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ABSTRACT

Microwave noise emission at the harmonics of the electron
cyclotron frequency from the magnetized plasma column of a Penning
discharge is investigated experimentally. The harmonic emission
spectrum is observed using oxygen gas in a variety of discharge
configurations. It is found that grid stabilization of the plasma
column has very little effect on the emission spectrum. Measure-
ments of the shape and location of the harmonic emission lines are
described in detail. On the basis of a microwave interferometer
measurement of the electron density, it is concluded that the
existence of a hybrid layer somewhere on the plasma column is a
necessary condition for the observation of harmonic emission. The
relaxation time and the cathode voltage dependence of the harmonic
emission are investigated using a pulse modulation technique. It is
found that the emission intensity increases rapidly with the magnitude
of the cathode voltage and that the relaxation time decreases with
increasing neutral gas pressure. High intensity nonharmonic radiation
is observed and identified as resulting from a beam-plasma wave
instability thereby eliminating the same instability as a possible
source of the harmonic emission. It is found that the collective exper-
mental results are in reasonable agreement with the single particle

electrostatic radiation theory of Canobbio and Croci.
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CHAPTER 1
INTRODUCTION

1.1 Historical Background and the Significance of the Problem

Microwave radiation at the harmonics of the electron cyclotron
frequency has been observed in a wide variety of plasma experiments
[1-3]. Of these, Landauer's observations are of particular interest
[4]. He discovered that the Penning discharge is very effective in ex-
citing radiation at a large number of the higher harmonics of the elec-
tron cyclotron frequency, all having roughly the same amplitude.

Harmonic radiation was initially observed from hot plasmas pro-
duced in controlled fusion experiments. In 1959, Wharton [5] reported
observations of radiation at the fundamental and the first several
cyclotron harmonics from a plasma in a magnetic mirror device. In 1961,
Landauer reported observing approximately 20 harmonics in a Penning
discharge [6]. Subsequently, many investigators observed harmonic
emission in positive column discharges [7-9] and in beam-produced
plasmas [10-12]. In addition, Tetenbaum [13] has investigated harmonic
emission in an electrodeless r-f discharge.

These observations of harmonic emission were not expected and can
not be explained on the basis of synchrotron radiation. For weakly
relativistic electrons, 82 = kT/mc2 << 1 , synchrotron radiation occurs
primarily at the fundamental electron cyclotron frequency. The power

2(n-]). In

radiated into the nth harmonic is reduced by a factor of B8
contrast, Landauer observed harmonics of nearly equal intensity, but

emission at the fundamental cyclotron frequency was found to be almost



nonexistent,

The experimental results stimulated considerable theoretical in-
terest, partly because of relevance to thermonuclear research. The
greatest importance of the phenomenon lies in the understanding of
many fundamental properties of the plasma. It appears likely that a
better understanding of harmonic emission could lead to applications
for diagnostic purposes.

An impressive number of distinctly different theories have ap-
peared as a result of many independent attempts to explain the harmonic
emission observed in the experiments. While many of the theories in-
volve the excitation of slow electrostatic plasma waves, several
mechanisms have been identified which result in direct excitation of
electromagnetic radiation. In the case of the electrostatic waves, it
is necessary to consider the coupling of the electrostatic wave energy
to the electromagnetic signals which are detected in the experiments,

It is usually assumed that the harmonic emission results from the
presence of nonmaxwellian electrons in the laboratory-produced plasma.
In the single particle radiation theories, it is assumed that these
source electrons radiate independently. In another class of theories
the electrons interact coherently in the form of a wave instability
which might result from either a nonmaxwellian electron velocity dis-
tribution or a beam-plasma interaction. In either case, the excited
radiation might be either electrostatic or electromagnetic. The
theories of harmonic emission will be reviewed in greater detail in

Chapter IV,
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Although several attempts to relate theoretical results with
experiments have shown qualitative agreement, detailed quantitative
comparisons are often prohibitively complex because of the basic dif-
ficulty of accurately modeling a nonuniform and sometimes turbulent
experimental plasma with a calculable theoretical model. Nevertheless,
the qualitative agreement of these comparisons indicates that several
of the radiation mechanisms described by the theoretical models have
been detected experimentally. Although the gross properties of the
harmonic emission observed in various plasma sources are similar, the
details differ greatly, indicating that perhaps the emission mechanism
is not the same in every case.

It has been pointed out that the various experimental investiga-
tions can be distinguished according to the nature of the wave-plasma
interaction which takes place [13]. In the experiments of Landauer
and Tetenbaum, the dimension of the plasma is significantly greater
than the free space wavelength, In the experiments which employed a
positive column or a beam-generated plasma, the column diameter is
typically much less than the radiation wavelength. This geometrical
factor affects the nature of the interaction between the electromag-
netic radiation and the plasma column and may account for major dif-
ferences in the harmonic emission observed in the two cases.

For example, Landauer and Tetenbaum observed that within experi-
mental error the harmonic emission maxima were located at the harmonics
of the electron cyclotron frequency. However, the emission maxima
observed in positive columns and beam-generated plasmas of small diam-

eter are often found to shift from the harmonic locations when the
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plasma density is varied [8-10,12]. This might be due to the geomet-
rical difference or it might indicate that the radiation mechanism is
not the same in each case.

To avoid such complications, it is expedient to restrict a dis-
cussion or investigation of harmonic emission to a single plasma source,
and that is what has been done in the present investigation. The
Penning discharge has been chosen for the investigation principally be-
cause it has been found to be highly effective in producing harmonic
emission. Experimental results obtained using other types of plasma
sources will rarely be mentioned in this report because they could
easily prove to be misleading with respect to what is happening in the
Penning discharge.

The purpose of this investigation is to develop additional ex-
perimental data and to explore the areas of agreement between the
qualitative predictions of the theoretical models and experimental
results of the Penning discharge. It is hoped that the results of
this investigation will eventually contribute to the positive identi-
fication of the radiation mechanism in the Penning discharge and a

better understanding of the plasma phenomena which are involved.

1.2 Previous Investigations of Harmonic Emission in the Penning
Discharge

Having decided to investigate the harmonic emission of the
Penning discharge, it is appropriate to review in greater detail the
history of the experimental investigation of Landauer radiation in the

Penning discharge.
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As previously mentioned, Landauer first reported his observation
of 20 harmonics in 1961. In subsequent work, Landauer observed emission
up to the 45th harmonic of the electron cyclotron frequency [14]. A
sketch of Landauer's experiment is given in Figure 1.1la and the harmonic
emission spectrum is displayed in Figure 1.1b. It is essential to
realize that the emission spectrum of the Penning discharge is obtained
by sweeping the magnetic field. Varying the magnetic field involves
major changes in the density, the density profile, the electron tempera-
ture and the stability of the plasma. The spectrum might instead be
obtained by varying the receiver frequency at a constant magnetic field,
but this procedure is more difficult and can only be used to obtain a
fraction of the entire emission spectrum in a single sweep.

The emission spectrum of Figure 1.1b shows very prominent, well
defined harmonic emission lines. In contrast with the harmonic emission
spectra typically observed in other plasma sources, these emission lines
are relatively narrow and large in amplitude. Careful calibration of
the magnetic field revealed that the emission lines occurred at mag-
netic field values which satisfy the relation w = nw, to within ex-
perimental accuracy. The amplitude of the harmonics falls off slowly
with harmonic number and the largest amplitude harmonic (m = 5) cor-
responds to an equivalent black body radiation temperature of between
50.000°K and 100,000°K (or roughly 4.5 to 9 eV). Although the displayed
spectrum was obtained using a receiver frequency of 34 GHz, similar
measurements were also carried out at 10 GHz. Landauer found that the

harmonic amplitude decreases rapidly with increasing helium gas
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pressure and that the harmonics were not detected by his receiver when
the pressure was greater than 40 mtorr. When the current of the dis-
charge tube was increased, it was found that the harmonics appeared
suddenly at a discharge current of 0.5 to 1.0 amperes., At larger cur-
rents, the emission remained at a nearly constant level. The intensity
of the extraordinary wave polarization of the emission (E L Bo)was
found to be considerably stronger than the ordinary wave polarization
(E IIBO)- However, the other features of the emission spectrum were
found to be independent of the polarization.

In order to display the details of the emission spectrum in
greater detail, an emission spectrum from the present investigation
(obtained using oxygen gas) has been included for inspection in Figure
1.2. The intensity of the harmonic emission is somewhat greater than
in the helium discharge, but generally the spectrum is very similar.
The emission intensity typically reaches a maximum at the m =4 or
m=5 harmonic. The harmonic emission lines are nearly symmetrical
in shape and the normalized line width at half maximum, Af/f , is
essentially independent of the harmonic number.

The behavior of the harmonic emission spectrum discovered by
Landauer was subsequently verified by Dreicer, using a helium gas
Penning discharge of virtually the same dimensions [15]. Dreicer
utilized microwave receivers of greater sensitivity at frequencies of
18 GHz and 36 GHz and extended the pressure range of the measurements
to 2-200 mtorr [16].

The agreement between the observations of Landauer and Dreicer

is noteworthy. Dreicer observed harmonic emission of virtually the
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same intensity, observed the onset of harmonic emission with increasing
discharge current, and verified that the harmonic amplitude decreased
with increasing neutral gas pressure. However, Dreicer carried out
additional measurements which led to several important conclusions.

In addition to observing harmonic emission from the plasma
column, Dreicer also measured the transmission and reflection proper-
ties of the plasma column. The purpose of these measurements was to
detect the existence of a hybrid layer on the density profile of the
plasma column by observing its properties directly. Dreicer showed
that a lTarge transmission loss was a direct indication of the existence
of a hybrid layer and presented evidence of a direct correlation
between strong harmonic emission and large transmission loss. With
the aid of simultaneous emission measurements at 18 GHz and 36 GHz,
Dreicer was able to establish a definite relationship between the
harmonic emission and the existence of a hybrid layer. Basically, the
existence of a hybrid layer on the plasma column is a necessary con-
dition for the observation of harmonic emission.

Dreicer observed radiation in the vicinity of the fundamental
electron cyclotron frequency and explored it in detail. He pointed
out that the evidence suggests that the physical mechanism which is
responsible for emission at the fundamental and possibly also the
m =2 harmonic is only indirectly related to the emission process at
the higher harmonics. This point is well taken and the present inves-
tigation concentrates mainly on the higher harmonics, although
phenomena at the m = 2 harmonic will be mentioned occasionally.

Dreicer also reported the results of an investigation of the
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line shape of the harmonic emission lines [17]. In the same investiga-
tion, the emission lines were found to be located at the cyclotron
harmonics to within an experimental accuracy of 0.5%.

Many developments in the theory of harmonic emission were in-
spired by the experimental work of Landauer and Dreicer, Unfortunately,
it appears that the emission spectra and the other experimental evi-
dence described up to this point are not sufficient to distinguish
between the proposed mechanisms. In Dreicer's opinion, "no experiments
capable of definitely identifying a specifically proposed mechanism
have as yet been performed" [15].

Investigations of Landauer emission in the Penning discharge have
since been continued by other investigators, but further experimental
development has proved to be difficult. Pavlichenko [18] observed
harmonic emission in a helium gas Penning discharge but found that the
emission spectrum was often dominated by a different type of high in-
tensity radiation. Using the same experimental apparatus, additional
investigations of microwave radiation were carried out in hydrogen
gas [19-21]. However, the harmonic emission spectra obtained in these
investigations are not very well defined, partly due to the complica-
tion of an inhomogeneous magnetic field., Dushin [22] verified the
hybrid layer condition for the existence of harmonic emission and
measured the location of the emission lines with an accuracy of 1%.

