth, P. D. Spence, L. R, Baylor, D.
Rosenberg, and P. Dehkordi, Paper Pl-12, 1984 Int.
Conf. on Plasma Physics, Lausanne, Svitzerland, June

%984,
.g_upnor.t...e.d by contract AFOSR 81-0093,

w1 Crowing Waves and Zlectromagnetic Zalseion
from Two Oppositely Directed Electron Beams in a Cold
Background Plasma.* =--J. REECE ROTH AND IGOR ALEXEFF,
University of Tennesee, Knoxville, TN 37996-2100.--We
present s generslization of previous theoretical work
(1) to the case of two non-relativistic, oppositely
directed interpenstrating electron besms of unequal
density interacting with a cold background plasma.
These conditions can be reduced to a sixth-order cold
plasma dispersion relation, which has growing and
smped solutions. In the case of two beams, each 1/2
f the total electron density, interacting with cold
fons, we recover our previous result (1); growing
waves near the geometrfc mean of the electron and ion
plasma frequency. When the beams are much less dense
than the cold electron background density, the growing
waves are near the electron plasma frequency of the
cold electron population. The maximum growth rates
are not at the beam electron plasma frequency or at
the upper or lower hybrid frequency. The frequency
of an oscillator based on this instability can be
tuned by adjusting the relative intensity of the two
beams as well as the beam density relative to the
background plasma.
1.) I. Alexeff, J. R. Roth, J. D. Birdwell, and R.

Mallavarpu, Physics of FPluids, 24 (1981) 8813&8-57.
*Supported im part by AFUSK conttracts 81-0093 and 82-

0045, and by ONR contract N00OO14-80-C-0063.
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Collisional Magnetic Pumping Revisited*

J. Reece Roth and Mounir Laroussi
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P

UTK Plasma Science Laboratory
Department of Electrical Engineering
University of Tennessee
Knoxville, TN 37996-2100
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Collisional magnetic pumping is achieved by
wrapping an exciter coil around a cylindrical plasma, and
driving it with relatively low RF frequencies which
ultimately transfer energy to the parallel component of
the 1on velocnt{‘. For this form of heating to take place,
the period of the driving RF and the collision time should
X be comparable, and both of these should be much less
- than the transit time of an ion through the heating
- region. Berger, et al.! have shown that if a sinusoidal
G perturbation of the confining magnetic field of the form 8
= Bo(1 + 8 coswt)Is applied, the heating rate i1s given by

Pt g}
L)

vey 22

Y (E B 8% v, . m
dt g@via + wh

&) where o is the driving frequency, v, is the collision

- frequency, § << 1 is the field modulation2, and E is the

total ion energy. Transfer of energy to the parallel
component of the ion velocity occurs because the
. magnetic moment v, 2/8 is approximately constant. There
i is @ small net collisional energy transfer to this parailel
component as the magnetic field varies sinusoidally, and
" the perpendicular components of velocity follow suit. In
this onginal form of collisional magnetic pumping!.2.3,
Lo the sinusoidal variation of v, 2 about the mean established
B outside the heating region left only a very small net
i energy transfer, which is proportional to the square of the
small parameter .
In this paper, we explore the consequences of
m applying to the exciter coil a RF current which is either full
o wave rectified, B = Bo (1 + &1 208 wti), or which is a
sinusoidal excitation with a DC bias magnetic field
applied only in the axial region subtended by the exciter
. coil, B = Bo (1 + 61 + coswt)). In both these cases, the d
i conservation of the magnetic moment will lead to an :
increase in the perpendicular components of velocity
above the equipartition values outside the exciter coil, but
not to a decrease. Thus any stochastic process, including
collisions in the heating region, 1s much more likely to
achieve a net energy transfer to the parallel velocity
component. This should lead to a heating rate hnearly
proportional to the modulation &, rather than to its .
square, as in Equation 1. if ions are scattered by
fluctuating electric fields ortginating from strong plasma
turbulence, this can lead to an effective collision
frequency higher than the binary collisional value, and to
greatly enhanced ton heating rates. b
1. ). M Berger, W A Newcomb, |. M. Dawson, E. A, ]
Frieman, R. M. Kulsrud, and A. Lenard, Physics of
Fluids, Vol. 1,No. 411958 pp. 301-307. .

2. K. Miyamoto, Plasma Physics for Nuclear Fusion, MIT !
Press, Cambrnidge, MA (1980) pp. 440-441.

3. T. Kammash, Fusion Reactor Physics, Ann Arbor
Science Publishers, Ann Arbor, MI(1975) 161-182.

*Supported by the Air Force Office of Scientific Research,

contract AFOSR 81-0093 (Roth).
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RF Emission Power and Its Dependence on
Plasma Parameters and Turbulence in
A Classical Penning Nischarge*

Mounir Laroussi, Paul D. Snence, NDavid Rosenberg,
John C. Mannone and J. Reece Roth

UTK Plasma Science Laboratory
Department of Electrical Engineering
University of Tennessee

Knoxville, TN 37996-2100

. e have operated a steady-state classical Penning
discharge in a uniform axial magnetic field, the value
of which can be varied up to 0.4 Tesla. The electron
number density is typically 2 109/cm in helium gas
with Te = 5 - 10 eV. RF emission has been detected
with specially develope? ?road-band olanar-spiral and
conical-spiral antennas!!}, and its absolute inteqral
power has been measured and plotted against electron
number density and electron kinetic temperature, with
the magnetic field as a parameter. The electron
number 1ensity and kinetic temperature have been meas-
ured with a Langmuir probe inserted into the plasma.

The RF emission spectrum covers a broad-band fre-
quency range between 100 MHz and 1000 MHz. This spec-
trum is formed by numerous harmonics of fundamental
frequencies. The correlation between the RF emission
spectra and the resul;s 1ready obtained on the elec-
trostatic turbulence'=s z due to stronq axial and
radial electric fields and on wave propaqation in
the plasma is also investigated,

1. P. Spence, and J. P. Roth, paper 3R3, IFFE
International Conference on Plasma Science,
St Louis, Missouri, May 19%4.

2. M. Laroussi, L. R. Raylor, P. Dehkordi, and J. R.
Roth.: "Anomalous Nrift Waves Netected with Micro-
wave Scattering in an Electrical Field Dominated
Plasma", Paper 1 N-4, APS Bulletin, Vol. 29, No. 8
p. 1197, (19%4).

3. J. R. Roth, P. N, Spence, L. R. Baylor,
D. Rosenberqg, and P. Nehkordi.: "Correlation of
RF Emission, Plasma Wave Propaqation, and Plasma
Turbulence in Classical and Modified Penning
Discharges", Paper P 1-12, Proceedings of the
International Conference on Plasma Physics, R
Lausanne, Switzerland, June, 1984,

4, R, L. Pastel, and J. R. Roth.: "Axial Electric
Fields and Electron Number density Profiles in a
Classicat Penning Mischarqe”, APS Bulletin, Vol.23
No. 8, pp. 1256-1257, (1933).

*Supported by AFOSR contract 81-0093
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2Q 2 Enhanced: Plasma Heating by Coll{sfional
Haq netic nPu ing.* J. EEEEE KU*H and MOUNIR LAROUSSI,
PTasma Science Laborato University of Tennessee

KnoxviTle, 3: ;;553-2155.--!n the oroper regime,

colTTsTonaT magnetic pumping is achieved by wrapping
an exciter cofl around a cylindrical plasm and per-
turbing the confining magnetic field, B = B, (1 +

$ f(t)?. The perturbations change the perpendicular
energy of the particle, while lfaving the magnetic
moment constant. Berger et al.! have shown that if
£(t) = sin ut, the plasm heatigg rate 1s a second-
order effect, proportional to 8<. The magnetic mo-
ment 1s alternately greater and less than the urper-
turbed value, so the heating is a smal) net differ-
ence of second order, We have been able to show that
if f(t) 1s a sawtooth function, the plasma heating
rate 1s of first order in the parameter &, and that
{ts magnitude is characteristically from two to three
orders of magnitude largar than that of a sinusoidal
excitation., This occurs because the perpendicular
energy {s always above the value outside the exciter
coil, and the net stochastic energy flow is undirec-
tional into parallel energy components.

1. J. !(‘l Be;'ger. %Iai‘iw Physics of Fluids, Vol. 1,
No. 4, (1958) pp. =307,
*Supnorted by Air Force contract AFOSR 81-0093 (Roth)

2Q 39RF Emission Power-Measurement and Anomalous
Orift Wave Stual Tn a Classical Penn‘na 51sc5r95.‘

’ . \4 »
REZA GHAYSPOOR, and J. REECE ROTH, University of
Tennessee.--We have operated a steady-state classical
PennIng discharge 1n a uniform axfal magget;s'ﬁeld.
The electron density s typically 2 x 109/cm? in
helium gas. RF emisston has been detected using
broadband confcal spiral and planar-spiral antennas. !
The absolute emitted power has been measured for dif-
ferent plasma conditions.