But for the most part, these investigations were oriented toward the
exploration of other types of higher intensity radiation which the in-

vestigators discovered in their Penning discharge.
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Contrary to the results obtained by Dreicer and Dushin et al.,
Hanisch and Stetson observed harmonic emission even when the plasma
density of their helium discharge, as measured by a microwave interfer-
ometer, was well below that needed for the existence of a hybrid layer
on the plasma column [23]. In another helium gas Penning discharge,
Klan [24] observed amplitude modulation of the harmonic emission by a

low frequency rotational instability.

1.3 Definition and Discussion of the Present Investigation

The review of previous experimental work indicates several points
which require experimental clarification. Due to the results of Hanisch
and Stetson, there appears to be some doubt concerning the role of the
hybrid Tayer in the harmonic emission process., A microwave density
measurement will be undertaken in the present investigation to provide
an independent determination of whether the existence of a hybrid layer
on the plasma column is a necessary condition for the harmonic emission,
In addition, the importance of low frequency drift instabilities and
turbulence to the harmonic emission process will be examined in detail.
However, there are additional considerations of greater importance which
need to be explored.

In view of the multiplicity of harmonic emission theories, it
appears that the greatest need is for additional experimental work
which is capable of pointing the direction for future theoretical de-
velopment. In this regard, it is important to determine whether the
harmonic radiation can be explained on the basis of a single particle

radiation theory or is the result of a wave instability induced by a
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nonmaxwellian velocity distribution or beam-plasma interaction. Does
the emission result from direct excitation of electromagnetic radiation,
or are electrostatic waves involved? In addition, it would be very
useful to determine which particular group of the nonmaxwellian elec-
trons present in the Penning discharge is responsible for the harmonic
emission.' It is questions such as these which the present investigation
will seek to answer,

Although many of the measurements which are described in this
report are similar to what has been done in previous investigations,
virtually all of the results are new in some respect. In fact, the
similarities which exist with previous experiments are essential to
provide continuity in order that the results which are original to
this investigation might be related to previous work in the Penning
discharge.

Unlike the previous investigations of harmonic emission in the
Penning discharge, the present investigation does not use helium or
hydrogen for the neutral gas. Instead, argon was used in the initial
stages of the investigation, but oxygen gas is used throughout most of
the work. The unconventional choice of oxygen for the neutral gas
proved to be beneficial. As noted earlier in the introduction, the
harmonic emission which is produced in this discharge is exceptionally
intense.

Another feature of this investigation is the use of grid stabil-
jzation of the plasma column of the Penning discharge. Such a plasma
column represents a considerable improvement in the experimental con-

ditions. Typically, the plasma column produced in an argon or oxygen



1%

Penning discharge is extremely turbulent and exhibits large amplitude
fluctuations of the density and potential. In the grid-stabilized dis-
charge, the fluctuation level is reduced by several orders of magnitude,
Certainly the quiet plasma of the grid-stabilized discharge is a more
desirable environment in which to investigate a phenomenon whose origin
is not well understood. And the fact that harmonic emission has been
observed under such contrastingly different conditions should not be
overlooked.

The use of a Penning discharge tube with a pyrex vacuum wall
differs from the more conventional practice of enclosing the plasma
column in a metal chamber. In the present investigation, harmonic emis-
sion is observed in both types of discharge tubes. The use of a pyrex
vacuum wall makes it easier to estimate the total emission from the
plasma column because the complication of strong reabsorption of emis-
sion by the plasma column, which occurs in the metal cavity discharge
tube, is avoided.

Although it is Chapter V which contains much of the work which
is unique to the present investigation, this does not degrade the im-
portance of the more conventional measurements contained in Chapter III.
The experimental approach and the results described in Chapter V are
quite unlike anything done in previous experiments. Therefore it is
the more conventional measurements of Chapter III which demonstrate that
the harmonic emission observed in the present investigation is indeed
of the same nature as that observed previously by Dreicer and Landauer

in the helium gas Penning discharge,
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It is appropriate to end the introduction with a brief outline

of the content of each of the remaining chapters of this report,

In Chapter II, the equipment and the instrumentation employed in
the investigation are described. The construction and operation of
two Penning discharge tubes is discussed in detail, and grid stabiliza-
tion of these discharge tubes is described. The use of oxygen as the
neutral gas is discussed, including both the advantages of its use and
the complications which arise, Chapter II concludes with an analysis
of the Penning discharge and the energetic electrons which it contains,
Using cross sections for inelastic electron-neutral collisions, a
rough quantitative picture of the number density and energy distribu-
tion of the energetic electrons is obtained.

Chapter III is a collection of many measurements which are car-
ried out to explore specific features of harmonic emission, principally
in the oxygen gas Penning discharge. Measurements of the shape, loca-
tion, and polarization of the emission lines are described. Harmonic
emission is reported from a grid-stabilized discharge and measurements
of the transmission and reflection properties of the plasma column are
presented. A polar microwave interferometer measurement of the elec-
tron density is described and implications concerning the presence of
a hybrid Tayer on the plasma column when harmonic emission is detected
are discussed,

In Chapter IV, the various theories of harmonic emission are
reviewed and compared with the experimental results.described in
Chapter III. Several promising theoretical possibilities emerge from

the analysis, but most of the theories are not found to be relevant to
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the Penning discharge. Motivation for additional experimental work of
a basically different nature is given in terms of questions which can
not be answered on the basis of the experimental results presented in
Chapter III.

The development and the results of a new experimental approach
to the investigation of harmonic emission in the Penning discharge are
described in Chapter V. The technique used to pulse modulate the
cathode voltage of the Penning discharge is described. High intensity
radiation which is observed in the emission spectrum, principally be-
tween the cyclotron harmonics, is documented and is identified as
resulting from a beam-plasma interaction.

Data are presented which demonstrate the effects of pulse modu-
lation on the harmonic emission. The rise time of the harmonic
emission is measured by using a wideband I-F system. It is demonstrated
that the intensity and the width of the emission 1lines depend strongly
on the cathode voltage. The experimental results are evaluated and it
is shown that the evidence favors the concept of single particle radia-
tion. The evidence also indicates that the harmonic emission results
principally from fast electrons of intermediate energy, roughly
15 eV < E < 100 eV ,

Chapter VI provides a summary of the important results and con-

clusions, as well as suggestions for further work.
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CHAPTER I1I
THE EXPERIMENTAL APPARATUS AND THE PLASMA

2.1 Introduction

This chapter contains a description of the experimental apparatus
and the plasma. It begins with a basic description of the magnetic
field, the vacuum system, and the microwave receiver. Then the de-
sign and characteristics of a specialized wideband I-F system are dis-
cussed in detail. A direct reading microwave interferometer is
described and its accuracy is evaluated.

In Section 2.3 the mechanism of the Penning discharge and several
variations of the electrode geometry are discussed. The construction
of a brass Penning discharge chamber is specified and many modifica-
tions of the device are noted. The use of oxygen gas is discussed,
including both the advantages of its use and the complications which
arise, Details of the construction of a Penning discharge tube with a
pyrex vacuum wall are given, Grid stabilization of both of the
Penning discharge tubes is described and typical voltages and radial
profiles are presented.

An analysis of the energetic electrons (E > 15 eV) which are
present in the Penning discharge is given in Section 2.4, The number
density and the energy distribution function of the energetic electrons
are computed. The time dependence of the energy of a fast electron is
calculated from the cross sections for inelastic electron-neutral col-

lisions.
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2.2 Equipment and Instrumentation

2.2,1 Magnetic Field and Vacuum System

The magnetic field which is necessary for the operation of the
Penning discharge is produced by an air core solenoid., The solenoid
has an inside diameter of 12 inches and consists of 16 individual coils
(see Figure 3.18), The coils are spaced so as to maximize the homo-
geneity of the magnetic field. Within an 18 inch length along the
axis of the solenoid, the magnetic field variation is less than 0.15%
from minimum to maximum. This upper bound for the spatial variation
was obtained from NMR probe measurements and also from the computer
computations which determined the optimum spacing of the coils. The
volume occupied by the plasma can be approximated by a right circular
cylinder 18 inches long and roughly 4 inches in diameter., The field
variation within this volume is less than 0.4% from minimum to maximum.

The solenoid is powered by a transformerless SCR power supply
with a constant current stability of 0.1% for the time periods involved
in the experiments. An L-C filter reduces the current ripple in the
solenoid below 0.04% rms for the magnetic fields typically used in the
experiments. The system produced magnetic fields up to 3.2 kilogauss,
which corresponds to an electron cyclotron frequency of 9 GHz. A
remote control sweep unit allows the current output of the power supply
to be swept automatically at any rate which is desired.

Although argon gas was tried initially, oxygen gas is employed
in most of the experiments, The neutral gas pressure is measured with

a Hastings DV-5M thermocouple tube (0.2-100 mtorr ). Readings are
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corrected for the thermal conductivity of the gas using the nomogram
supplied with the tube.

At the conclusion of the experiments the linearity of the
Hastings thermocouple measurement was tested by comparison with a
Schulz-Phelps high pressure ionization gauge tube and a CVC thermo-
couple tube., From the consistency of the three measurements, it was
concluded that good linearity with pressure was obtained in the pressure
range of 5-100 mtorr, The agreement between the Hastings and CVC
thermocouples was better than 10%, however a factor of two in the ab-
solute calibration of the Schulz-Phelps ion gauge control unit was not
resolved,

The vacuum system consists of a 4" diffusion pump and a mechanical
backing pump. A refrigerated cold trap is located at the inlet of the
diffusion pump. Using silicone diffusion pump oil, the system has a

7

base pressure of 2X10~ ' torr. The pressure at the inlet to the vacuum

station is monitored with a NRC 831 ionization gauge control unit.

2.2.2 Microwave Receiver

The radiometer employed to study the microwave emission of the
plasma is a calibrated superheterodyne receiver. A block diagram of
the receiver is given in Figure 2.1, The receiver is calibrated by
replacing the microwave horn with a standard noise source. A cali-
brated variable attenuator greatly extends the operating range of the
radiometer and allows accurate comparison of emission levels which

differ by many orders of magnitude.
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The tunable microwave filter consists of a shunt tee, a length
of waveguide and a movable short. This arrangement exhibits a tunable
narrow stopband which is effective in rejecting one image frequency of
the superheterodyne receiver without attenuating the other image fre-
quency.

A1l of the microwave components are broadband and as a result
the receiver works well over the entire frequency range of 7-12 GHz.
When using a TN23C mixer crystal, the receiver has a noise figure of
9,5 db at 9.0 GHz, Away from the center frequency the noise figure
deteriorates somewhat. This is especially noticeable at lower fre-
quencies near 7.0 GHz,

The receiver takes on a different configuration depending on
whether the pléSma is operated continuously or on a pulsed basis. When
the plasma is operated from a dc power supply, the PAR lock-in ampli-
fier is usually used., In this case the demodulation output feature of
the I-F amplifier unit is employed as the I-F detector. The response
of the demodulation output is close to square law if the signal levels
are kept small. The 30 MHz I-F amplifier has a bandwidth of 4 MHz and
a noise figure of 2 db, Differences in plasma emission as small as
100%K (equivalent radiation temperature) can easily be distinguished
when a 1 second time constant filter is used.

The plasma emission level is usually sufficiently large that
synchronous detection is not essential. Therefore the emission spectra
were occasionally recorded directly from the output of an I-F detector,
using an appropriate filter. However, the spectra obtained in this

way are somewhat noisy.
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The frequency range of the Varian X-13 klystron is 8.2 - 12.4 GHz.
Whenever it became necessary to use a lower frequency for the local
oscillator, the klystron was replaced by either a test oscillator or
a sweep oscillator, both of which operate down to 7.0 GHz,

Although a double balanced mixer was used initially, it is not
essential and does not possess the broadband characteristics of the
single crystal mount,

Because some of the local oscillator signal is reflected by the
mixer, an isolator is needed to prevent this signal from being modulated
by the pin diode modulator and appearing again as a false signal in the
mixer.

The discharge is frequently operated on a pulsed basis in order
to achieve higher plasma densities and to carry out experiments in the
afterglow plasma. In this mode of operation the pulse repetition rate
is controlled by the HP 214A pulse generator which triggers both the
boxcar integrator and the pulse generator which generates the plasma.

The output of the I-F detector is sampled by the PAR 160 boxcar
integrator. A HP 420A crystal detector is used together with an appro-
priate terminating resistor to provide a square-law I-F detector. A
square-law detector is desirable because it produces an output which is
proportional to the emission power received from the plasma. When
fluctuations are present in the emission, the time averaged output of
the detector then indicates the time averaged power emitted by the plasma.

The Y axis of the recorder is driven from the output of either the
lock-in amplifier or the boxcar integrator. When sweeping the magnetic

field to obtain the emission spectrum, the X axis of the recorder is
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driven by a current shunt which monitors the current flowing in the
magnetic field coils., Because of the transformerless nature of the
field coil power supply, the voltages at the current shunt contain a
very large common mode 180 Hz voltage waveform. This waveform is
almost entirely removed using a dual two-stage L-C filter. The fil-
tered voltage from the current shunt is then applied to the floating
inputs of the X axis of the recorder.

During pulsed plasma experiments, the plasma emission can also
be recorded as a function of the time during the pulsed discharge by
using the automatic scan feature of the boxcar integrator. In this

case the X axis of the recorder is controlled by the boxcar integrator.

2.2,3 Wideband I-F System

The response time of the microwave receiver for pulsed operation
is limited by the 4 MHz bandwidth of the I-F amplifier. This bandwidth
corresponds to a rise time of 180 nsec, assuming that the rise time of
the I-F detector can be neglected, The pulse modulation experiment of
Chapter V requires a considerably faster response time. For this pur-
pose, the I-F system displayed in Figure 2.2 was developed.

The crystal mixer is coupled to the I-F preamplifier by a double
tuned circuit [25]. An inductive T-network is utilized to obtain a
large fractional bandwidth [26]. The coupling network determines the
shape and width of the I-F bandpass. Because the frequency response of
the preamplifier is not flat, an attenuator was designed to compensate
for the frequency dependence of the gain. The combination of the

preamplifier and attenuator gives a flat frequency response over the
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bandwidth determined by coupling network and provides a signal gain of
38 db. The noise figure of the preamplifier is less than 3 db.

The I-F signal is then amplified by a broadband amplifier (90
MHz) and rectified by an I-F detector. The amplifier is a linear in-
tegrated circuit video differential amplifier. The amplifier gain is
set at 32 db by means of an external resistor. This gain provides the
desired signal level for the I-F detector,

When the differential output of the video amplifier is full wave
rectified by a pair of matched diodes, the resulting waveform includes
a ripple at twice the I-F frequency. However, the ripple is at a suf-
ficiently high frequency that it can easily be removed by a low pass
filter without compromising the response time of the system,

Although various diodes were tried for the I-F detector, only
the point contact mixer diode proved to be satisfactory. Minimum
junction capacitance and fast recovery time provide very flat frequency
response below 100 MHz and excellent pulse response, In addition,
these diodes are capable of providing square-law behavior over a
sizable dynamic range. Unfortunately, this fequires a large diode
load impedance which is somewhat incompatible with fast response.
Deviation of crystal response from square law was found to be mini-
mized by using a load impedance of about 15 KQ . Even when this imped-
ance is distributed as indicated in Figure 2,2a, a stray capacitance
of only 2 pf results in a 15 nsec time constant.

In order to maintain both fast pulse response and square-law
behavior, the output of the I-F detector must be followed by a wide-

band dc amplifier which has a very low input capacitance and a large
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input resistance. The amplifier must also be capable of driving the
502 1ine which leads to the boxcar integrator. These requirements
were satisfied by using another pA733 video amplifier and an emitter
follower transistor. This combination does result in noticeable
output drift but the system is usable. The output amplifier provides
a signal gain of 32 db for the small output voltages of the I-F detec-
tor.

Figure 2.2b shows the frequency response of the wideband I-F
system, The I-F center frequency and bandwidth are 45 MHz and 40 MHz,
respectively. The pulse response of the system is slightly asymmetric.
Although the rise time is noticeably faster than the fall time, in both
cases the 10%-90% response time is roughly 25 nsec.. The propagation

delay time of the system is less than 40 nsec. The system exhibits

square-law behavior over a usable dynamic range of more than 20 db,

When the wideband I-F system is used with the microwave receiver,
the receiver has a 10,5 db noise figure. In order to shield the re-
ceiver from transient pickup, the entire system from the waveguide
mixer to the wideband dc amplifier is housed in a metal box. When the
wideband I-F system is used, the aperture time of the boxcar integrator

is operated close to the minimum value of 10 nsec.

2.2.4 Microwave Interferometer

This section describes the polar microwave interferometer which
is used to measure the absolute plasma density, together with an analy-

sis of the accuracy of the density measurement. A block diagram of
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the polar interferometer is given in Figure 2.3, A more detailed
cross-sectional view of the plasma, microwave horns, and surrounding
environment is given in Figure 2.5,

The polar interferometer consists of a test channel which in-
tercepts the plasma column and a reference channel, The reference and
test signals are compared at two crystal mixers., A 90° phase delay is
added in the test channel of mixer #2., Except for this 90° phase shift,
the path lengths to the two crystal mixers are identical,

The microwave crystals are operated in the square-law domain.

The resulting crystal output voltages are given by

-
1

2 2
1 = Bi[AR + A7 + 2AcA; cos ¢]
2

-
|

2 ”
o = BplAp + AT + 2ApA; sin ¢]

where AR and AT are the amplitudes of the test and reference micro-
wave signals, ¢ indicates the difference in path length between the
reference and test channels, and By and By indicate the microwave
crystal sensitivites. The crystal mixer output voltages, V1 and V2'
are applied to the X and Y inputs of an oscilloscope.

When the phase difference, ¢ , is varied by 2w , the voltage
vector V] +V, describes an ellipse on the oscilloscope as indicated
in Figure 2.4. When By = By s the ellipse becomes a circle., The
radius of the circle in volts is equal to ZBARAT , where B = By = By »
When the circle is centered on the scope face and a polar graticule is
used, the phase difference can be read directly off the oscilloscope.
This is how the interferometer is operated for the plasma density

measurements.
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Figure 2.4 Displaying the Interferometer Phase Difference on an

Oscilloscope.

There are several adjustments which must be hade before the
direct reading polar interferometer will operate satisfactorily. When
there is no plasma present in the test channel, the phase shifter in
that channel is adjusted to give ¢ = 0 on the oscilloscope graticule,

It has already been noted that an ellipse is obtained when the
crystal sensitivities are not equal, CH 7 By This situation is cor-
rected by appropriate adjustment of the gain of the oscilloscope input
amplifiers, Although it is still possible to determine the phase
angle, ¢ , even when the voltage vectors describe an ellipse, direct
reading of the phase then requires an appropriate elliptical graticule
for the oscilloscope.

An ellipse is also obtained if the phase delay in the test chan-
nel of mixer #2 deviates from 90°. Careful adjustment of the phase

shift is essential because an error of € degrees in the phase delay
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results in a maximum error of € degrees in the interferometer phase
measurements,

Finally, sizable errors can result if the response of the 1N78
point-contact mixer diodes is not square law. The crystal response is
found to be optimal when the crystals are terminated with a 20KQ load
resistor. The crystal response is then approximately square law for
output voltages up to 60 mV. Without the terminating resistors, square-
law behavior is limited to output voltages which are too small to be
compatible with the 1 mV/cm sensitivity of the oscilloscope.

The interferometer accuracy is found to be improved by limiting
the amplitude of the microwave signal in the test channel to a
level which is 15 db below the reference channel. This also reduces
the shift of the polar display which occurs when the test channel amp-
litude is decreased by plasma effects. Oscilloscope drift is minimized
by utilizing the largest crystal output voltage compatible with the
requirement of square-law response,

After adjustments are made to minimize each of the above sources
of error, the voltage vectors trace out a nearly perfect circle on the
oscilloscope when ¢ 1is varied by 2w. And when the phase measurement
read directly from the graticule is plotted versus the actual phase
shift ¢ as determined by a phase shifter, the error is usually less
than +3°, This represents an error of approximately 3% for most of the
plasma density measurements.

There is one additional source of error of undetermined magnitude.
It is assumed that the microwave signal propagates across the plasma

column from the transmitting horn to the receiving horn in a narrow
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beam which only samples the plasma density profile along a well defined

line, This assumption is not fully realized in the present situation.
The plasma diameter, D , at the 50% points on the density profile is
typically between 6.0 and 6.4 cm, and the free space wavelength of the
interferometer signal source is 1.9 ¢cm. A value of D/XA = 3.3 indi-
cates that the beam width is a significant fraction of the column
diameter. An informative discussion of many aspects of this problem,
including the significance of the value of the parameter D/X , is
presented by Heald and Wharton [27].

The standard gain horns used with the interferometer have a
gain of 10.5 db at the interferometer frequency. Therefore the horns
are not highly directional. As a result, the receiving horn will pick
up microwave signal which has been scattered by the surrounding environ-
ment, principally the magnetic field coils. To reduce this problem,
the field coils in the vicinity of the interferometer horns are lined
with microwave absorber as indicated in Figure 2.5,

Microwave signal can also be scattered by the six support rods
of the discharge structure and by the pyrex vacuum wall surrounding
the plasma. The support rods were initially covered with absorber.
However, this material had to be removed to facilitate cooling of the
pyrex tube, which was heated excessively by the discharge.

Reflection from the pyrex tube was not as severe as might be
expected. At the interferometer frequency, 15.8 GHz, the vacuum wall
is slightly more than one-half wavelength in thickness. This signifi-
cantly reduced the potentially troublesome reflections of the microwave

signal.
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Although reflection for normal incidence vanishes for a lossless
half-wave plate, reflection for arbitrary angles of incidence is mini-
mized by maintaining a slightly larger value of t/A , where t is the
thickness of the plate [28]. In the present situation, the limited
frequency range of the klystron dictates a minimum value of VEt/)A =
0.565 which is 13% thicker than a half-wave plate. For the above com-
putation the dielectric constant of No. 7740 pyrex is taken to be
e = 5.1 [29].

However, a rough measurement of the dielectric constant of the
pyrex tube (using the polar interferometer) indicates a slightly smaller
value of e = 4.7 at 16 GHz. In this case, Vet/A = .54 . Although
this thickness does not entirely eliminate reflection for normal inci-
dence, it is nearly optimal for minimizing microwave scattering for
arbitrary angles of incidence,

Considerable care was taken to insure thatthe available microwave
equipment would produce results with maximum accuracy. Although the
magnitude of the errors resulting from D/XA = 3.3 and scattered micro-
wave signal are difficult to estimate, phase measurements carried out by
inserting slabs of dielectric materials of known dielectric constant
into the pyrex tube indicate that the error is within the estimated ac-

curacy of 5-10%.

2.3 The Penning Discharge

2.3.1 The Mechanism of the Discharge

The electrode configuration herein referred to as the Penning
discharge was first investigated in a magnetic field by F. M. Penning

[30]. It is also commonly known as the PIG (Philips ionization gauge)
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discharge [31,32], named after a pressure measuring device developed

by Penning using this electrode configuration [33,34]. Several varia-
tions of the discharge configuration are indicated in Figure 2.6.