A study of anomalous drift waves has been done
using capacitive probes in conjunction with a Lecroy
3500-SA signal analyzer. The spectral analysis shows
that two types of instabilities exist 1n the plasma.
One exhibits a spectrum with peaks below 50 kHz¢ and
a second one in the 200-300 kHz range. The high
frequency waves are due to E x B motfon, and the Tow
frequency waves are due to qrad vn type instability.
The behavior of the two types of wave is different
when the operating conditions change. ’ N

P. Spence, and J. Reece Roth, paper 3R3, IEEE
Internatfonal Conference on Plasma Science, St Loufs,
Missour!, May, 1984.

M. Laroussi, L. R. Baylor, P. Dehkord{, and J.
Reece Roth, paper 100-4-APS Bull, Vol. 29, No.8., 1984
*Sunoorted by Contract AFOSR 81-0093
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7PS Scaling of Radfated RF Power for Classical and
Mod{ fTed FenninE U?scﬁarg % DAVID ROSENBERG, PAUL D.

es? ’
and J. REECE ROTH, Plasma

Lﬂ__}lﬂiﬁ;ZlQﬂ,--Both the modified and the classical
enning discharges have been observed to em{t broad-
band RF radiation from 50 to ;500 Miz!. Using a
broadband calibrated antenna, net integrated RF
power measurements have been made of the near- and
far-field radfation in the bandwidth from 100 to 1000
Miz, The RF power scaling as a function of the num-
ber density and discharge power has been measured for
the two forms of Penning discharge. Near field meas-
urements have been made fn an attempt to assess some
of the effects of attenuation and scattering caused
by the boundary conditions of the laboratory envi-
ronment. Under conditions when the far field radia-
tion has been observed to be predominantly 1inearly
polarfzed along the static B field, a dipole-]1ike
current distributfon may exist in the plasma,

1. J. R. Roth, et al., Paper P1-27a, Int, Conf. on
Plasma Physics, Lausanne, 1984,

2, P, D, Spence, et al., Proc. IEEE Int. Conf. on
Piasma Science, (1984), p. 73, IEEE 84CH1958-8.
*Supported by AFOSR 81-0093 and ONR N0O0OO14-80-C-0063,
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i ( Plasma Heating by Collisional Magnetic Pumping*

Mounir Laroussi énd J. Reece Roth

UTK Plasma Science Laboratory
Department of Electrical Engineering
“ University of Tennessee
R Knoxville, Tennessee 37996-2100

Collisional magnetic pumping' is achieved by

wrapping an exciter coil around a cylindrical plasma and

w perturbing the confining magneiic field, B = B, (1 +

Y 8f(t)), where f(t) is a bounded periodic function with a

n frequency below the ion cyclotron frequency. The

transfer ofenergz between the perpendicular and paralle!

- components of the ion velocitn occurs through collisions.
b

. The change in the energy of the particles is governed by
';;- the following homogeneous linear differential equation

with peniodic coefficients,
d% [3  dB[dB\-1]dE Y. dB !
2 (3 (8 e |
> dr? 2 ¢ g2 \dt dt B dt |

e The above equation has been solved using Floquet's
o theory® along with a perturbation treatment. For the
& particular case where f(t} = cos wt, the energy increase

rate calculated® agrees with the one found by Berger et

al.® The general case where f(t) is an arbitrary periodic
function has been treated and a condition for a heatin !
"o rate proportional to the first order of the fiel !
o8 modulation § = AB/B, is obtained. In this case we have

dE
( = =\ E,

where

£

e
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';.. First order heating is possible because of the nonlinear
e telationship between the magnetic field and the energy
increase rate. With a perturbation that keeps the
magnetic moment under the exciter coil always larger
o than the background value, the net stochastic energy flow
- is unidirectional into parallel energy components.

1. K. Miyamoto, “Plasma Physics for Nuclear Fusion”,
i MIT Press, Cambridge, MA (1980).

5 2. G. Floquet, “Sur les Equations Differentielles
Linearies”, Annales E.N.S., T.12(1883).

3. M. Laroussi, “"Plasma Heating by Collisional Magnetic

i
Pumping”. Presented at the 18th Southeastern |
; : Symposium on System Theory, April 7-8, 1986.
. 4.). M. Berger, W. A. Newcomb, J. M. Dawson, E. A.
’ frieman, R. M. Kulsrud, and A. Lenard, Physics of
Fluids, Vol. 1, No 4(1958) pp. 301-307.
& *Supported by AFOSR contract 81-0093 (Roth) i
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A PAIRED CYMPARISON OF HIGH FREQUENCY RF EMISSION FROM
TW0 CONFIGURATIONS OF ELECTRIC FIELD DOMINATED PLASA

J. Reece Roth, Pau) N, Hayman, and Robert L. Pastel
nartment of Electrical Engineering
University of Tennessee
Knoxville, Tennessee, U.S.A. 37996-2100

Abstract: ‘le recort naired comoarison observations of RF emission from

two steadv-state electric field dominated nlasmas, 8 classical Penninn discharge
onerating in an axially uriform magnetic field, and a modified Penning discharge
oderating in an axisymmetric maanetic mirror. 'easurements were made at fre-

quencies uo to 70 GHz. *uch RF activity was observed below 1.0 GHz.

1. Introduction

Radin Freayency {RF) emisstions from nlasmas can yield diaanostic informa-
tion about the electron number densitv (from emissions at the electron olasms
frenuency), and the fonic saecies (from enissions at the fon nlasma frequency);
about turbulence and nonlinear mode counlina in the plasma; and adout ohysical
orocesses in the nlasma such as rotatineg snokes arising from the £/8 driven
diocatron instabiiity znd/or lov frenuency MHD fnstabilfties. Suchi nesr-field
emssion dhe=~mena are best ob-erved in steady-state electric field dominated
olasmas where conventional RF snectral analvsis equioment has enouch time to
onerate (as ommosed to nulsed exnertments Yastinn Yess than one second), and
which have a substantial enerqv innut throunh axial and transverse electric
fi21ds which oenetrate the nlasma. Such olasmas are nenerated by the classical
(ref. 1) and rodified (ref. 2) Pennina discharqes, These are knovn to be nene-
trated by stronqg radial and axial electric fields, un to kilovnlts ner cent{-
meter, to onerate with higa levels af electrostatic turbulence, to heat fons
by an E/8 4Arift mechanism. and to emit °F radiation in the near field over a
wide ranne of freavencies (refs. 3-6). In this mater we renort a maired
comarison of RF emfssions from a classical Penning discharoe, (with the nlasma
1n a uniform Rqnetic field), with emissions from a modified Penning discharge

which s operated in a magnetic mirror,

2. The ‘bdified Penning Discharge

The modified Penning discharae (ref. 2) fs ocerated in a 5:1 magnetic
mirror ratio confiquration which {s fintended to simulate the high mirror ratios
of ragnetosoheric olasmas. The plasma {s sonroximatelv 10 cm fin diameter at
the midnlane, one meter in length, and has a maximum magnetic field un to 0.4
Tesla at the mirror throat., A schemitic of the modified Penninng discharqe is

shown in Fiqure 1.

The nlasms was onerated with helium and arcon qas, and s

 MAGNET DEWARS

ANODE i
RING » '

Figure 1. Schematic of the modified Penning discharce.

enclosed In a alass vacuum system which allows RF radiation to escave.
This modified Penning discharae nroduced two modes of RF emission, as
shown in Figure 2. The lowv nressure =ode (‘tode I} shown on Fin, 2\ is anvar-
ently a manifestation of the neometric mean emission frequency (Ref. 5) and
harmonics out to about 500 *Hz. The hian nressure mode ('ode I11) on Fia. 28
-00ears to be a manifestation of diocotron-1ike snokes rotatinn with the E/B

drift velocity, with as manv as 39 harmontcs, sometimes visible to 500 MKz,

o

4
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Figure 2. Sne.trum of near-field enissions from the modified Penning discharne
onerating with helium nas at a 5:1 mipror ratfo with By, = 0.33 Tesla,

A) “ode | oneration at 95 = 4.4 x 1979 Torr, electrode voltane V, = 4.9 k¥, and
electrode cur;entll. * 3.0 m{, B) Mode Il oneration at 0, * 2.3 x 10~* Torr,
ng = 7.6 x 10%/cm?, ¥y = 2.0 kv, and 1, = 46 M.

3. The Classical Penning Discharoce

The classtcal Penning discharge (ref. 1) was onerated with a uniforn
maanetic field un to 0.43 Tesla, and oroduced a nlasms adout 19 cm in dlameter
and one meter lonn. The nlasma was nnerated in the steady state with helium
and aroon nas, and & glass vacwun svsten allowed RF radiation to escane. A
preliminary spectrum of RF emission from 0 to 500 MHz s shown on Fin. 3, This
nlasma anvears to operate in only a single mode, and to produce soectra of
which Finure ) is characteristic for both helium and arqon cas. The examle
shown has 27 harmonics extendina out to 570 *Hz, And harmonics have been ob-

served to 1.7 AHz. iany nonlinear mode coupling ohenomena are apparent, in-

cluding an example of nlasma “Yability” in which the spectral ampl{itude s
freatest around the 8th harmonic at 271 i'Hz. The fundamental apoears to de an
example of the neometric mean emcsion frenuencv (ref. 5). RF detection

equiprent was used at frequencies af 10, 35, and 70 GKz, and no emissions were

observed under the existing conditions.

AMPLITUDE, ARBITRAKY OWITS

500 Mis

Figure 3. Snectrum of near field enissions from the classica) Penning dis-
charne with uniforn mannetic field of 8 = 0.285 Tesla, 0, * 2.3 x 1074 Torr of
argon 7as, electrode voltage ¥, = 2.1 kV, and electrode current [, = 31 mA,

Acknowledqements: The classica] "enning discharne investiations were suooorted
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contract #N0J014-80-C -0063
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CORRELATION OF RF EMISSION, PLASMA WAVE PROPAGATION, AND
PLASMA TURSULENCE IN CLASSICAL AND MODIFIED PENNING DISCHARGES

). Reece Roth, Paul D. Spence, Larry R. Baylor,
David Rosenberg, and Peyman Dehkordi

Plasma Science Laboratory
University of Tennessee
Knoxville, Tennessee 37996-2100, USA

Abstract

We have taken data from two versions of the Penning discharge which
contain highly turbulent, electric field dominated plasma with densities up
t0 3 x 1010/cmd. Auto and cross-correlation techniques were used to obtain
information about the turbulence and wave propagation in this plasma
from capacitive probe and microwave scattering signals.

1. Introduction

We have performed a paired companson expenment on steady state
plasma created in classical [1] and modified Penming discharges (2] in
uniform and magnetic mirror geometries, respectively. Our classicsl
Penning discharge consists of a uniform magnetic field up to 0.40 Tesle, and
our modified Penning discharge of & 5.7:1 magnetic mirror ratio with &
maumum magnetic field on the axis up to 0.40 Tesla. The electrons are
trapped in an axial electrostatic potential well, and in both cases form a
plasma about 10 ¢m in diameter in the midplane. The electron population
forms two interpenetrating beams in the background plasma which give rise
to the geometric mean and other plasma instabiities [3,4]. These plasmas
support high levels of electrostatic turbuler.ze, axial electric fields up to
several hundred volts per centimeter, and emit broadband electromagnetic
radiation over the frequency range from below 1 MHz to more ther 2 GHz
[4,5.6]. These plasmas draw anode currents up to 0.5 amps at up to 7.0 kV
anode potential, and charactenstically have densities that range from below
108/cm3 to above 5 x 10'0. Charactenstic electron kinetic temperatures
observed with Langmuir probes range from § to 300 eV.

Data have been taken from both discharges with an analog-to-digital
data handling system which allows us to analyze the digital time series
generated by electrostatic potential fluctuations detected by capacitive
probes at two azimuthal or axial positions in the plasma. Auto- and cross-
power spectra, the phase coherence spectrum, and dispersion relations have
been observed for both plasmas. Rotating spokes, driven by E/B drnift, and
propagating waves have been observed and their dispersion relations
obtained. These electrostatic potential fluctuations have been compared
and correlated with microwave scattering results from the classical Penning
discharge plasma. :

RF emissiors over the frequency range from 100 to 1400 MHz have
been measured in the far radistion field with a spectrum analyzer connected
to a specially calibrated broadband conical spiral antenna. The plasmas emit
radiation with numerous harmonics of a fundamental frequency over a
broad frequency range up to at least 2 GHz (4,5,6]. We have also used our
antenns to make local power flux and net radiated power measurements.
Axial ion energy distribution functions were measured with a retarding
potential energy analyzer in both discharges, and varied from
monoenergetic to Maxwellian with charactenistic energies from below 100
eV to several keV. High levels of electrostatic turbulence resulted in more
nearly Maxwelliianized energy distnibutions. The modified Penning
discharge seemed to produce more nearly Maxwellianized distnbution
functions than the classical Penning discharge, with its flat axial magnetic
field profile. in both discharges, profiles of plasma potential and electron
number denuty and kinetic temperature were taken along the awis of
symmetry with a Langmuir probe under a vanety of operating conditions.

1. The Modified Penning Discharge

With helium gas at pressures above 2 x 104 Torr, the anal profile of
electrostatic potential was quite flat, with axial electric fields of only a few
voits per centimeter at most. Below 104 Torr, however, electnc fields up to
100 voltwcm were observed. On Fig. 1a 15 an example of a monotone
decreaung anal potential profile for a gas pressure of 4 x 10-5 Torr of
helium, Byae = 0.15 Tesla, anode voltage V, = 4700 volt;, a maximum
number density on the midplane of 1 2 x 108/2m3, and a character.stic T =
60 eV OnFig 1b:s aninteresting example not only of strong axial electric
fields, but of an amal electrostatic potential well for 10ns, about 600-800 eV
deep The helium gas pressure and magnetic field were approximately twice
that of Fig 1a, Te = 300 eV, and other parameters were approximately the
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same. Both plasmas were highly turbulent, and the energy of ions sscaping
to the cathodes (measured with a retarding potential energy analyzer) weve
on the order of kilovolts. The high axial electric fields observed imply a very
high I [ ivity for the pi This plasma emits muitiple
harmonics of a fund | freq y which appears to be the g

mean emission frequency associated with the interpenetrating beam plasma
instability [3]. The envelope of these harmonic peaks has a maximum which
is conustent with the electron plasmas frequency of this discherge.

3. The Classical Penning Discharge

The classical Penning discharge also emits broadband RF radiation and
under certain circumstances, the spectrum 1s white-noise ltke from 0.6 MMz
to above 1.0 GHz [4]. Significant radiation has been observed above 2.0
GHz. Harmonics of the geometric mean emsssion frequency are observed,
with a i elope amplitude near the electron plasma frequency.

Measurements from 3 micro' vave scattering apparatus consisting of @
27 GHz Gunn diode in a homodyne muxer configuration were taken.
Approximately 100 milliwatts of miccowave power was incident on the
plasma in the ordinary mode. The wattered power is observed in & plane
normal to the plasma axis for scattering angles from 20° to 160°. When the
wattered signal from the crystal detector 15 fed into a spectrum anaiyze,
electron number density fluctuations from 10 to 40 kHz are observed. Thess
sppear to obey a linear dispersion relation. On Figure 2s is shown an
exampie of the spectrum of microwave scattering signels for srgen ges ot o
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' pressure of 3.5 x 10° Torr, at an anode voitage of v, = 1.8 kY, and &

magnetic field of 8 = 0.25 Tesla. On Figure 2b 1s an exampie of the aute
power spectrum taken under the same operating conditions from &
capacitive probe about 3 cm outside the plasma boundary. This shows ne
peak in the range from 10 kHz to 50 kHz.
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PLASMA HEATING BY COLLISIONAL MAGNETIC PUMPING

Mounir Laroussi

Department of Electrical Engineering
University of Tennessee
Knoxville, Tennessee 37996-2100

ABSTRACT

In controlled fusion research, it is necessary to
heat plasma to kinetic temperatures of at least 10
Kev. Collisional magnetic Eumping‘":” is a
potentially effective heating method which has not
received much attention to date. In this paper,
Floquet theory is used to solve the second order
differential equation which describes the plasma
heating process. The classical result with a heating
rate of second order in the magnetic perturbation is
obtained. Another form of magnetic perturbation is
then assumed, in which first order heating is
ssible. A heating rate several hundred times
arger than the classical one can thus be achieved.

INTRODUCTION

Collisional magnetic pumping is achieved by
wrapping an exciter coil around a cylindrical Elasma
and perturbing the confining magnetic field, B = B,
(1 + 8 f(t)), where f(t) is a bounded periodic function
with a frequency below the ion cyclotron frequency.
The change in the energy of the particles is governed
by an homogeneous linear differential equation of the
second order with periodic coefficients. Examples of
such equations are Mathieu's equation and Hill's
equation, which appear in astronomical and other
applications where the stability of periodic systems is
at issue. The general solutions of these equations
have been given by Floquet'®. The form of the
solution is given by:

Bt L
F(t) = ae ¢llt) +a.e 4)2(0.

The parameters p, and p, are called the
characteristic exponents. They are calculated from
the characteristic equation associated with the
differential equation. ¢ (t} and ¢.(t) are periodic
functions with a perioa equal fo that of the
coefficients of the differential equation. In our
application, Floquet's theory, along with a
perturbation treatment, has been used to calculate
the rate of energy increase of plasma contained in a
periodically perturbed magnetic field. First a
sinusoidal perturbation of the magnetic field has
been assumed?®. In this case, the rate of energy
increase has been found to be proportional to the
square of the field modulation factor defined by § =

AB/B,. ‘The parameter & is a smail number, so §¢ is
even smaller, and consequently the plasma heatineg

rate is relatively small. A dependence on the first
order of & was sought. or that, a general

erturbation f{t) has been assumed and a condition
or first order dependence has been achieved by
solving the differential equation using Floquet’s
theory and a perturbation treatment. (The case
where a general form of the magnetic perturbation is
assumed and a condition for first order heating is
reached will be published in a later work.) As a
specific application, a sawtooth perturbation function
has been assumed. This results in a plasma heating
rate dependent on the first power of 8. It improves
the heating rate by two to three orders of magnitude.
It is also to be noted that the collision frequency of the
plasma is of great importance. In the plasma studied
in the UTK Plasma Science Laboratory violent
turbulence is present, yielding a high collision
frequency which enhances the energy transfer, and
the plasma heating rate.

SOLUTION TO THE SINUSOIDAL
PERTURBATION

In the first section of this paper we are going to
consider the case where the function fit) is equal to
cos wt, which gives a sinusoidal perturbation
The magnetic field assumes the following form:

B=B(l +8msut) (1)

where § << 1, so that the external oscillator
provides a small Kerturbation on the original static
magnetic field. At time t = o, the magnetic field
under the coil is slightly stronger than its
background value B, and half a period later, the
magnetic field is weaker than the background value
by the same amount. In order to have collisional
heating, the transit time of the particles through the
heating region has to be longer than the collision
time, and both times should be much larger than the
cyclotron period. Also the period of oscillation of the
magnetic fleld is comparable to the collision time,
These conditions can be written as follows

t << ~
= veoll <<,

or
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( V. Thus, the rate of change of the total ion energy is
e S proportional to the magnetic moment, and the time
¢ s rate of change of the magr:ietibc heldl; The x;‘et energg
i : : transfer can be obtained by taking the secon
slowl;t ‘::rl;?::‘}nth;;.‘:v};% t::a:emga?l;gelit;: derivative of Equation (7) and then using Equations
. moment . gn (5) and (6) to eliminate the first derivative of the
: arallel and perpendicular components of the energy.
urther, using Equation (7) itself to eliminate the
d E, mv’L perpendicular component of energy, we obtain:
Bp=s — =
B 2B .
- 2 2
o ; .. d°E d°B /dB\-!] dE
g L is constant. In the absence of collisions, the - - [- gvc + —;(—) — 8
- - constancy of the magnetic moment makes it possible ' dt 2 de? \dt dt
E‘ to obtain a relationship between the time rate of
- change of the perpendicular component of the energy, v, dB
- and the time rate of change of magnetic field. Thus. == A E=0
o we have
Now if the sinusoidally varying magnetic field given
i dy | 4B,  E, 4g @) by Equation (1) is assumed, Equation (8) becomes:
= "B E “ga |
* d’E 3 wcoswt | dE (9)
A - ~ from which we obtain a2 |2 Vet Tnet | at
)
i a dEL E d (3) 8vcmsinwt
! & B at T L
Y The total energy E of the ionsis given by This is a differential equation for the change in
re energy due to collisional magnetic pumping. Itisa
- 4) differential equation with periodic coefficients. Itcan
E=E, +E , qUALs :
" =2 be solved by using Floquet theory along with a
i ( where F1| is the ion energy along the magnetic field gerturba}non tll;eatmenti gl_nce’{%<1< 1 the term (1 +
" lines, and E, is the ion energy perpendicular to the cos wt)” can be expanded in a laylor series
magnetic field lines, with two degrees of freedom. If
t no collisions occur, the perpendicular component of
b the ion eneriy, E, oscillates with the frequency w, (1 +8coswt) ™' = 1 =Scoswt + ...... (10)
k- i and no net heating occurs. If collisions do occur,
A however, some of the energy in the perpendicular Substituting (10) into (9), we obtain
) component is transferred to the parallel component
E11. In kinetic equilibrium, the parallel component
- of the energy will be equal to one half the d’E 3 woswt | dE (11)
perpendicular component, as a result of 2172Vt Tnat | dt
equipartition. When the perpendicular component is dt
driven by magnetic pumping, a periodic departure .
o from equipartition occurs, and energy can be + 8v wsinwt(l —§coswtlE=0 .
- transferred between the parallel and perpendicular
e components. This may be expressed mathematically F Fl th he solution to Equation (11)
by adding a collisional term to Equation (3), rom Floquet theory, the solution to Equation
. takes the following form.
dE, E
€, _Ee (E_L _¢,) (5) i W -
dt B dt e\ g n): E=ae p/t)+a,e”pyit) )
it d p,(t) and p,(t) are periodic functions with a period
" o8 : 2n/w. Using a perturbation treatment, \, and ), are
ba found to be:
dE E
: —ﬂ=v(._i_gu)' (6) 3 !
CLERE A A S-Sy +80 8%+ (13)
' o 2 ¢ ! 2 5
where v_is the collision frequency. Now summing
Eguations (5) and (6) and using Equation (4) one
obtains: - 2 (14)
‘& A, = BCI +8¢, +
'.‘- E . .
dE L B (7 The sglutxon associated with A isdamped in time and
dt_ B dt dosen’t contribute to the heating mechanism, and
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therefore it will be dropped. ‘l'he solution associated
with A, will represent heating, so from now on we will
assume a solution E = ¢'2' p,(t). To find the rate of
change of energy we solve for p,(t) and put the secular
terms equal to zero. To do so, let’s use a perturbation
treatment. We take