The configuration is essentially a cold cathode glow discharge
of complicated geometry capable of operating at low pressures. Electrons
are produced at each cathode as a result of secondary emission by ion
bombardment. Most of the voltage drop between the cathode and anode
occurs in the immediate vicinity of the cathode. Hence, the secondary
electrons are accelerated to a high energy by the cathode sheath, but
are constrained by the magnetic field to follow a helical path parallel
to the magnetic field. If an electron loses some of its initial energy
on the first transit of the discharge, it will be reflected by the
opposite cathode. It subsequently oscillates between the cathodes many
times while migrating across the magnetic field to the cylindrical
anode,

As the energetic electron oscillates between the cathodes, it
ionizes neutral gas molecules and thereby loses its energy. The ions
and electrons so produced migrate to the cathodes and anodes, respec-
tively. The ions are accelerated to high energies by the cathode
sheath, and produce new secondary electrons which continue the process
of sustaining the plasma. Because of the reflex action of the
cathodes, the discharge operates well even at low pressures where the
ionization mean free path is orders of magnitude larger than the anode-
cathode electrode separation,

The discharge is capable of operating in many distinct modes

such that the discharge exhibits qualitatively different behavior for
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different values of the pressure, magnetic field, discharge current,
and voltage. Hooper has completed a review which covers many investi-
gations of the Penning discharge [35]. The discharge has numerous
complicating features including plasma instabilities, nonmaxwellian
particle distributions, secondary emission processes at the cathode
surfaces, large radial electric fields, and ionization phenomena in
the neutral gas. It is fair to say that many effects characteristic

of the discharge are not well understood.

2.3.2 Variations of the Penning Discharge

Each of the three Penning discharge variations sketched in
Figure 2.6 were tried. They were found to exhibit different behavior,
indicating that the electrode geometry has a significant effect on the
operation of the discharge. The major difference involves radial cur-
rents, radial electric fields, instabilities, turbulence, and
anomalous diffusion.

In the first variation, Figure 2.6a, the hashed area indicates
the region in which ionization by fast electron inelastic collisions
occurs. The anode current is driven across a region in which there is
no plasma generation. When the magnetic field is large, electron dif-
fusion is greatly inhibited and strong radial electric fields appear
on the column. This electric field drives instabilities which even-
tually lead to a turbulent plasma and anomalous diffusion.

This discharge configuration is found to be turbulent except for
a special set of operating parameters. At low magnetic fields, a
stable plasma could often be obtained for a particular combination of

the discharge current and neutral gas pressure.
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In the second variation, Figure 2.6b, the radial flow of cur-
rent is changed significantly. This configuration is very stable at
low magnetic fields. Klan [36] referred to it as the Q-PIG (Q =
quiescent) discharge. However, when the magnetic field is increased,
there is a critical magnetic field above which the discharge again
exhibits low frequency instabilities and anomalous diffusion., The
onset of instability and turbulence is marked by the appearance of
large amplitude fluctuations in the cathode potential. In addition,
probe measurements indicate the presence of large amplitude fluctua-
tions in the floating potential and ion saturation current.

Finally, in the third variation, Figure 2.6c, radial currents
and electric fields are greatly reduced by placing a grid across the
plasma column, The grid is attached to the anode structure and col-
lects much of the anode current. The resulting plasma is found to be
stable for all values of the magnetic field used in the experiment.

Allen [41] has previously observed that low frequency oscilla-
tions in the Penning discharge can be suppressed by placing a grid
across the discharge column. In addition, the plasma has likewise
been stabilized by operating the discharge in a magnetic well created
by Ioffe bars [42,43]. With both instability suppression techniques
it is found, as expected, that the instability returns if the magnetic
field is again increased sufficiently. This behavior is not observed
in the present experiment, probably because sufficiently large magnetic
fields can not be produced.

The behavior described above suggests that the instability res-

ponsible for the turbulence might be what Lehnert [37] and Hooper [38]
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call the neutral drag instability. Physical descriptions of the in-

stability are given by Simon [39] and Hoh [40]. The instability is
driven by a combination of radial electric field and density gradient.
Many of the experiments which are described in this report were
performed using both the Q-PIG configuration of Figure 2.6b and the
grid-stabilized configuration of Figure 2.6c, Hereafter, these con-
figurations will be referred to as the nonstabilized and the grid-
stabilized discharge, respectively. The grid-stabilized discharge was

not available until the later stages of the investigation.

2.3.3 Brass Discharge Chamber and Modifications

The brass Penning discharge chamber is sketched 1in Figure 2.7.
The anode, a 6" ID brass cylinder, is electrically isolated from the
brass end plates by a gasket cut from 1/16" viton sheet. The viton
provides both the electrical isolation and the vacuum seal. A periodic
structure in the region of the vacuum seal prevents microwave radiation
from leaking out, thereby maximizing the Q of the overmoded microwave
cavity. The water cooled brass end plates provide a heat sink and
electrical contact for the aluminum cathodes which are mounted thereon.
Nylon bolts are used to clamp the end plates to the anode structure.

Aluminum anode rings determine the diameter of the plasma by
defining the region in which ionization by energetic electrons takes
place. The aluminum rings have an ID of 4 inches and are rigidly at-
tached to the brass cylinder by set screws.

Two fabricated X-band microwave horns are brazed to the brass

cylinder at the midplane location, separated by 90° in azimuth around
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the cylinder, Resonant microwave vacuum irises provide the vacuum
interface inside of the waveguide. One of the horns is connected
directly by continuous waveguide to the microwave receiver which
monitors the plasma emission.

The discharge chamber is centered inside of the magnetic field
solenoid which was described earlier. One end of the chamber is con-
nected to the 3" ID conical pyrex pipe of the vacuum system. There
are many small holes in the cathode and end plate. The working gas
flows through these holes to the vacuum pump; it is fed directly into
the discharge chamber and flows continuously during the experiment.
During operation of the discharge, plasma streams out of the holes
along the magnetic field lines.

Argon gas was used in the initial experiments. Significant
sputtering of the aluminum cathodes by the argon ions was observed.
After many hours of operation, the viton insulator obtained such a
thick coating of aluminum that a sporadic cathode-anode short devel-
oped. Arcing occurred around the viton sheet. It was then necessary to
disassemble the entire system and remove the sputtered aluminum. The
interior of the discharge chamber was found to be completely coated
with a thick layer of aluminum metal and significant wear was noticed
at the aluminum cathodes.

It was determined that aluminum is only deposited on surfaces
which are exposed by a direct line of sight path to the plasma. In
other words, surfaces which are in the shadows of other objects are
not coated. When the surface of the insulating material between the

cathode and anode structures is properly contoured so that part of the
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surface is protected from sputtered aluminum, then the arcing problem

does not occur.

The discharge chamber was not always operated as indicated in
Figure 2.7. The diagrammed discharge chamber is the result of many
modifications, and numerous subsequent changes were also made. For
example, the discharge diameter was initially limited by pyrex rings
instead of aluminum anode rings. This situation corresponds to the
highly turbulent configuration of Figure 2.6a, at least until the in-
sulating rings become coated with a conductive layer of sputtered
aluminum,

Later modifications include removal of the periodic structure
and replacement of the viton sheet with a 1/2" thick teflon 0-ring
gasket, The exposed surface of the gasket is shaped so as to minimize
the sputtering problem., The teflon gasket reduces the capacitance
between the cathode end plate and the anode flange so that voltage
pulses with very fast rise times can be applied to the cathodes. These
modifications are indicated in Figure 5.2,

In addition, the perforated cathode was modified to allow the
neutral gas to flow around the cathode instead of through it., The
modified cathode construction is also used in the pyrex discharge tube,
Figure 2.8.

The brass discharge tube is operated in two ways. A continuous
discharge can be maintained at low currents in the range of 100-600 ma.
In order to achieve very high plasma densities, the discharge is pulsed
at a repetition rate of 100 Hz with discharge currents as large as 75

amps. Pulse lengths range from several hundred microseconds to several
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milliseconds.

The continuous discharge is powered by a voltage-regulated
1000V - 500 ma power supply. The anode of the discharge tube is at
ground potential and the cathodes, which are connected together by a
low inductance copper strap, are fed through a series resistor. The
discharge operates best when the voltage drop across the series resis-
tor is at least as large as the discharge voltage. When larger cur-
rents and voltages are needed, the regulation system of the power
supply is bypassed. Currents up to 700 ma are then available at a
variable voltage of 800-1600V , In this situation an additional

filter stage is added to the power supply to reduce 120 Hz ripple.

2.3.4 Use of Oxygen as the Neutral Gas

The problem of sputtered aluminum depositing as a conductive
layer on insulator surfaces can easily be solved by using oxygen as
the working gas. The deposited material then consists of nonconduct-
ing oxides of aluminum, To test this idea, the discharge was
operated in oxygen. After about ten hours of operation, visual in-
spection of the inside of the chamber revealed no trace of sputtered
aluminum metal. The discharge does indeed burn. Operation for a
corresponding period of time in argon results in a thick peeling layer
of aluminum on all exposed surfaces.

The behavior of the oxygen gas discharge differs considerably
from that of the argon discharge used previously. The discharge always
starts very readily, operates at a lower discharge voltage, and works
over a much larger pressure range. The behavior is also much more re-

producible, This change in the nature of the discharge is attributed
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to cathode surface conditions.

The argon discharge did not operate below a minimum pressure of
about 10'3torr. If the pressure was suddenly lowered below the mini-
mum value, the discharge would continue to function but the discharge
voltage would rise slowly. The discharge eventually stops operating
when the discharge voltage exceeds the power supply voltage. If the
pressure is again raised, the discharge at first operates at a very
high voltage with a small discharge current. The discharge voltage
decreases slowly and finally returns to the original level after many
minutes of operation.

This effect has been observed previously by Backus [44]. When
he tested cathodes of various materials, he observed that only Be and
Al exhibit a low discharge voltage of about 300 volts. Other cathode
materials such as Mo, Cu, Zn, and Ni operate at voltages exceeding
2 kilovolts. The low operating voltage is attributed to a surface
layer of oxide.

When the neutral gas pressure is lowered, the oxide is eventually
sputtered off the cathode surface and the discharge voltage rises to
roughly 3 kilovolts. When the neutral pressure is increased, the oxide
layer returns very slowly because only minute quantities of oxygen are
present.

However, if oxygen gas is supplied as the working medium oxygen
ion bombardment of the aluminum cathodes regenerates the oxide layer as
rapidly as it is sputtered away, even at very low pressures. The

oxygen gas discharge operates well at pressures as low as 10'5t0rr.
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Although oxygen gas improves some of the operating characteris-
tics of the discharge and eliminates the deposition of sputtered
aluminum on insulator surfaces, it also creates several problems.

After operating the discharge in oxygen for a long period of time, the
anode becomes coated with a thick layer of nonconducting oxides of
aluminum. This greatly inhibits the operation of the discharge.

Probe measurements are also complicated by this same condition.
Not only does the probe become covered with a nonconducting layer, but
in addition the surface layer supports strong secondary emission
processes,

The cathodes of the discharge have a strong tendency to oscil-
late due to a negative resistance effect associated with secondary
electron emission by electron bombardment. The coefficient of second-
ary emission by electron bombardment can be greater than unity,
apparently because of the presence of the oxide layer. Whenever a
potential difference exists between the cathodes, electron bombardment
occurs at the most positive cathode. That caphode experiences a nega-
tive resistance if the coefficient of secondary emission is greater
than unity. Electron bombardment of the cathodes also occurs under
other circumstances which are discussed in Appendix B. Appendix B
also describes a rough measurement of the coefficient of secondary
emission by electron bombardment.

Despite some of the complications of the aluminum oxides, oxygen
presents an added bonus which is difficult to overlook. The oxygen
discharge produces much more microwave emission at the harmonics of the

electron cyclotron frequency, and is therefore very attractive for this
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investigation.

There is one additional change in the operating characteristics
of the oxygen gas discharge which eventually led to a reduction of the
plasma column diameter from 10.2 cm to 6.6 cm. It was observed that a
larger discharge current is needed to obtain the same plasma density
in the oxygen discharge that was previously obtained in the argon dis-
charge,

Observe that the cathodes collect an ion saturation current at
each end of the plasma column. Since the relationship between the ion
saturation current and the plasma density depends on the square root
of the ion mass, a 60% larger current is needed to obtain the same
density in the oxygen discharge, assuming that the temperature does not
change. This is approximately what is observed.