PAt) = Py(t) + 8y (0 + 8 py (01 + .., (15)

where poo is the background value, and we set it
equal to 1 for normalization purposes. Now let’s solve

the differential equation (11) for the first power of the
parameter §. We get

2
4Py 3v dP,, (16)
-—-2— 4+ | = ~ ctnwt =
dt
- E (l vt l‘wctn(ot - v‘_wsinul
The homogeneous solution of Equation (16) is:
v
-——S(
P, t)=Ce acoswt +bsinwt) +C,, ‘(17)
where
¢ o s
2 9 4
W+ -v
_‘ (4
and
3
- E vc
o= (19)
w2 + =2
4 [

The particular solution of Equation (16} is

pylt) = - (lt +v_asinwt

20)

-vcbcosmt+€lactnwt

+( _el - gm)(amsmt+bsinwt).

sin wt
Now setting the secular term to zero provides us with
the result
¢ =o. (21)

From the previous result we know that the rate of
change is proportional to a higher power of §. 30 we
solve the differential equation for the éecond power of
8. We get the following differential equation,

A“.-..

3
‘._*(E\'c-wctnwt)f=—g-!v (22)

A (3
+wdanwt + vcusinwt s wt

= v, wsinwt P,_,l(t)

As in the previous case the interesting part of the
solution is the particular solution, and the important
part of the particular solution is the part containing
the secular term. The latter is found to be:

P T e SR S e o S

(%szcb+a(2u-— évcwa’)t . (23)
Setting this term to zero we get
v (d.-’
¢,= c (24)

9
8w? + = v3)
4 ¢

The growing part of the solution to Equation (11) can
thus be written:

E= e""pzti) (25)

T e N T B Y. B S B Y e S i

xR )
=e (Eo+6p2l+5pn+....).

The term

2
(21 +

Agt §

e =e

can be expanded to

e“"t =1+ 8’!21 o (26)

Inserting Equation (26) into Equation (25) an
increase of energy in a time 2n/w is found to be.

AE =52c,2—“ﬁ (27
- w n

Now inserting Equation (24) into Equation (27) we

get:

. P P,y EEERTE A AT A ACA K RN Ca e TE T W T X VM0 Vi

Vv W
AE = 8% 2 — . (28)
Q 3 9 9 2
-vi+aw
4 <
Equation (28) can also be written as: 1
2 2 .
dE & v.u (29) B
s e E. 5
dt 6 9 2 2 A
-V 4+ w
4 c )
‘!
4
i
1
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This result agrees well with the one found by Burger
etal’®. Wedefine the heating time as:

- (30)
‘H 82w2vc '
S0
ds ES (31)
t oy
The heating rate coefficient is defined as
T (32)

o
Two limiting cases exist, the highly collisional case
and the relatively collisionless case. When the

lasma is highly collisional we have v. >> w, and
Equation (29) can be approximated by

2 2
dE ZGQE. (33)

The maximum value that the heating rate coefficient
can take with respect to v_is calculated from the
followingequation:

da o, : (34
dvc
and
i (35)
amu— 12 .

The frequency at which amay occurs is

(36)

3
W=-vVv .
2 c.

If we operate at amax, the inequalities we must
satisfy are

6= <<u, @7
and
tH=-;—2—<\£_=t“, (38)
§v A

The second case is when the Klasma is relatively
collisionless. In this case we have w >> v, and
Equation (29) can be approximated by

dE OV, (39

To get a feeling on how different are the rates of
energy increase in the above two cases, let’s consider
a fusion plasma operating at the following
parameters: T, = 1keV;A = 2;n = 10'9/m%; L = 0.5
m; B = 2.0 T. The collision frequency in this case is
v, = 313 Hz leading to a heating rate coefficient

2
a= si = 52 8Ysec (40
3 :

Now if anomalous conductivity is present in the
plasma, the collision frequency can be in the order of
5 MHz, leading to a maximum heating rate
coefficient of

52vc 5o
e " F =4.210"8%sec ,
so it can be seen that if anomalous collisions
frequencies occur in the right range, an improvement
of ~ 10* heating effectiveness can be made.

APPROXIMATE SOLUTION TO THE
A THPERTURBAT

Let's now consider the following magnetic
perturbation,

t
B=Bo(l +6;)fromt=0tot=!l,

t

))fmmt:tltot =t2

S

B=Bo(l +6(—L+
L

~
~
[ a4

with tL = t,_, - tl.

The wave-form is periodic with a period T = t3. To
satisfy the condition of adiabaticity, we have the
following

t. <<t =t St .
ci col te

il 2

The differential equation for the change in energy
due to collisional magnetic pumping assumes the
following form whent s t,

dE &t

v.= v ——E=0. (E1)
cdt c 148Ut

For 8t/t; << 1 the above equation becomes

—+g-v—'—v—E=0. (42)
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gt r|=Iv\(-l+(l+l6/9w)) Et=Ce “+Ce * ‘e L (48)
cl
As is seen from the form of E(t), it is damped in time
3 i and the contribution tc heating is small. The heating
; . 3 5§ 12 rate is basically equal to
=ov (-1-(1+ 169 — ) ).
4 v¢tl
dE  28E,
= Let’s assume that 8/vcty 16/9 < < 1 sothat -
N t 3 tl
& ! Note that 1/t; is approximately the pumping
186 85 2 8 & frequency so
(1+2 2 )mreg =
’ 9 v 9 vt
~ 1 ¢l
e dE (49)
ri and r2 are then equal to O L KSwE
dt ot
2 §. Kisa constant.
I’l = 3 tl »
The above treatment shows that a heating rate
3 ( 8 § ° proportional to the first power of 8 is possible to
="V 5 e ) achieve. A more in depth approach will be given in
m 1 later work, where a condition to get first order
with the boundary conditions heating is found.
o CONCLUSION
S Ewl=E
. ° . 13 .
. Collisional magnetic pumping can be a very
dE 5 2 effective way to heat plasmas. For plasma with a
i = =R (43) high level of turbulence like the one studied in the
‘ dt leao ¢y ETK Plasma Latlmratory. the colLision gr;quency can
. : . : o mm e several MHz, leading to an enhanced heating rate
The solution of the differential equation is due to collisional magnetic pumping. The classical
- heating rate that has been derived for a sinusoidal
' 3 mag’netic perturbation is proportional to the square
. ST (44) of the modulation of the fleld 5. We have shown that
E=zEe ! with another form of perturbation a heating rate
2 groportional to tlhe first poweg_of § can be achieved.
- ! : ince § is a small number, the first order heating rate
Att=t)E = Eqe¥® ~ Eo (1 + 2/3 8). The heating b ral hundred times larger than th
o rate during the ramping up partof the cycleis then: g?:ssic:l g:‘é'e ger n the
dE  28E, ' (45) ACKNOWLEDGEMENT
, s
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differential equation for the first powerof §is
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ABSTRACT

A microwave scattering apparatus consisting of 32.175-GHz Gunn diode in
a conventional homodyne mixer configuation has been built to investigate
plasma turbulence in a steady-state classical Penning discharge. The
microwaves are incident on the plasma in the ordinary mode at a power level of
25 mW. The scattered microwave power is observed for scattcririg angles from
20 to 160° in a plane normal.to the magnetic field axis. The scattered
microwaves are fed to a balanced mixer where they are detected with crystal
detectors. The detected signal is then displayed on a spectrum analyzer or fed
into an analog-to-digital data handling system for analysis and correlation with
other signals.

In these experiments the electron number densitics ranged from 10% to
10'%cm?, the magnetic field ranged from 0.1 to 0.4 T, the discharge current
ranged up to 0.2 A, and the input power ranged f;om 50 to 400 W. The fre-
quency spectrum, angular dependence, and scattering amplitudes were meas-
ured with the microwave scattering diagnostic. Data from the microwave
scattering diagnostic were correlated with plasma operating conditions and with
data from capacitive probes which measured electrostatic turbulence. The data

indicate strong, low-frequency electrostatic turbulence in the plasma, caused by

E X B drift.
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INTRODUCTION

The scattering of microwave radiation from plasmas is a diagnostic that
permits the study of electron density fluctuations in the plasma. The frequency
spectrum of the scattered wave can give information about the frequency and
wave number of collective electron number density fluctuations. To detect the
correlated motion of the electrons, the wavelength of the incident wave must be
large compared with the electron Debye distance. The amount of power scat-
tered from thermal fluctuations in laboratory plasmas is small, therefore
microwave scattering experiments are confined to the study of plasma fluctua-
tions resulting from instabilities or driven waves.

The plasma in The University of Tennessee (UT) Plasma Science
Laboratory's classical Penning discharge experiment is known to have a high
level of turbulence and an electron number density in the range of 1 X 102 to 1
X 10'/cm?® and therefore lends itself to coherent scattering of 32-GHz
microwaves. The turbulence in the plasma is believed to be primarily due to
strong radial and axial electric fields and to beam-plasma interaction brought
on by two interpenetrating beams resulting from electrons trapped in an elec-
trostatic potential well.! The purpose of this thesis research was to develop a
microwave scattering diagnostic and use it to determine additional information

about the turbulence in the classical Penning discharge plasma.
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ABSTRACT

X
%

. Poor signal-to-noise ratios and the nonlinear characteristics
%ﬁ of the data obtained by most plasma diagnostic equipment makes com-

puter-aided data handling a desirable feature in plasma laboratories.

[N

=4

The Lecroy 3500-SA32 signal analyzer is used as the data handling

E; system in this work. The performance of the Lecroy 3500-SA32 signal
analyzer, used for recording and reducing plasma data under the noisy

:3 environment of the laboratory, is reported. The data characteristics

- and software programs are discussed for three types of plasma

i§

diagnostic equipment: (1) Langmuir Probes; (2) Charge Exchange Meutral

Energy Analyzers; (3) Retarding Potential Energy Analyzers. Three

computer programs in FORTRAN 80 are included which obtain an iterated
best fit of experimental data to the corresponding analytical

expressions for each case. Plasma parameters such as ion kinetic

temperature, electron kinetic temperature, electron number density,

plasma potential, etc. are available on a real-time basis.
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- characteristics of the data obtained by most plasma diagnostic

3? equipment makes data hand1ing and reduction withoyt a computer slow,

3 subjective, manpower intensive, and (usually) unavailable on a real-

< time basis. By using Properly programmed computers, signiffcantly

;E more and more precise information may be obtained aboyt the plasma

; A than is possible with conventional methods of data handling,

Ei The UTK Plasma Science Laboratory is equipped with two types

-y of plasma diagnostic equipment which can benefit from computer-

N assisted data reduction: (1) Langmuir probes; and (2) retarding

i( potential énergy analyzers. Computer-based data reductipn techniques

B are applied to data generated by these diagnostic instruments. A new

EE data acquisition and handling system wil] enable the user to do a

- real-time analysis of data by using the interactive features of the

&f Lecroy 3500 system (Appendix C).

o Three computer Programs in FORTRAN 80 are included which obtain

* an iterated best fit of experimental data based on the least squares

:i method for three types of diagnostic instruments: (1) Langmuir

‘: probes; (2) retarding potential energy analyzers (computer program

éé was originally written by Loretta R. E11is); and (3) charge exchange

- neutral energy analyzers, The third Program, written for the charge

E' exchange neutra] €nergy analyzer, uses a set of Pseudo data, and will

i |
¢ :

. :
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not be used in the YTk Plasma Science Laboratory for the purpose of

real-time analysis of plasma data in the immediate future. These

computer programs can be run on the Lecroy 3500 computer (Appendix A).

The analog data from Langmuir probes and/or retarding potential
analyzers are fed into a signal conditioning system (to make the

curves as smooth as possible) and digitized by a Lecroy Tk8837

transient recorder (Appendix C). The digitized data are stored in

the histogram memory of the Lecroy 3500 system, which can be read by
Ed

the corresponding computer Program on a real-time basis or can be

stored on a floppy disk for later use.

dEpEneT v ¥ ¥ VUV V' EEEEERTW ¥ ¥ § ¥ N RTINS
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An isolation transformer,
o ISAFIL (Appendix C)

P " Y e
1

is used to protect the computer internal Circuitry

against power line noise.
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ABSTRACT

This interim report summarizes accomplishments supported by AFOSR
Contract No. 81-0093 during the period March 15, 1981 to June 30, 1982.
During this initial phase of the contract, an electric field dominated
plasma facility was put into operation. It consists of a steady-state
Penning discharge operating in a water-cooled magnet system which is
capable of 0.4 Tesla. The high voltage power supply, magnet system,
cooling water, and vacuum system have beeﬁ assembled, and the first plasma
was achieved. Diagnostic systems which have been put into operation thus
far included spectrum ana]ygers to examine RF emissions from 0.5 MHz to 28

GHz, and a retarding potential energy analyzer. The plasma is capable of

operating for hours at a time; has exhibited a broad-band RF white-noise spectrum
over frequencies from 0.5 MHz to 1.0 GHz; has produced ions with characte-

ristic energies along the field lines of several hundred electron volts; -

and has exhibited evidence of strong parallel electric fields in the

plasma. This plasma promises to be a rich source of information-on phys-

ical processes in electric field dominated plasmas.

7

LA 'r;’,

)
N _CPL TR,
il il

o




f

EAA

N |

Ve

SrR T 1

v_‘

&

H.-

LS

w58 R A

s Ta
'
.

l‘. Ty T
[P

INTERIM SCIENTIFIC REPORT
ON
Contract AFOSR 81-0093
March 15, 1982 to March 15, 1983
J. Reece Roth

Prinecipal Investigator .

Sl VB Sk Sl e kil M st I Rl Sl ity G 0gt Kb Rk Shi th el Sl Shalicatl Salt Vgl Sp s Salf Sl b ot

LGOS O o

»

T BRI

A N

P Sl

-
B

Y o o oy g S B WV B SRS RN




)
| 2N

vE

“y

ﬂ"-. N

]

h Y
7~

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Enfered)
READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
T. REPORT NUMBER Z. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
a. TITLE (and Subtitle) S. TYPE OF RE} ORT & PERIOD COVERED

Interim Reoort on Contract AFQSR 81-0093 for the

Period March 15, 1982 to March 15, 1983

6. PERFORMING O3G. REPORT NUMBER

PSL 83-1
7. AUTHOR(S) . ) 8. CONTRACT OR GRANT NUMBER(s)
J. Reece Roth, Principal Investigator AFOSR 8i-0093
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK
UTK Plasma Science Laboratory 57538663§5§;ﬂ9§fT€?§350-
Room 101 Ferris Hall ' 2301A8-00000-61102F-503700-
University of Tennessee, Knoxville F03700-AJZ
1. CONTROLLING OFFICE NAME AND ADDRESS 12. R?PORT DATE
AFOSR/NP April 7, 1983
Bolling AFB DC 20332 . NUMBE/RQO7F PAGES
12, MONITORING AGENCY NAME & ADDRESS(if dilferent from Controlling Office) 15. SECURI:TY CL ASS. (of this report)
UNCLASSIFIED
1Sea. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

16. OISTRIBUTION STATEMENT (of this Report)

As Appropriate

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if dilferent from Report)

As Appropriate

18. SUPPLEMENTARY NOTES

19. KEY WORODS (Continue on reverse side if necessary and identily by block number)

PLASMA TURBULENCE, PLASMA PHYSICS, HIGH TEMPERATURE PLASMA, RF PLASMA EMISSIONS,
ELECTRIC FIELDS, ELECTRIC FIELD DOMINATED PLASMAS, MAGNETOELECTRIC CONFINEMENT,

RF SOURCES, RF EMITTERS, PENMING DISCHARGE, REFLEX DISCHARGE, INTENSE MICRO-
WAVE SOURCE

20. ABSTRACT (Continue on reverse side if necessary and identily by block number)

This interim report summarizes accomplishments supported by AFCSR contract
No., 81-0093 during the period from March 15, 1982 to March 15, 1983. During
this second year of the contract, B R B A e A T S e A I i
an electric field dominated plasma generatea i1na steauy State ciassical renning
discharge operating in a water cooled magnet system capable of 0.4 tesla.

Additional diagnostic systems which have been placed into service during this

contract period include a high voltage Langmuir probing system for axial '

DD , :ESM?) 1473 EOITION OF 1 NOV 65 IS OBSOLETE UNCLASSIFIED

~_Q SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




AL ANIRICIACR A ') A4 At L 4 e it S e i S AN

i
g
.

T T ™ e N VT Y T

v —T ST

L S )

——— VT Y TV Wyt

e ln i ER A LW e e s e adaaharagiaragni S SR SLSRELERERE L el
3
.

T A SRl i R A
el ekl R0 & Sl ST i AR M SNA N A e Cahieafthe sl

el T

P A

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

R

profile measurements, and an active RF diagnostic system to measure p]asma4—7
number density by observing the absorbtion of RF power at the electron plasma
frequency. Phenomena investigated during this contract period include RF
emissions, which have been observed at frequencies from 0.5 megahertz to 2.0
gigahertz; ion energies and ion energy distribution functions: axial electro-
static potential profiles; and a rich variety of non-linear mode coupling
phenomena among the various RF emissions of the plasma. The plasma is cap-
able of operating for hours at a time under conditions which allow ready in-
vestigation of physical processes responsible for RF emissions and ion
- heating. This plasma is potentially a test bed to study physical processes
which may also occur in weapons-related intense microwave radiation and par-

ticle beam sources which are pulsed ontime scales too short to allow ready
investigation of their physics.