When the stabilizing grid was introduced, it was observed that
even larger discharge currents were needed. This can be partially
understood on the basis of changes in the radial density profile of
the discharge column. The radial density profile for the stabilized
discharge is relatively flat, whereas the profile for the non-stabilized
discharge is peaked at the center of the column. In addition, the
non-stabilized discharge exhibits large density fluctuations. As a
result, the peak plasma density of the non-stabilized discharge is
significantly larger than that of the grid-stabilized discharge, pro-
vided both are operated at the same discharge current.

In any case, the increased current requirements of the grid-
stabilized oxygen gas discharge exceed the current capability of the

available dc power supply. This problem was overcome by reducing the
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diameter of the anode ring from 10.2 cm to 6.6 cm. This reduces the
effective cathode area and therefore the cathode current at constant
plasma density by a factor of 2.37. Such a reduction in the current
requirement of a 6.6 cm diameter discharge column was verified experi-
mentally.

Unfortunately, the reduction in the diameter of the plasma
column was accompanied by 100-150V increase in the operating voltage
of the discharge. The voltage of the regulated power supply was then
barely sufficient to operate the discharge satisfactorily. Therefore
the power supply was operated unregulated with an additional filter

stage.

2.3.5 Pyrex Discharge Tube

Because the plasma density is a very important parameter in the
investigation of cyclotron harmonic emission, it is essential to have
an accurate microwave interferometer density measurement. Sufficient
Ku-band microwave hardware was available to construct a polar inter-
ferometer at 16.0 GHz. Unfortunately, the brass discharge chamber is
not a very satisfactory environment in which to perform the measure-
ment. The phase measurement is strongly affected by standing waves
and by coupling to resonances of the discharge cavity. This problem
can be partially resolved by 1lining the discharge cavity with a micro-
wave absorber. However, it is difficult to construct an absorber
which has minimal reflection and does not outgas when heated by the
Penning discharge.

The plasma density measurement was finally carried out in a

specially constructed discharge tube with a pyrex vacuum wall, Because
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the wall of the pyrex tube is one-half wavelength in thickness at
16 GHz, reflection by the pyrex tube is minimized. Therefore construc-
tion of the discharge tube is simplified by locating the microwave
interferometer horns outside the vacuum wall. Conventional microwave
absorbing materials are then used to minimize microwave scattering by
the surrounding environment, principally the magnetic field coils.

A scale drawing of the pyrex discharge tube is presented in
Figure 2.8. The important dimensions are identical with the construc-
tion of the 6.6 cm diameter column in the brass discharge chamber. The
cathode and anode diameters are 6.6 cm and the distance between the
cathodes is 43 cm. The same grid structure is used to stabilize both
discharge tubes. Actually, the only major change is that the pyrex
tube has a 3.7" ID, whereas the brass chamber has a 6" ID. Only
oxygen gas can be used in the pyrex discharge tube because of the
sputtering problem. Deposition of sputtered aluminum metal on the
pyrex tube would quickly result in severe reflection of the microwave
interferometer signal.

Both ends of the discharge assembly are attached to sections of
3" 0D pyrex conical pipe. Oxygen gas flows in one end of the device
and out the other end to the diffusion pump. The gas flows around and
behind the cathode and through holes in the brass end plate. A teflon
0-ring gasket provides the necessary spacing between the cathode and
the anode (4-5 mm). The grid support structure is an integral part of
the anode, Parallel wire grids at opposite ends of the discharge tube
are rotated 90° with respect to each other in an effort to minimize the

spatial density variation associated with the grids.
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An aluminum ring at the midplane of the device provides access
to the plasma. A probe assembly is mounted thereon to obta{n radial
profiles of the ion saturation current. In order to obtain an accu-
rate indication of the neutral gas pressure inside the discharge tube,
a thermocouple gauge tube is also attached at this location.

The entire assembly is held together by six threaded rods. Two
brass rods, which also serve as a low inductance electrical connection
between the cathodes, are shown in the scale drawing. These rods are
insulated from the anodes by covering the rod with lucite tubing. In
addition, there are four stainless steel rods (actually threaded
stainless steel tubing) which are not shown because they are located
at a different angular position than the cross section which is drawn
(see Figure 2.5). They provide most of the tension which compresses
the 0-rings and in general keeps everything together, including the
pyrex conical pipe at each end.

The stainless steel tubing is in direct contact with the anodes
and the aluminum ring insert, but is electrically insulated from the
cathodes. Cold water flows through the tubes; thus they provide cool-
ing and also serve as an electrical interconnection for the anodes and

the ring insert, Water cooling is also provided for the cathodes and

forced air cooling is provided for the pyrex tube,

2.3.6 Grid Stabilization of the Plasma Column

Several grid configurations were tried and it was determined
that they all worked equally well., One of the first configurations

consisted of two orthogonal layers of parallel tungsten wires., The
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7.5 mil wires were spaced at 0.200 inch intervals, giving a transpar-
ency of 92.5% for the two layers. The grid was attached at the
midplane position of the brass discharge tube. The grid was found to
be extremely effective in eliminating fluctuations in the cathode

vol tage, floating potential, and ion saturation current.

Probe measurements carried out on the turbulent plasma of the
nonstabilized discharge display chaotic fluctuations of the ion satura-
tion current and the floating probe potential. The ion current re-
ceived by the probe is very spiky in appearance. The fluctuations
are several times larger than the average value of the ion saturation
current. Fluctuations in the floating potential of the probe frequent-
ly exceed 100 volts peak to peak.

In comparison, ion saturation current fluctuations for the grid-
stabilized plasma are less than 1% and fluctuations in the floating
potential are reduced by three orders of magnitude. Because the
stabilizing grid can easily be installed or removed, it is relatively
simple to determine what effects, if any, the plasma turbulence has on
the experimental results.

When one layer of wires is removed from the grid, the effec-
tiveness of the grid does not change. Thus, a parallel wire grid is
equally as effective, but much more transparent. The grids which are
used for the 2.6 inch diameter plasma column consist of .010 inch
tungsten wires spaced at ,100 inch intervals. Two such parallel wire
grids are used, attached to the anode ;tructures at each end of the

discharge structure, as in Figure 2.8.
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The grids have an important effect on the plasma density pro-
file. Radial profiles of the ion saturation current indicate a
periodic spatial variation in the plasma density. The periodicity
corresponds to the spacing of the grid wires. The magnitude of the
variation increases with magnetic field and decreases with neutral gas
density. Hence, the grid wires cast shadows in the plasma along the
magnetic field and the plasma is maintained in these shadow regions by
diffusion from the surrounding plasma. The plasma generation rate in
the shadow regions is greatly reduced because energetic electrons are
collected by the grid.

The grids, as designed, have an additional defect. The grid
support structure does not compensate for expansion of the tungsten
wires upon heating by the piasma. As a result, the wires warp and the
spacing of the grid wires becomes nonuniform, This results in a
larger scale density variation which changes with the plasma density.

The severe heating of the grids by the high density plasma pre-
sents yet another problem. The hot tungsten wires oxidize excessively.
As the oxide layer grows, the transparency of the grids decreases and

the discharge voltage becomes excessive,

2.3.7 Typical Voltages and Radial Profiles

The description of the plasma will be concluded with a synopsis
of the operating characteristics of the discharge. Each of the many
variations of the Penning discharge exhibit somewhat different macro-
scopic parameters., However, the differences are mainly quantitative,

such as a change in the operating voltage., The most important
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qualitative changes are associated with the presence of the stabilizing
grid.

The probe used to obtain radial profiles of the floating poten-
tial and ion saturation current and fluctuations in these parameters
consists of a .030" diameter platinum wire sheathed by a thin glass
tube. The probe is directly attached to a linear potentiometer. Ion
saturation current profiles were plotted on the X-Y recorder by using
the linear potentiometer to drive the X axis and the ion current to
drive the Y axis. Profiles of the floating potential were obtained in
a similar fashion,

Figure 2.9 displays the I-V characteristics of the 2.6" diameter
column for several values of the oxygen gas pressure. Note the changes
in both the cathode voltage, Vc » and the floating potential, Vf » when
the stabilizing grid is present. The I-V characteristic of the dis-
charge changes somewhat with magnetic field but remains qualitatively
the same. The cathode voltage of the 4.0" column, if shown, would be
considerably smaller than that of the 2.6" discharge column. Also, when
argon is used as the working gas, the magnitudes of VC and Vf change
noticeably. The qualitative behavior, however, is similar.

Because the harmonic emission spectrum is obtained at a fixed
microwave receiver frequency by sweeping the magnetic field, it is of
interest to know how the discharge characteristics change with the
field. This is indicated in Figure 2.10. The cathode and floating
potentials are indicated for several values of the oxygen gas pressure
and the same parameters are noted for the grid stabilized discharge.

Again, these curves describe the 2.6" diameter column., Because the
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parameters of the non-stabilized discharge exhibit large amplitude
fluctuations, the corresponding curves indicate time averaged values.
Again, the first thing to be noted from these curves is the
effect of the stabilizing grid on the cathode and floating potentials.
The floating potential is greatly reduced by the presence of the grid.
The cathode voltage increases markedly at low magnetic fields, es-
pecially when the neutral gas pressure is low. This latter effect
results from the fact that the grids intercept some of the energetic
electrons which sustain the discharge. Balance between the plasma
generation and loss rates then takes place at a larger voltage. At
higher pressures a smaller fraction of the energetic electrons are
lost because they pass through the grids fewer times. At high mag-
netic fields the grid produces only a small change in the cathode
vol tage.

Note the behavior of Vc and Vf in the nonstabilized dis-
charge when the neutral gas pressure is low. When the magnetic field
is about 0.5 Kgauss, these parameters change rapidly. This behavior
coincides with the onset of gross instability on the plasma column.
Naturally, this effect does not appear in the grid-stabilized dis-
charge, .

Finally, radial profiles of the nonstabilized and grid stabil-
jzed plasma columns are presented in Figures 2.11a and 2.11b,
respectively. These profiles of the floating potential and ion
saturation current were obtained from the 2.6; diameter column of the
pyrex discharge tube. The ion saturation current profiles are found

to depend strongly on the magnetic field when the field is less than
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1 kilogauss. The corresponding changes in the potential profile are
not as great., The effect of the grid on the magnitude of the radial
electric field is particularly noticeable.. Also displayed are the
spatial density variations associated with the stabilizing grid.
Again, the profiles obtained from the nonstabilized discharge repre-
sent the time averaged values over large amplitude fluctuations.
Microwave interferometer density measurements of the 2.6" plasma

column indicate that when the magnetic field is swept and the dis-
charge is operated at constant current, the average plasma density
remains nearly constant. The density decreases noticeably only when
the field drops below 0.2 kilogauss. However, as noted above, the

density profile does change significantly.

2.4 Analysis of Energetic Electrons

As already indicated, the Penning discharge is sustained by the
presence of a significant number of high energy electrons (E > 15 eV).
Since these electrons appear to be the source of nonthermal harmonic
emission, it is of interest to know such parameters as the generation
rate, number density, and energy distribution of these electrons. For
~the neutral gas pressure range used in the experiments, the energy
loss of the energetic electrons is dominated by inelastic electron-
neutral collisions. Therefore, an indication of the energy distribu-
tion of electrons with energies greater than 20 eV can be obtained
from the probabilities of ionization and excitation,

As noted earlier, the high energy electrons in the Penning dis-

charge are produced as a result of ion bombardment of the cold aluminum
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cathodes., The ions strike the surface with an energy equal to the
difference between the plasma potential and the cathode potential,
typically 400-800 eV. Secondary electrons result by either kinetic
or potential ejection. For a clean metal surface and ions of these
energies, the only important process is Auger excitation of conduction
band electrons [45]. 1If Ji is the incident ion saturation current,

then the secondary electron emission current, Je » 1S given by

J_ = vy.d (1)

e i
where Y; is the coefficient of secondary emission by ion bombardment.
The presence of an oxide layer on the cathode surface has been dis-
cussed in Section 2.3.4, and a measurement of Y; for the oxide covered
cathodes is described in Appendix A.