S
TR T TP Nrd FORELLRErR, WP SN IR I Y

i
1
i
|
‘ SECURITY CLASSIFICATION OF Tu'c DAGE(When Data Entered)

Y. PR e T At e T "Lt - gy - - Sy i f - b
e e e i AL L

e i Derilh A




IFI 4 ,I RICA B\ i i LR U el R ads Ml (e e 02

Phearbey o

PN L e —

BUMON, X

| \FRPN

Report PSL 83-1

Interim Scientific Report

Interim Report on Contract AFOSR 81-0093 for the Period

March 15, 1982 to March 15, 1983

Submitted to

THE AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

by

Prof. J. Reece Roth
Ferris Hall
Department of Physies
University of Tennessee
Knoxville, Tennessee 37996-2100

for

Dr. Michael A. Stroscio
NP Program Manager
Air Force Office of Scientific Research
Bolling Air Force Base
Washington, D.C. 20332

UTK Plasma Science Laboratory
Report No. 83-1

April 14, 1983

PRINCIPAL INVESTIGATOR: J. Reece Roth
Phone: (615) 974-4446 (Office)
974-4235 (Lab)

BUSINESS CONTACT: Mrs. Chris Cox
Phone: (615) 974-8159

/T

1A Lo

B LA b BTt s obe - acn foh i 'aR tai e LTSt PR TUVIPIUTWLRN

7 Dr. J. R. Roth
Principal Investigator

Bl A a

T LR S P B A s S N K., A 2

iz,



b Bat Rat faf a6 Bar ot 2ol 8.0 bat Bat Bab et ot g bat ta- gt B tat Sl te Va TE 0 gl oV ol At AL Aol i el bkt al el A et e

K,

F ( TABLE OF CONTENTS

Ny CHAPTER TOPIC PAGE
t L ABSTRACT . o v v v vt e e it e e e e e 1
e

h3 I. RESEARCH PROGRAM  « « « cov v v o o e e e e e e e e 9
%) A) Objectives . « . « . . . . . el 0l o B B R A 2
R B) Possible Utility of Research to the Air Force . . . . . . .. 3
T Ol PROGRESS REPORT . . . . . . . . P 8
A) Research Schedule for the Period March 15, 1982

B to March15,1983 . . . . . .. .. Sl T e e e 8
5 B) [Initial Experimental Results . . . . . . . o q e mmp e B 9
s C) Axial Potential Profiles . . . . . . T T e 10
i ( D) Apparatus Modifications . . « « « « 4 4 0 0 0 00 .0 . 13
‘J E) RecentResults . . .. . .. e e e e e e e e e e e e 14
":"' F) Publications and Presentations Supported by

P fiie AECER) Nl R EE B ik D e e e ] 15
' G)OtherActivities....................; 16
! ) Iv. INTERACTIONS WITH OTHER CONTRACT RESEARCH . . . .. 18
A) The ONR RF EmissionContract . . . . . « « o « « = + & . 18
I B) The AFOSR Sub-Millimeter Emission Contract . . . « « . . . 19
! o C) Conference Presentations and Other Interactions . . . . . . . 19
l .

li.i V. ST AEEING G s T o S o [em e e e e ney ol el el s e R 29
' :;: A) Principal Investigator . . . . . . .. dela i BRGNS 22
R B) Rescarch Assistants . . . . . . . == 013, n0=n 29
& C) Student Partizipatisn - oo . . im0 e o Y
.~ L “w - :
611

R

N

........
C) e f et w "

- iy ol / if
SO TN AR L Ty N N IR R e (R et mi..\z.\_a\_x e, ..x..ii.m.u.ﬂu o



la A% Bin §a'R¥e 2ialiiiy fig Bia Gl R0, 29

TABLE OF CONTENTS (continued)

1
i CHAPTER TOPIC PAGE
|

VI. REFERENCES oooooooooooo . . . *® o o o & o . . . 25
E!'j APPENDIX A Resume of Principal Investigator - - - . . . I A-1
e
APPENDIX B Publications - « . - . T R I I R B-1
:_ 1. Abstract of Paper Presented at the International Conference
on Plasma Physies, Goteborg, Sweden, June 9-15,1982 - . . B-l
% 2. Poster Materials for Above Paper . . . . . . . . ... B-2
5
3. Abstract of Paper Presented at the IEEE International
RS - Conference on Plasma Science, Ottawa, Canada, May 17-19,
g TO A S P R e s B-16
; ! 4, Poster Materials for Above Paper . . . . . . . . ... B-20
[ 5. Abstract of Paper Presented at the 24th Annual Meeting of
- the APS Plasma Physics Division, New Orleans, Louisiana, )
.( November 1-5,1982 - ¢+ o : 2w - 4 4 = 8 & : 9 om® « B-47
6. Poster Materials for AbovePaper . . . . . . . . . .. B-48
E::: 7. Abstract of Paper to be Presented at the IEEE International
) Conference on Plasma Science, San Diego, CA May 23-25,
- < S B-67
|{.
kY APPENDIX C Trip Report on the International Conference on Plasma Physics,
Goteborg Sweden, June 9-15, and Related Travel . . . . . . C-1
E.d APPENDIX D Trip Report to 1982 IEEE International Conference on Plasma

Science, Ottawa, Canada, May17-19,1982 ., ., . . . .. . . D-l

G-12

)

- . T L TR Sy NS ORI S VIR - m
5 T R N A I S e N L S R T P S PN e T T Tt e T Tt e T e e e e T

RS LR P i =iy TN AT e, A 3 . o Tl el
.F&lu.y'_‘lx‘an’:&ﬂ&hﬁﬁifbﬂzm‘- ¥ ek hi ¥



g AR L E GO T W W A N W W N W W TN e T e R Y T AR B M T S PR S S SR R
|
E
g | ABSTRACT
N !
< This interim report summarizes accomplishments supported by AFOSR contract
:" No. 81-0093 during the period from March 15, 1982 to March 15, 1983. During this second
‘:"’ year of the contract, preliminary investigations were conducted on an electrie field

E " dominated plasma generated in a steady state classical Penning discharge operating in

; h a water cooled magnet system capable of 0.4 telsa. Additional diagnostic systems

C which have been placed into service during this contract period include a high voltage

E Langmuir probing system for axial profile meésurements, and an active RF diagnostic

E };-} T system to measure plasma number density by observing the absorbtion of RF power at

the electron plasma frequency. Phenomena investigated during this contract period
: include RF emissions, which have been observed at frequencies from 0.5 megahertz to
.L 2.0 gigahertz; ion energies and ion energy distribution functions; axial electrostatic
i( potential profiles; and a rich variety of non-linear mode coupling phenomena among
the various RF emissions of the plasma. The plasma is capable of operating for hours

at a time under conditions which allow ready investigation of physical processes

b L- responsible for Rf emissions and ion heating. This plasma is potentially a test bed to
_ study physical processes which may also occur in weapons-related intense microwave
) ! radiation and particle beam sources which are pulsed on time scales too short to allow
| ready investigation of their physics.-
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We continue to observe very broadband RF emission fromthe plasma under ce -

conditions, with white noise spectra from below a few megahertz, to fre-
quencies as high as 2 GHz. The plasma fluctuation measurements made with
microwave scattering apparatus and the capacitive probes indicate a low-
frequency disturbance in the plasma in the range of 10 to 50 kHz, the fre-

quency of which appears directly proportional to the magnetic field stren: .
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( ABSTRACT

i |

This interim report summarizes accomplishments supported by AFOSR

contract No. 81-0093 during the period from March 15, 1983 to March 15, 1984.

' During this third year of the contract, Experimental investigations were

B |

conducted on an electric field dominated plasma generated in a steady state

_ | classical Penning discharge operating in a water cooled magnet system capable
_S | of 0.4 telsa. Additional diagnostic systems which have been placed into service
3 during this contract period include specially made, broadband antennae for the
- measurement of absolute RF emission levels over frequencies from
*E o approximately 50 MHz to 1200 MHz; a 32 GHz microwave scattering apparatus
! for the detection of plasma dénsity fluctuations; and a 2 channel, anaiog-to-
i digial data handling system which is capable of measuring fluctuating
phenomena up to 10 MHz, with associated software capable of obtairiing auto-
l( . and cross power spectra, phase spectra, and coherency sbectr'a at frequencies up .
to 10 MHz. This 2-channel data handling system was used to compare the
density fluctuation signals obtained from the microwave scattering experiment
| - with the fluctuating electrostatic potentials from a Langmuir probe; and also
used to compare the fluctuating electrostatic signals from two capacitive probes
‘_{, located at different azimuthal or axial positions with respect to the plasma. We
L_{: continue to observe very broadband RF emission from the plasma under certain
’ conditions, with white noise spect: 1 fiom below a few megahertz, to
E:_ frequencies as high as 2 GH. e plasma fluctuation measurements made with
::J the microwave scattering apparatus and the capacitive probesindicate a low-
2 frequency disturbance in the plasma in the range of 10 to 50 kHz, the frequency
é of which appears direct!y proportional to the magnetic field strength. This
L frequency is far too low to be associated with the ion or electron cylotron
: G-20
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frequency of the plasma, or the Alfven velocity in this plasma. The origin of this

o

fluctuation remains a matter for continued investigation.

Ky I The plasma is capable of operating for hours at a time under conditions

53’ ‘ which allow ready investigation of physical processes responsible for RF

ﬁ | emissions and ion heating. This plasma is potentially a test bed to study physical
3 f processes which may also occur in weapons-related intense microwave radiation
‘ ! and particle beam sources which are pulsed on time scales too short to allow

2, : ready investigation of their physics.
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During this period, microwave scattering measurements were also made by Mr. Larry
Baylor on the classical Penning discharge. These revealed very high levels of number
density fluctuations within the plasma, with the fluctuations reaching 6% ofthe RMS
number density. An important density fluctuation ohenomenon revealed during these measu

ments was a soboke, which rotated about the axis ofthe discharge with a frequency of
several 10's of kilohertz.

The theoretical orogram associated with this contract also made progress during the
past year. The theory of interpenetrating electron beams, which describes the geome.ric
mean emission frequency and is related to the high levels of electrostatic turbulence in
the plasma, was extended by Professor Igor Alexeff of UTK and myself to include a cold
background plasma in the region in which the two interpenetrating beams interact. A
second line of theoretical investigation was initiated during this contract period by
Mr. Mounir Laroussi, the Senior Research Assistant supported by this contract. He has
replicated and extended some old work on collisional and transit time magnetic pumping.
Some recent insights about this heating method suggest that it might be made far more

efficient and effective than the old theory suggested, and we are now looking into this
possibility at a theoretical level.