The secondary electrons are accelerated into the plasma column
by the cathode sheath, acquiring an energy, Eo » corresponding to the
difference between the cathode potential and the plasma potential. The
secondary electrons have nearly identical energies and constitute a
diffuse, low temperature electron beam. At every point on the radial
profile of the plasma column, the electron beam density is a constant
fraction of the plasma density. That fraction is determined mainly by

the value of Yi The electron beam density, Ny is given by

Yidi(r)

n (r) =
b evy

where Vh is the injection velocity of the beam(= /EEO7m), and Ji(r)

is the ion saturation current profile.
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The total discharge current is equal to the surface integral of

the total current density, Ji + Je , at each cathode,
R

I =2 L (Ji + Je) rdr d6

R
4w(1 + Yi) £ Ji(r) rdr

Therefore the spatially averaged ion saturation current, secondary elec-

tron current, and electron beam densities are given by the following

equations:
%o ™ (1 + ii)anZ (2)
Jeo = 7 Ii"i 2n1R2 (3)
Mbo = ieeb (4)

The equivalent generation rate, G , of fast electrons per unit volume

of the discharge is given by

g= 20 (5)

where L 1is the length of the plasma column.

For the oxygen gas pressures used in the experiment, nearly all
of the secondary electrons are repeatedly reflected by the cathodes
until most of their energy has been expended by inelastic ionization
and excitation collisions. The electrons retain some energy because
the cross sections for the inelastic processes vanish at energies below

10-15 eV,
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The energy loss rate for the energetic electrons can be ex-

pressed in the form

g%— ==y <AE> (6)

where vy is the ionization collision frequency and <AE> 1is the
average energy loss per ionization time. Energy loss by excitation
collisions can thereby be included by assuming that the probability
of excitation has the same energy dependence as the probability of
ionization. From Brown [46], the ionization collision frequency v,

i
is given by

where T 1is the temperature of the neutral gas, p 1is the neutral

gas pressure in millimeters of Hg, Pi is the probability of ionization,
and vp s the electron velocity (em/sec). If T = 300°K, then equa-
tions (6) and (7) give

& (8L =-1.62 x 10° /ETeV) p(mm) P, (E) (8)

sec

where E = %-m vé :

Figure 2.12 displays the energy dependence of Pi for 02 gas
[47], and also the energy loss rate, dE/dt, for several values of the
oxygen gas pressure. Also indicated for comparison is the energy loss
rate to the thermal plasma electrons via Coulomb collisions.

As the beam electrons move through the plasma, they give up

energy and acquire an energy spread. For high neutral gas pressures,
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the energy distribution function of the beam changes rapidly as a
function of distance from the cathode. Moreover, there is very little
overlap of the beams injected on successive transits of the discharge.

At Tower pressures such that the ionization length is much
longer than the discharge dimension, electrons emitted on successive
transits of the discharge have nearly the same energy. In this case,
the energy distribution function is nearly independent of position
and there is no well defined beam of electrons. Rather, there is
almost a continuum of high energy electrons,

The neutral gas pressures used in the experiment lie between
the extremes indicated above. There is a well defined electron beam
in the vicinity of the cathode but after several inelastic collisions,
the energetic electrons form a continuum,

A good estimate of the energy distribution function, f(E), for
the continuum of energetic electrons can be obtained from the energy
dependence of the inelastic loss rate. In energy space, there is a
source of electrons at E0 » the energy at which beam electrons are
injected into both ends of the discharge. If the only electron sink

is located at E < 20 eV, then the continuity equation in energy space,

d(f )
i (9)

is valid for 20 eV < E < E0 ;
For steady state operation of the discharge (df/dt = 0), the

flux of electrons in energy space is independent of E and is given



b=
by

fE) §= = @ (10)

The energy distribution of the energetic electrons is then given by

f(E) = goar (11)

where dE/dt is given by equation (8) and G 1is given by equation
(5). Thus, the full expression for f(E) is

¥

L I

f(E) = v~ 7730 (12)
i enRzLPi p(mm)<AE>vE

The speed distribution, g(u), of the energetic electrons can be ob-

tained from the relationship
g(u) = f(E) %% (13)

The expression for gq(u) 1is then

_ 3 T m I
9(u) = 1+Yi 273° e nRzLPi p (mm)<AE> 14)
Substitution of appropriate parameters into the above equations
yields a quantitative picture of the high energy electrons. Table
2.1 presents a summary of the results obtained on substitution of the
listed parameters into the indicated equations. Fdr simplicity, the
computations are based on a plasma density of 10]2/cm3. See Appendix

A for a measurement of Yi -
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TABLE 2.1
Parameters Equation Results
_1012,.3 o B i 2
Ne 10" " /cm (2) Jio = 5,2 ma/cm
- = 2
I = 500 ma (3) &5 2.1 ma/cm
R = 3.3 cm (4) npo = 1.0 x 107cn™
L = 43 cm (5) G~ 6.0 x 1014cm'3sec"1
v = 0.4 (8) dE = -1.62 x 107/ P, (E)ev sec”!
9 . 3.75 x107 3,1
v, (600eV) = 1.45x10 12 f(E) & ————————
b( ) cm/sec  (12) (E) ey P, (6) cm eV
<AE> = 30 eV
p = 10 mtorr 0, (14) g(u) = ;‘25 em 4sec

The results of the computations are illuminating. The electron
beam is indeed diffuse, having a dénsity which is five orders of magni-
tude less than the plasma density. The energy distribution, f(E) , is
graphed in Figure 2.13 for several values of the oxygen gas pressure.
Also indicated is the energy distribution of the secondary electron
beam, fb(E). Close to the cathode, fb(E) = nb/Tb , where Tb is the
energy spread (or temperature) of the beam. The dashed line indicates
a transition region wherein f(E) may have some structure as the elec-
tron beams injected on successive transits of the discharge acquire
energy spread and blend together to form a continuum of energetic elec-
trons. There are very few electrons such that E > E0 » where Eo is
the beam energy, simply because electrons for which E” > E0 are not
reflected by the cathodes.

| The total number of energetic electrons (E > 25 eV) can be es-

timated by inteqrating f(E) . The resulting quantity varies inversely
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with the neutral gas pressure. When the oxygen gas pressure is 10

mtorr,

600

£(E) dE = 2 x 108m~3

2
Thus, the energetic electrons comprise only a small fraction of the
total number of plasma electrons (.02% at 10 mtorr).

It is also of interest to compute the time dependence of the
energy of the fast electrons. Since we already know the energy loss
rate as a function of energy, dE/dt = H(E) , a relationship between
time and energy is given by the expression

. E
<(E) i ey (15)
0

Here, Eo is the initial enerqgy of the fast electron and H(E') =
dE/dt 1is given by equation (8) and Figure 2.12. Numerical evaluation
of the integral gives T as a function of the electron energy E .
The results of such a computation are presented in Figure 2.14, except
that E 1is plotted as a function of T to give E(t) . The insert
shows the low energy region of the curve in greater detail. Note that
the faster electrons (E > 100 eV) lose energy very rapidly, but that
the rate of energy loss decreases markedly at low energy as expected.

Although the curve presented in Figure 2.14 corresponds to an
oxygen gas pressure of 10 mtorr, the result is directly proportional to

the inverse of the pressure,.
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CHAPTER 111
EXPERIMENTAL INVESTIGATION OF HARMONIC EMISSION

3.1 Introduction

This chapter presents the results of a systematic experimental
investigation of microwave emission at the harmonics of the electron
cyclotron frequency. The usual features of the harmonic emission
spectrum are explored, with several notable exceptions. The Penning
discharge is operated in both oxygen and argon. Harmonic emission is
investigated in a grid-stabilized discharge in which low frequency in-
stabilities and turbulence have been suppressed to produce a quiet
plasma. Harmonic emission is also observed from a pyrex discharge
tube as well as from a more conventional metal discharge chamber,

In Section 3,2 the basic features of the harmonic emission
spectrum are presented. The dependences of the harmonic emission on
the discharge current (plasma density) and the neutral gas pressure
are indicated. Subsequently, three features of the harmonic emission
spectrum are investigated in greater detail. The shape of the har-
monic emission lines is examined in Section 3.3 and the emission line
locations relative to the harmonics of the electron cyclotron frequency
are measured in Section 3.4, The polarization of the emission is
explored in Section 3.5.

In the remaining sections other specific aspects of harmonic
emission are taken up. When the dimensions of the plasma column are
altered or a stabilizing grid is inserted across the plasma column,

the harmonic emission spectrum is affected. Therefore, the effects
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of alterations to the plasma column and the surrounding environment
are described in Section 3.6. In order to assess the importance of
the receiver frequency, the harmonic emission is observed simultane-
ously at both 10 GHz and 50 GHz. This measurement is described in
Section 3.7. The low power level absorption spectrum is investigated
in Section 3.8 and compared with the emission spectrum. The plasma
density dependence of the harmonic emission is examined in Section 3.9
with the aid of a microwave interferometer and the significance of the
existence of a hybrid layer is discussed. Later, in Chapter IV, the
experimental results presented in this chapter are compared with many
of the possible theoretical models.

It should be kept in mind that one purpose of this chapter is
to establish a basis for a general qualitative test whereby the rela-
tive merits of the various proposed or suggested theoretical models
can be evaluated. Therefore much of the chapter is devoted to estab-
lishing a list of several of the basic features of the harmonic emis-
sion spectrum as observed in the Penning discharge. Because many of
the harmonic emission theories involve extensive approximations, it
is important that those features be very basic in nature and least
sensitive to such approximations. For the same reason the comparison
will, for the most part, be qualitative.

The following items have been chosen for comparison with the
predictions of the various theories:

1. The location and symmetry of the harmonic emission lines. It is
found that the harmonic emission lines, which are nearly sym-
metrical in shape, are located at the harmonics of the electron

cyclotron frequency.



-69-

The role of low frequency instabilities and turbulence. It is

found that the harmonic emission is not significantly affected

by the radial electric field, the low frequency drift instabili-
ties, or the plasma turbulence which are so characteristic of the
nonstabilized Penning discharge.

The absolute value of the emission intensity. The power received

by the microwave horn, which is only a small fraction of the total
power radiated by the plasma column of the pyrex discharge tube,

is approximately 1.6 x 10_18watts/Hz (TR = 10 eV).

The relationship between the absorption spectrum and the emission

spectrum. In the vicinity of the higher harmonics, there is no
apparent relationship between the absorption spectrum of the plasma
column and the emission spectrum.

The significance of the upper hybrid frequency. It is found that

the existence of an upper hybrid layer on the plasma column is a
necessary condition for the observation of harmonic emission. As
the plasma density is increased, there is a sharp onset of
harmonic emission when the hybrid layer condition is satisfied.

Although the process of establishing these features of the harmon-

ic emission is an important part of this chapter, it is not the only

function. The main purpose of this chapter is to present as much

experimental information as possible. Included are additional features

of the harmonic emission spectrum which could have been added to the

above 1ist but have not been for several reasons. Many features of

the emission spectrum tend to be excessively quantitative or are fea-

tures which are not dealt with by most of the theoretical models.

Also, comparison with theory is simplified by keeping the 1ist as

short as is feasible,
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3.2 The Harmonic Emission Spectrum

3.2.1 Harmonic¢ Emission in Argon and Oxygen

A principal feature of the harmonic emission spectrum is the de-
pendence of the emission intensity on the discharge current. This
feature is displayed in Figures 3.1 and 3.3. These emission spectra
were obtained using the microwave receiver diagrammed in Figure 2,1,
The harmonic spectrum is recorded at a fixed receiver frequency by
sweeping the magnetic field. The equivalent radiation temperature,

TR » of the plasma emission is calibrated in eV units using the stand-
ard noise source.