This contract also supported numerous other activities in aid of our experimental
and theoretical research program. A major initiative of this past year was a collabora-
tive arrangement in computational ohysics with Dr. Robert L. Barker of AFOSR. Qur
contract was used as a vehicle to enable Dr. Barker to purchase the computer hardware
and software which he requires to engage in this collaborative activity. Another
activity was the purchase of equipment, including a low frequency and a high frequency
microwave network analyzer, with $233,745 of Fiscal vear 1985 funds which UTK was given
under Department of Defense-University Research Instrumentation Program. Another
activity was attendance by the Principal Investiqator at the International Conference
on Plasma Physics in Lausanne, Switzerland during late June and early July, 1934. A
paper describing research done under this AFNSR contract was presented at that meeting.
The resources of the UTK Electrical Engineering Department were taken advantage of for

continued software develooment for our Langmuir probe and retarding potential energy
analyzer systems.
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SUMMARY

This annual progress report describes work done under AFOSR Contract
81-0093 during the period from March 15, 1984 to March 14, 1985. The
experimental program accomplishéd extensive measurements of RF emissions
from the classical Penning discharge which is operated in the UTK Plasma
Science Laboratory. RF emissions were observed over a wide frequency range,
from a few megahertz to more than 1 gigahertz. These emissions have a
harmonic structure, the fundamental frequency of which appears to be
associated with the geometric mean emission frequency, and the envelope of
which reaches a maximum in the vicinity of the electron plasma frequency.
The RF emissions appear to be incoherent; the emitted radiation intensity is
approximately proportional to the electron number density, rather than to n.
An important accomplishment underlying these RF emission measurements
was the development of a calibrated, broadband antenna with an
approximately flat frequency response, which allowed us to observe RF
emissions from approximately 100 megahertz to 1.2 gigahertz. With these
calibrated antennae, the nature of the RF plasma emissions was clearly L

revealed, without the complicating factor of the antenna frequency response

pattern.

During this period, microwave scattering measurements were made by
Mr. Larry Baylor on the classical Penning discharge. These revealed very

high levels of number density fluctuations within the plasma, with the

.8 & =

fluctuations reaching levels of 6% of the RMS number density. This very

violent plasma turbulence is characteristic of the electric field dominated

plasmas found in Penning discharges. An important density fluctuation \
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phenomenon revealed during these measurements was a spoke, which rotated
about the axis of the discharge with a frequency of several 10’s of kilohertz.

These density fluctuations appeared in phase along the magnetic field lines,

el

and rot.ted as an m = 1 mode about the discharge axis. During the latter
part of the period covered by this report, preparations were made to take
) absolute measurements of the RF emission power from the plasma.

The theoretical program associated with this contract also made
progress during the past year. The theory of interpenetrating electron beams,
E which decribes the geometric mean emission frequency and is related to the
high levels of electrostatic turbulence in the plasma, was extended by

L2 Professor Igor Alexeff of UTK and myselfto include a cold background plasma

( in the region in which the two interpenetrating beams interact. These
- theoretical developments have made it possible to explain RF emission at
::;' frequencies between the geometric mean emission frequency (appropriate for
- no cold background plasma in the interaction region) and emission at the
: electron plasma frequency, appropriate when the interacting electron beam
densities are much smaller than the cold background plasma density in the
3 interaction region. This theoretical work was written up by Professor Alexeff
.:_'.j and the Principal Investigator, and reported at the APS Plasma Physics
Division meeting in October, 1984.

E A second line of theoretical investigation was initiated during this
. contract period by Mr. Mounir Laroussi, the Scnior Research Assistant
".::: supported by the contract. He has replicated and extended some old work on
E collisional and transit time magnetic pumping, a plasma heating scheme
( which was put forward in the 1950’s during the early days of fusion research,
I
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but which was not followed up after about 1960. Some recent insights about
this heating method suggest that it might be made far more efficient and
effective than the old theory suggested, and we are now looking into this
possibility at a theoretical level. If the theory appears promising, we may
propose, in an extension of our current contract, to lock at this phenomenon
experimentally.
This contract also supported numerous other activities in aid of our
experimental and theoretical research program. A major initiative of this
past year was a collaborative arrangerﬁent in computational physics with Dr.
Robert L. Barker of AFOSR. This contract was used as a vehicle to enable Dr.
Barker to purchase the computer hardware and software which he requires to
engage in this collaborative activity. Another activity was the purchase of
new equipment, including a low frequency and a high frequency microwave
network analyzer, with $233,745 of fiscal year 1985 funds which UTK was
given under the Department of Defense-University Research Instrumentation
Program. The funds were not available until early February, 1985, but the
necessary shopping and bargaining among vendors required much of our time
from September, 1984, until the orders were placed in February, 1985. This
equipment has begun to arrive at the present writing, and we anticipate major
advances in our experimer “al research program as a rcsult of the availai)ility
of this state-of-the-art equipment.  The contract for the Research
Instrumentation Program Grant is included as Appendix D.
Another activity was attendance by the Principal Investigator at the
International Conference on Plasma Physics in Lausanne, Switzerland during

late June and early July, 1984. A paper describing resarch done under this
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AFOSR contract was presented at ..that meeting, and the Principal
Investigator took the opportunity to visit three major European plasma
physics laboratories, a trip report on which is included as Appendix C of this
report. The resources of the UTK Electrical Engineering Department were
taken advantage of for continued software development of our Langmuir
probe and retarding potential energy analyzer system. We have also taken
advantage of the DoD Surplus Property Disposal System to obtain, from 3
screening trips, useful microwave and electronic test equipment which greatly

extend our ability to do exploratory research.
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5990 EE - PHYSICS PLASMA SEMINAR
Winter Quarter, 1982

Room 405 Ferris Hall
12:00 noon, Fridays

We have asked several outside speakers to come and describe their
recent plasma-related work to us. The dates, speakers and approximate

topics are as follows:

February 12 - Dr. Owen.Eldridge, Fusion Energy Division, ORNL -
Current Status of Ion Cyclotron Resonance Heating
and recent results from the ORNL EBT-S Experiment.

February 19 - George E. Gorker, Fusion Engineering Design Center,
ORNL - Engineering Problems Associated with Handling
Large Blocks of Electrical Power for Present and
Future Magnetic Fusion Experiments.

February 26 - Philip T. Spampinato, Fusion Engineering Design
Center, ORNL - Reference Design and Current Status
of the Fusion Engineering Device (FED).

March 5 - Philip Ryan, Fusion Energy Division, ORNL - Status

report on his Ph.D. thesis in EE, on the subject of
neutral beam development for plasma heating.

Students, faculty and staff are welcome to attend.
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5990 EE - PHYSICS PLASMA SEMINAR
Spring Quarter, 1982
Room 405 Ferris Hall
12:00 noon, Fridays
We have asked several outside speakers to come and describe their
recent plasma-related work to us. .The dates, speakers and approximate
topics are as follows:

April 16 -- J. Rand McNally, Jr., Fusion Energy Division, ORNL (retired)
The physics of advanced fuel fusion.

May 7 -- Prof. Edward G. Harris, Department of Physics, UTK
Catastrophe theory as applied to the ELMO Bumpy Torus
and other plasmas.

May 28 -- Dr. Vishnu Srivastava, Fusion Engineering Design Center,
ORNL. Superconducting magnet technology in the Fusion
Engineering Device (FED).

Students, faculty, and staff are welcome to attend.
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PH 5990
Plasma Seminar Schedule Fall 1983
Room 504 Ferris Hall
12:00 Noon, Wednesdays

SPEAKER AND TOPIC
Prof. Igor Alexeff - Beam-Plasma Instabilities
Mr. Paul Spence - Broadband Antennas
Prof. J. Reece Roth - Scaling Laws for Fusion Reactors
Prof. D Rosenberg - Network Analyzers
Prof. Igor Alexeff - Recent Results in Orbitron Research
Dress Rehearsals for the APS Plasma Physies Divison Meeting
No Plasma Seminar
Trip Report on APS Plasma Physies Division Meeting
Dr. Owen Eldridge, ORNL - Electron Cyclotron Plasma Heating

Mr. Peyman Dehkordi - Operation of the Analog-to-Digital Data Handling
System.

All interested persons are invited to attend.

DATE

@ Sept. 28 -
[i QOct. 5 -
e Oct. 12 -
e Oct. 14 -
0'?

Oct. 26 -
E Nov. 2 -
= Nov. 9 -
2y
L Nov. 16 -
i( Nov. 23 -

Nov. 30 -
wy
>
-
-'(.'
3 Prof. dJ.
\v-,
%
.I*i
¥

KA -

e

For further information contact

Reece Roth

Dept. of Electrical Engineering
(615) 974-4446
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UTK PLASMA SCIENCE SEMINAR SERIES
( FALL, 1984

Wednesdays, 9:00 AM 504 Ferris Hall

A - B~

5~

DATE

September 26 Profs. Alexeff and Roth, Trip Report on the International
F Conference on Plasma Physics, Lausanne, Switzerland

October 3 Prof. I. Alexeff, "Recent Progress with the Orbitron Maser”
:..l October 10 Ms. Lisa Hood and Mr. John Clark, UTK Office Of public

Relations, ''How to Deal with Reporters"

!;:,: October 17 Prof. J. R. Roth, "Recent Progress with Two Beam Interaction
A Instabilities"
. October 24 Dress Rehearsals for the APS Plasma Physics Division Annual
E Meeting
e October 31 NO SEMINAR - APS MEETING WEEK
~2
9
T November 7 Prof. J. R. Roth, "Plasma Etching for Microelectronics",
i( based on materials provided by J. W. Coburn, IBM
e November 14 Mr. William Casson, ORNL, "Far Infrared Scattering on EBT"
:;. November 21 Mr. Phillip Spampinato, Fusion Engineering Design Center,
1= ORNL '"Robotics in Fusion Research"

November 28 Prof. J. R. Roth, "How to Get Government Research Contracts"
(A -
\.
L December 5 Topic to be arranged.
o d
l_‘_,
"-.'
%

L = SR A

.

-y
o

AN




R T e

WINTER QUARTER 1985

PLASIVIA SCIENCE SEMINAR SERIES

Room 504 Ferris Hall
Tuesdays, 9:00-10:15 am

SPEAKER AND TOPIC

J. Reece Roth, “How to Obtain Surplus Government .
Equipment for Experimental Research™

Dr. Robert J. Barker, AFOSR, Bolling AFB, Washington, D.C,,
"Two-and Three-Dimensional Particle-in-Cell Electromagnetic

n DATE
_ January 15
2

January 24
" THURSDAY
‘e, S
. January 29
l{' )
s February 5

(o]

February 12

February 19

- February 26
~ March 5

o

March 12

Plasma Simulation”.