Figure 3.1 shows how the higher harmonics in the emission spec-
trum appear in the oxygen discharge as the discharge current is in-
creased, When the discharge current is very low, the equivalent
radiation temperature of the emission is also very low, only several
hundred degrees Kelvin above room temperature. When the discharge
current reaches a specific value, depending on the magnetic field
strength, there is a sudden onset of the plasma emission,

For larger discharge currents, the harmonic emission spectrum is
nearly independent of the discharge current. The bottom graph of
Figure 3.1 shows the harmonic emission spectrum corresponding to this
situation. An expansion of the same spectrum, which shows the higher
harmonics more clearly, is presented in Figure 3.2. The emission in-
tensity between the harmonics is typically 1 eV, whereas the emission
intensity at the harmonics often reaches 45 eV, The sequence of

spectra displayed in Figures 3.1 and 3.2 was obtained from the 2.6"
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diameter nonstabilized plasma column of the modified discharge chamber
sketched in Figure 5. 2.

Similar behavior is also observed in the argon gas discharge.
Figure 3.3 shows how the emission spectrum of the 4" diameter argon gas
discharge evolves as the discharge current is increased. The intensity
of the harmonic emission lines is not as great but the intensity be-
tween the harmonics is approximately the same as for the oxygen dis-
charge. Note that harmonic emission is observed at a lower discharge
current in the argon discharge in spite of the fact that the cathode
diameter is significantly larger.

The argon plasma column was produced using the discharge chamber
of Figure 2.7. Although this discharge chamber was used exclusively
in the initial stages of the investigation, much of the data presented
in this report were obtained using the 2.6" diameter plasma column of

the nonstabilized discharge tube shown in Figure 5.2 .

3.2.2 Effect of Neutral Gas Pressure

When the neutral gas pressure is varied, the principal effect
on the emission spectrum is a change in the emission intensity. Figure
3.4a shows how the amplitudes of several harmonics of the 2.6" diameter
nonstabilized oxygen discharge depend on the neutral gas pressure.
Figure 3.4b compares the harmonic emission intensities observed when
using argon and oxygen in the 4" diameter brass discharge chamber. The
indicated difference in emission intensities is noteworthy.

Dreicer observed that at low helium gas pressure, the higher
harmonics disappear from the emission spectra [15]. Essentially the

same behavior is observed in the present investigation. It is found
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that the higher harmonics appear in the oxygen discharge as the neutral
gas pressure is increased, just as in the situation of increasing dis-
charge current. However, in order to observe this effect, it is first
necessary tﬁ set the discharge current at a sufficiently large value
so that harmonic emission will be observed at high pressure.

In the case of the onset of harmonic emission with increasing
discharge current, it is believed that the onset occurs at a critical
plasma density. A similar explanation may hold for the observed
pressure dependence if it can be shown that the plasma density increases
with the neutral gas pressure.

To test this hypothesis, the pressure dependence of the electron
density was monitored using the microwave interferometer. With the
discharge current held fixed at 200 ma, the phase shift of the inter-
ferometer was recorded as a function of the neutral gas pressure. The
results are shown in Figure 3.5. From the data, it.is obvious that the
electron density in the Penning discharge is indeed strongly dependent
on the neutral gas pressure, at least in the low pressure range
P < 10 mtorr. In addition, it can be seen from the data presented in
Figure 3.16 that even at higher pressures, P = 10-30 mtorr, the plasma
Hensity continues to increase with the neutral gas pressure. In view
of these results, it is not surprising that a similar effect can be
observed by varying either the discharge current or the neutral gas
pressure.

There is one notable feature of the lower harmonics of the spec-
trum which is especially evident at low pressure. At the lower

harmonics (m < 3), the emission lines have a different shape. A
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narrow absorption resonance is almost always visible on the m = 2
emission line., However, when the neutral gas pressure is less than

1 mtorr, a similar resonance is also observed at the m = 3 harmonic.
This feature is evident in the emission spectrum displayed in Figure
3.6, It is observed that when the neutral gas pressure is increased
the absorption resonances broaden and become smaller in amplitude.

It might be noted that a significant amount of information can
be obtained from the emission spectrum. For example, the emission
spectrum indicates the location, width, shape, and amplitude of the
harmonic emission lines and how éach of these depends on the harmonic
number, In addition, there are two principal independent experimental
variables which influence the parameters listed above. They are the
discharge current and the neutral gas pressure, A strong dependence of
the harmonic emission amplitude on the discharge current has already
been demonstrated. A weaker dependence on the neutral gas pressure is
also observed. But whdt is remarkable is the observation that the
location, shape, and width of the emission lines seem to be independent
of both the discharge current and the neutral gas pressure. As a
result, Figures 3.1-3.4 constitute a large portion of the experimental

description of the cyclotron harmonic emission phenomenon.

3.2.3 Other Measurements

The shape, width, and location of the harmonic emission lines .
are three features of the emission spectrum which are difficult to
determine accurately from the emission spectra as presented in Figures
3.1 and 3.3. Because of the narrowness of the emission lines, it is

necessary to expand the frequency scale in the vicinity of the desired
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harmonic before these parameters can accurately be determined. When

this is done, it is found that all three features are seemingly indepen-
dent of both the discharge current and the neutral gas pressure,

As an example, Figure 3.5 indicates how the width of the emission
lines at the -3 db amplitude fluctuates when the neutral gas pressure
is varied. Figure 3.5a was obtained frbm a grid-stabilized plasma
column and Figure 3.5b was obtained from a turbulent plasma column.

The shape of the harmonic emission lines is examined more
thoroughly in Section 3.3 and the emission line location is measured in
Section 3.4 using NMR techniques. The polarization of the harmonic
emission is explored in Section 3.5.

It is found that the harmonic emission spectrum is relatively
static with respect to the experimental variables. Except for the
hybrid layer condition, only limited changes in the emission spectrum
are observed as the discharge current and the neutral gas pressure are
varied. Therefore, it is of interest to investigate other circumstances
which affect the harmonic emission spectrum,

Experimental results have already been presented which were ob-
tained using different configurations of the Penning discharge. Plasma
column diameters of 2.6" and 4" were used and the data presented in
Figure 3.7b were obtained using a grid-stabilized discharge. Other
modifications to the plasma column and the surrounding environment were
carried out in an effort to determine what effect they have on the
harmonic emission. The results of this investigation are discussed in
Section 3.6 and provide a basis for comparison of the emission spectra

obtained under various conditions.
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In order to assess the importance of the receiver frequency,
the harmonic emission is observed simultaneously at both 10 GHz and
50 GHz. The results of this investigation are reported in Section 3.7.
It is found that the emission spectrum at 50 GHz contains a very large
number of harmonics of the cyclotron frequency and that harmonic
amplitude falls off slowly with harmonic number.

The low power level absorption spectrum is investigated in Sec-
tion 3.8 and compared with the emission spectrum. The absorption
spectrum is inferred from the transmission and reflection properties of
the plasma column. No absorption resonances are detected in the
vicinity of the higher harmonics (m > 4) of the electron cyclotron
frequency. However, an absorption resonance is observed at the m = 2
harmonic. This effect appears to be related to the absorption dip
which is observed in the emission spectrum at the m = 2 harmonic.

The plasma density dependence of the harmonic emission is ex-
amined in Section 3.9 with the aid of a microwave interferometer and
the significance of the existence of a hybrid layer is discussed. The
sudden onset of harmonic emission as the discharge current is increased
indicates a strong dependence on the electron density. Dreicer con-
cluded that the onset of the harmonic emission coincides with the
existence of a hybrid layer on the plasma column [15]. The experi-
mental evidence presented in Sections 3.7 and 3.8 lend support to this
concept. However, microwave interferometer measurements of the elec-
tron density by Hanisch and Stetson indicate that the harmonic
emission is present long before a hybrid layer is established on the

plasma column [23]. In an attempt to clarify this point, a microwave



-82 -

interferometer density measurement has been included in this investi-
gation. The results verify the conclusions of Dreicer, that the
existence of a hybrid layer is a necessary condition for the harmonic

emission.

3.3 Emission Line Shape

Since the emission line shape did not appear to change signifi-
cantly, it was analyzed in detail on only one occasion. The results
are reported in this section. The shape of the emission lines should
provide useful information concerning the nature of the harmonic
emission mechanism,

The microwave supgrheterodyne receiver is set up to detect the
extraordinary po1afization of the emission and is operated as indi-
cated in Figure 3.9. A tunable microwave filter is employed to reject
the image frequency of the receiver. The receiver bandwidth is then
determined by the 4 MHz bandwidth of the I-F amplifier. The line
shape is recorded at several harmonics while sweeping the magnetic
field at a very slow rate. The recorded line shape for the m= 4
harmonic is presented in Figure 3.8a.

The emission line is observed to be nearly symmetric with
respect to the emission maximum, It is fairly evident that the shape
of the emission line is not Gaussian and a more detailed examination
revealed that it is not quite Lorentzian either. However, a very good
fit to the line shape can be obtained using a more general expression

of the form

tla) = A + B (16)
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where A and B are the relative amplitudes of the emission line and
the background radiation, respectively, A is the emission line half-
width, and n 1is a number which is adjusted to give the best fit.

For harmonics m=4 and m=5, n is found to lie between
1.3 and 1.4. Figure 3.8b shows the line shape given by equation (16)
when n = 1.4 . Note that the dashed line indicates the value of the
constant B which must be added to the frequency dependent term in
order to obtain the experimentally observed line shape. This suggests
that even between the harmonics much of the emission may be nonthermal
in origin.

In Figure 3.8c the experimental line shape, n = 1.4 , is com-
pared to a Lorentzian line shape, n = 2.0. This points out clearly
how sharp the maximum of the observed line shape is, and also how
slowly the emission amplitude falls off in the tails of the emission
line. The sharpness of the emission maximum is very beneficial for
accurate determination of the emission line location relative to the
magnetic field (see Section 3.4).

Although the line shape at higher harmonics (m > 5) appears to
be the same, it is difficult to carry out an accurate analysis because
of the fact that the emission 1ines overlap extensively. However, the
shapes of the m = 3 and m =2 harmonics differ from those

of the higher harmonics. The shape of the m = 3 harmonic is
only slightly different and corresponds roughly to n = 1.1 . However,
the m = 2 harmonic has an entirely different shape and can not be

described using equation (16).
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In general, it is difficult to compare these results with the
line shapes observed in other experiments., When the emission spectrum
containing all of the harmonics is displayed on a single graph, the
emission lines are so compressed that the line shape can not be ac-
curately determined. The line shape can be evaluated accurately only
when the emission spectrum is greatly expanded in the vicinity of an
emission line,

For this reason, it is generally difficult to make comparisons
with the compressed emission spectra presented by Landauer [4,6] and
Dreicer [15]. In one instance, Dreicer [17] did investigate the line
shape and found a definite asymmetry. However, such an asymmetry is
not noticeable in the compressed emission spectra and is not found to
be significant in the present investigation.

Tetenbaum [13] observed a line shape which is essentially iden-
tical with that described above by equation (16). However, he was
observing emission from anr-f generated plasma.

The harmonic emission lines observed in this experiment have
been found to be nearly symmetrical in shape. The fact that the line
shape is similar to a Lorentzian might suggest collision broadening.
However, the fact that the width of the emission lines is independent
of the neutral gas pressure indicates that this is definitely not the
case, The process which determines the shape of the emission Tines is

clearly more complicated.
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3.4 Emission Line Location

3.4.1 Method of Measurement and Result

An experiment was undertaken to determine the exact location of
the emission maxima relative to the harmonics of the electron cyclo-
tron frequency, w = mo . A NMR gaussmeter is utilized for an accurate
measurement of the magnetic field.