Prof.lgor Alexeff, “Recent Results in Orbitron Research”

Prof. J. Reece Roth, “Plasma Etching fo Microelectronics-11”,

Based on notes and vue-graphs supplied by J. W. Coburn of
IBM.

Prof. David Rosenberg and Mr. Paul D. Spence, “RF Plasma
Emissions Measured with Calibrated, Broadbaind Antenna”.

Mr. Antonino Carnevali, Fusion Energy Division,
ORNL,"Confinement of Beam lons in the ISX-B Plasma”. This
willl be areport on Mr. Carnevali’s Ph.D. thesis in the Physics
Department.

Dr. Michael J. Gouge, Dot Program Office, Oak Ridge, “Alpha-
Driven Currents in Tokamak Reactors”. Dr. Gouge will present
his recently-completed Ph.D. thesis for the UTK Physics
Department.

Mr. Wlodzimierz (Vlodek) Nakonieczny, “Particle Orbitsin the
Orbitron Microwave Emitter”. This will be a progress report
on a Ph.D. Thesis.

Mr. Mounir Laroussi, "Progressin Theoretical Understanding
of Transit-Time MagneticPumping and Collisional Plasma
Heating”.

ALLINTERESTED PERSONS ARE INVITED TO ATTEND

For further information, contact J. Reece Roth, 974-4446
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SPRING QUARTER 1985

e

PLASMA SCIENCE SEMINAR SERIES

Room 504 Ferris Hall
Thursdays, 9:00-10:15 am

"
o
DATE SPEAKER AND TOPIC
e April4 Mr. Gregory Hutchens, University of Illinois, “Group
Invariance Properties of the Grad-Shafranov Equation”. Mr.
- Hutchens is a graduate of the UTK Engineering Physics
& grogram now studying at Illinois in their Nuclear Engineering
rogram.
E April11 Prof. Igor Alexeff, “Recent Results from the Orbitron
. Microwave Emitter at Submillimeter Wavelengths”.
' April 18 Profs. J. Reece Roth and David Rosenberg, UTK, and Dr.
) Howard Adler, ORNL, “Interaction of Electromagnetic :
Radiation with Biological Samples” Joint meeting with the
-( Department of Microbiology and other interested persons to
‘ , explore research opportunitiesin this area. -rs
o April 25 Mr. Paul Spence, “Measurement of RF Plasma Emissions with §
- Calibrated Antennas”, A progress report on Mr. Spence’s
research program in the UTK Plasma Science Laboratory.
- May 2 W. Don Nelson, ORNL Fusion Engineering Design Center, I
“The Fusion Power Demonstration Study”.
May 9 Mr. Fred Dyer, Experimental Technique Associated with -
Orbitron Microwave Emitters” !
May 16 Mr. Mounir Laroussi, “Recent Theoretical Progress on y
Collisional and Transit-Time Plasma Heating”, A progress j
X report on Mr. Laroussi’'s Ph.D. research program. ,i
B May 23 Mr. G. Reza Ghayspoor, “Progress in the Development of a E
VAX-Assisted Data Handling and Reduction System for ;
o Plasma Measurements”, A progress report on Mr. Ghayspoor’s . y
& M.S. thesis research.
2 May. 30 Dress Rehearsals for poster papers at the IEEE International
o

Conference on Plasma Science, Pittsburgh, PA, June 3-5, 1985.
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FALL QUARTER 1985-1986

v

PLASMA SCIENCE SEMINAR SERIES

EE 5990 - - Section 34482

W Room 504 Ferris Hall
% Thursdays, 12:00to 1:15 p.m.
a
| DATE SPEAKER AND TOPIC
| o October 3 Prof.Igor Alexeff, A Plasma Wave Oscillator.
October 10 Prof. J. Reece Roth, The Impact of Plasma Heating Efficiency K
& on the Power Balance of Powerplant Fusion Reactors. Thisisa
- dress rehearsal for an invited talk and conterence paper. i
October 17 Paul Spence, Operation of the HP Microwave Network &
i ( Analyzer, Followed by a hands-on workshop with the
instrument in the UTK Plasma Science Laboratory. 2
N October 24 G. Reza Ghayspoor, Development of an Integrated Data 'ﬁ
o Acquisition and Handling System for the Measurement of i
Radial Transport Rates, Based on Digital Time Series Analysis. .
- Thisis a M.S.E.E. thesis summary. )
v-':' }h’
- October 31 Dress rehearsals of papers for APS Plasma Meeting. oy

-r <

o e R .

November 7 NO SEMINAR - APS MEETING WEEK

L4
T .

November 14 F. William Wiffen, Metals and Ceramics Division, and Fusion
Engineering Design Center, ORNL; Materials Problems and
Potential Solutions in Fusion Reactors.

R
R

November 21 David Coffey, President, The Nucleus, Inc., How to Start Your

!. ‘,_"..' .

':;;i Own Small Business. '
December 5 John E. Crowley, Low-Noise Measurements of Plasma lﬂ

B Turbulence. j
g ::
E ALL INTERESTED PERSONS ARE INVITED TO ATTEND "
- n

Q For further information, contact J. Reece Roth, 974-4446 2
"t

. j
; 3
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DATE
January 10

January 17

January 24

January 31

February 7

February 14

February 21

February 28

March 7

March 14

. For further.information, contact J. Reece Roth, 974-4446
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ALL INTERESTED PERSONS ARE INVITED TO ATTEND

EE 5990--Section 32437
Room 504 Perris Hall
Fridays, 12:00 to 1:15 p.m.

SPEAKER AND TOPIC

Prof. Igor Alexeff, Department of Electrical Engineering
UTK, "Trip Report on the Infrared and Millimeter Wave
Conference". This IEEE cosponsored conference was held
in December, and miny new advances were reported.

Prof. Karl Audenaerde, Chairman, Engineering Department,
State University of New York at New Platz,"Microwave Mode
Convertors",

Prof. J. Reece Roth, Department of Electrical Engineering,
UTK, "Transit Time Effects on the Divergence Term of the
Plasma Continuity Equations'.

Mr. John E. Crowley, GRA, UTK Plasma Science Laboratory,
Low-Noise Measurements for Plasma Turbulence Research".
This status report will cover Mr. Crowley's Master's
thesis research in the UTK Plasma Lab.

Mr. G. Reza Ghayspoor, GRA, UTK Plasma Science Laboratory,
"Extension of the LeCroy Transient Recorder System to Three
Simultaneous Channels". This is an updating of Mr. Ghayspoor's
recent Master's degree.

Mr. Mounir Laroussi, GRA, UTK Plasma Science Laboratory, -
"First-Order Plasma Heating Using Collisional Magnetic
Pumping". This status report will describe the theoretical
aspects of Mr. Laroussi's Ph.D. thesis.

Prof. J. Reece Roth, Department of Electrical Engineering,

UTK, "How to Write a Textbook'". Useful hints on writing a
textbook in the word-processor era and some interesting aspects
of the book publishing business will be discussed.

Prof. Marshall Pace, Department of Electrical Engineering,

UTK, "Research at UTK on the Initiation of Dielectric Breakdown'.
Prof. Pace will describe some research underway at UTIK in this
area.

Prof. J. Reece Roth, Department of Electrical Enginee .y UTK,
"Theoretical and Experimental aspects of the Plasma C nuity
Equation Oscillation". This will describe a plasma in bility

first discovered experimentally and described theoretically
by Prof. Roth.

Dr. Robert W. Schumacher, Hughes Research Laboratories, Malibu,
California, "Microwave Tube Research at the Hupghes Research
Laboratories'". Dr. Schumacher will discuss f'.e Hughes research
program in this area, including their work on the Orbitron maser.

WINTER QUARTER, 1986
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- PLASMA SCIENCE SEMINAR SERIES

i Spring, 1986

( ' EE 5990--Section 33236
P Room 504 Ferris Hall
7 Fridays, 12:00 to 1:15 pm

)
Eﬁ' Date SPEAKER AND TOPIC
i n April4 Organization meeting and dress rehearsals for the 1986 SSST
. E Plasma Papers
April 11 B Prof. Igor Alexeff, Department of Electrical Engineering, UTK
E‘; “Recent Progress in Orbitron Research”.
April 18 Mr. John B. Miller, Fusion Engineering Design Center, ORNL,
Ej-'. “Prevention of the Current-Quench Phase of a Major
[ Disruption in a Tokamak Reactor” This plasma engineering
study is Mr. Miller's Ph.D. Thesis in Nuclear Engineering.
'ﬁ April 25 Mr. Tim Bigelow, Fusion Energy Division, ORNL, “A Survey
of Plasma RF Heating Experiments in Japan”. A report of his
" recent trip to Japanese Fusion Labs.
2. )
E May: 2 Profs. J. Reece Roth and Igor Alexeff, Dept. of Electrical
Engineering, UTK. “A Study of Tokamak Confinement Time
ﬁ( Scaling Based on MHD Current Penetration”. A derivation of
an alcator-like confinement time scaling from first principles.
r.. May 9 Mr. John E. Crowley, GRA, UTK Plasma Science Laboratory,
I~ “Conversion of the HP 3577A Network Analyzer to a Low
i Noise Spectrum Analyzer Mode of Operation”. This seminar
will double as Mr. Crowley’s oral exam on his M.S. Thesis.

May 16 Mr. Phil Ryan, Fusion Energy Division, ORNL, and UTK
Ph.D. candidate, “Analysis and Design of an Energy Recovery
System for a Space Charge Neutralized Ion Beam”. A
summary of Mr. Ryan’s Ph.D. Thesis.

May 23 : Prof. J. Reece Roth, Department of Electrical Engineering,
UTK, “Trip Report on the 13th IEEE International Conference
on Plasma Science, Sakatoon, Canada,” and “Langevin
Formalism for Absorbtion of RF Power at Gyroresonance”

G May 30 Mr. Paul Spence, GRA, UTK Plasma Science Laboratory,
*Measuring Collision Frequencies by Microwave Absorbtion”

ALL INTERESTED PERSONS ARE INVITED TO ATTEND
ﬁ For further information, contact J. Reece Roth, 974-4446