Using the proton resonance in water, the NMR frequency, v , is

related to the magnetic field by

v = yB where vy = 4,25759 x10'3MHz/gauss (48]

The cyclotron frequency, fc , at the emission maximum is then

3o

S U - P b | Vo
fc(GHz) o B = e 0.657465v (MHz)

When normalized to the microwave receiver frequency, the location of
the emission maximum relative to the harmonic position is given by
mf mw
€ w o Ca V(MHz
o ol 0.657465m Flohz
where f is the microwave receiver frequency.
A block diagram of the experiment is given in Figure 3.9. The
NMR frequency is displayed by the frequency counter and the microwave
receiver frequency is measured using the cavity wavemeter. One side-
band of the superheterodyne receiver is rejected by the tunable tee

filter. The bandwidth of the receiver is then equal to the 4 MHz

bandwidth of the I-F amplifier.
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The location of each maximum is determined by repeatedly sweep-
ing the magnetic field s]owiy through the emission maximum. The NMR
frequency is repeatedly adjusted until the NMR resonance is exactly
centered on the oscilloscope graticule at the time of maximum emission.
The precision of this method is limited by the sharpness of the emis-
sion line. In the Penning discharge, the maxima are quite sharp, as
indicatéd in Section 3.3. The results of the NMR measurement were
reproducible on different days to 1 part in 3000. They are given in
Table 3.1 and are plotted in Figure 3.10.

A measurement was carried out to determine if the emission lines
shift position as the discharge current or the neutral gas pressure are
varied, No detectable shift (> 0.1%) of the m = 5 harmonic is ob-
served when the neutral gas pressure is varied over the range of 5-100

mtorr and the discharge current is varied from 250-600 ma.

3.4.2 Accuracy of Measurement

As indicated by the magnitude of the error bars in Figure 3.10,
the accuracy of these results is not determined by the precision of
the measurement. This is due to the presence of numerous sources of
systematic error. These include spatial inhomogeneity of the magnetic
field, wavemeter inaccuracy, and current ripple in the field coil.

The magnetic field variation over the volume occupied by the
plasma (r < 1.3") is 0.25% from minimum to maximum. This value is ob-
tained from NMR measurements and also from computer calculations which
determine the proper spacing of the field coils. However, the NMR

probe must be located at a radius of 3" during the measurements of
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Table 3.1 Numerical Data for NMR Measurement of Emission Line
Location
.
m_ v(MHz) w (+ 0.1%)
3 3.7750 1.00050
4 2.8297 0.99995
5 2.2635 0.99985
6 f = 7.442GHz
— —e—
4+ b
m — —-e—
2_..
~ WIDTH OF EMISSION LINES
2 .
DDA [ N IR [ TR Y N W TR (N N NN (N
0.990 0.995 1.000 1.005 1.010
mWe/W

Figure 3,10 Location of the Emission Lines Relative to the Harmonics
of the Electron Cyclotron Frequency
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emission line location. At this radius, the axial field variation is
1.06% from minimum to maximum,

The NMR measurements of the magnetic field were performed at the
axial positions of minimum and maximum field. It is necessary to pre-
dict from these measurements, the average value of the magnetic field
in the region occupied by the plasma. To facilitate the determination
of accurate adjustment factors, NMR probe measurements of the magnetic
field profile of the empty solenoid were obtained. Any error in the
adjustment factors so determined results in a systematic error in all
of the emission line locations measurements,

The wavemeter manufacturer indicates that the accuracy of the
wavemeter is 0.08%. To check the calibration of the wavemeter, it was
compared with an HP X532B wavemeter in the overlapping frequency range
of 8.2-9.0 GHz, The two wavemeters agreed to 1 part in 4000, indicat-
ing that the calibration is somewhat better than the manufacturer's
specification,

The SCR power supply for the field coils is operated from the
240V three phase line. The resulting 180 Hz current ripple in the
field coils is about .04% rms for the values of the magnetic field
used in the measurements. In addition, 60 Hz and 120 Hz current
ripple are also present. They can be generated by asymmetric triager-
ing of the SCR's. Although the 60 Hz ripple is somewhat smaller at
the power supply output, it can become important in the field coil
because the filter is only 4% as effective at 60 Hz as it is at 180 Hz.
The 60 Hz and 180 Hz time dependences of the magnetic field do not re-

sult in errors in the NMR measurement which employs a 60 Hz sweep.
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The NMR measurement gives the time average value of the magnetic field
when only these frequency components are present, Current ripple at
120 Hz, however, does result in a systematic error. The amplitude of
such ripple is estimated to be relatively small, probably less than
0.01% rms.

Other sources of systematic error, such as the accuracy of the
frequency counter, are negligible in comparison with the previously
described errors. The net result of these independent systematic
errors is a probable error of 0.1% in determining the location of the

emission maxima relative to the harmonic positions, w = m, .

3.4.3 The Lower Harmonics

Although the determination of the absolute locations of the
emission maxima is limited by the accuracy of the measurement , the
determination of their relative positions is limited only by the pre-
cision of the measurement. Therefore the displacement of the m = 3
peak relative to the m = 4,5 peaks in Figure 3.10 is probably real.

Further evidence of this is found in the emission spectra at
the m= 2 harmonic. As displayed in Figure 3.6, there is a dip
offset to one side of the m =2 emission 1line. NMR measurements
indicate that this dip is located at the m = 2 harmonic of the elec-
tron cyclotron frequency. Therefore, the m =2 emission line is dis-
placed slightly in the direction ZmC/m > 1 . At low neutral gas
pressure, the dip becomes very narrow and a similar dip is also ob-
served at the m = 3 harmonic. Again the dip location is such

that the emission line is slightly displaced in the direction

3wc/w > 1 vrelative to the dip.
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It appears that at the higher harmonics (m > 4), the emission
lines are centered at the harmonic locations. However, for the m = 2
and possibly the m = 3 harmonic, there seems to be a real displace-
ment from the harmonic location. It should be noted that even in the
case of the m =2 harmonic where the shift is greatest, the effect

is still considerably less than 1%.

3.4.4 Summary

Measurements of the time and spatial averaged magnetic field
indicate that within experimental accuracy, the m > 4 emission peaks
are located at the harmonics of the electron cyclotron frequency. From
the accuracy of the measurement, the emission line width is at least
20 times greater than any residual displacement from the harmonics
locations., It can therefore be arqued that unlike the situation en-
countered in other plasma configurations [8-10,12], displacement from
the harmonics is not a significant feature of the m > 4 emission

spectrum of the Penning discharge.

3.5 Polarization of Harmonic Emission

When observing emission from the pyrex discharge tube, the
microwave receiver horn can be rotated to detect either the ordinary
wave or extraordinary wave polarization of the plasma emission., Measure-
ments indicate that the harmonic emission is polarized.

The superheterodyne receiver is operated as indicated in Figure
3.9 with the exception that the tunable microwave filter is not used to
reject either image frequency. The local oscillator frequency is 7.2

GHz. The emission from the nonstabilized pyrex discharge tube is



TEMPERATURE IN eV

RADIATION

-93-

10
st ;
|
' l
/“M'MUUU U E1B,
0 e | l P-TIIOmforr Og
£=725GHz
2+F [ =300ma .
a \
o ' _
T |
il U EIlB,
© Y R YA
10 5 q 3
We /W

Figure 3,11

Radiation Temperature in eV as a Function of mc/w

for Both Orientations of the Microwave Receiving

Antenna



G-

observed with the microwave horn located 3 cm from the pyrex tube.
Figure 3.11 presents the recorded emission spectra for the ordinary
and extraordinary polarizations.

There are several noticeable features which distinguish the two
polarizations. In comparison with the extraordinary wave polarization,
the ordinary wave emission intensity is lower by about 7 db and the
emission lines are wider by about 20%. The emission intensity between
the harmonics experiences a lesser change in amplitude, partly asso-
ciated with the broadening of the emission lines.

Landauer observed a similar reduction in the harmonic emission
amplitude for the ordinary polarization [4]. With the exception of
this section, only the extraordinary wave polarization is investigated

in this report.

3.6 Importance of Discharge Configuration

From a theoretical standpoint it is of.interest to know exactly
how the harmonic emission depends on the discharge configuration,
Before a realistic theoretical model can be developed, it is necessary
to determine which aspects of the discharge need to be considered. As
a prime example, it is of interest to know if the radial electric field,
the low frequency drift instabilities, and the turbulence present in the
nonstabilized plasma column play a role in the generation of harmonic
emission. It is certainly easier to model the quiescent plasma of the
grid-stabilized discharge than the turbulent plasma of the nonstabil-
ized discharge. Therefore the plasma column and the surrounding en-

vironment were modified in several ways in order to determine which
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aspects of the plasma configuration influence the harmonic emission
and to what extent,

Modifications to the plasma include a change in the diameter
of the plasma column and the insertion or removal of stabilizing grids.
The principal modification to the environment surrounding the plasma
column consists of enclosing the plasma column alternatively in either
a microwave reflector (a microwave cavity) or a microwave absorber.
The only feature of the emission spectrum which is observed to change
as a result of the various modifications is the emission intensity.
Other features of the emission spectrum such as the emission line

shape and location do not appear to be affected by the alterations.

3.6.1 Changing the Diameter of the Plasma Column

When the diameter of the oxygen plasma column is decreased by
reducing the anode diameter from 4" to 2,6", it is observed that the
harmonic emission intensity is increased from approximately 25 eV to
45 eV, At the same time there is a significant increase in the operat-
ing voltage of the discharge. It is believed that these two effects
are strongly interrelated. The relationship between the harmonic
emission intensity and the discharge voltage is clearly demonstrated
in Chapter V. For this reason, it is concluded that the harmonic
emission intensity is only indirectly related to the diameter of the
plasma column. The column diameter is just one of the many parameters
which determine the discharge voltage and the harmonic emission inten-

sity is strongly dependent on the discharge voltage,
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3.6.2 Effect of Metal Discharge Chamber

When the environment surrounding the plasma column is changed
from a microwave absorber to a microwave reflector, it is found that
the harmonic emission intensity is increased by approximately 3 db,
The fact that the emission intensity is not greatly enhanced by the
reflector means that the plasma is a relatively good absorber. Most
of the harmonic emission produced by the plasma is also re-absorbed by
the plasma column after it is reflected. The experimental results
indicate that the absorptivity of the plasma column is roughly half
that of a blackbodys when a hybrid layer is present.

Experimentally, a good reflector is obtained by wusing the
brass discharge chamber of Figure 2.7. The chamber is an excellent
reflector of the microwave radiation produced by the plasma column.
When the chamber is lined with a microwave absorber, the opposite
situation is realized. Also, when the pyrex discharge tube of Figure
2.8 is used, a good absorbing environment is achieved by lining the
inside of the magnetic field solenoid with a microwave absorber., In
the final analysis, harmonic emission from the 4" diameter plasma
column of the reflecting brass discharge chamber is essentially iden-
tical with that from the 2.6" diameter column of the pyrex discharge

tube.

Previous investigations of harmonic emission in the Penning dis-
charge have used a metal discharge chamber. Because of the complica-
tion of re-absorption of emission by the plasma column, it is difficult
to estimate the total power radiated by the column., If instead, the

plasma is surrounded by an absorber, then the total radiated power can
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readily be inferred from the observed radiation intensity.

3.6.3 Effect of Grid Stabilization

When stabilizing grids are placed across the plasma column, the
harmonic emission intensity is sometimes found to be unchanged but in
some instances is reduced by as much as 3 db. ' The effect of the grids
on the harmonic emission is confusing but appears to be explainable.

The most noticeable changes in the plasma column which result from the
presence of the stabilizing grids are the reduction of the radial elec-
tric field and the elimination of low frequency instabilities and
turbulence. However, additional changes result from the presence of
the grids.

The grids collect a significant number of the energetic electrons
present in the plasma column. This results in a drop in the plasma
production rate and a compensating rise in the operating voltage of the
discharge. The energetic electrons are believed to be responsible for
the harmonic emission. Therefore, ignoring the increased operating
voltage of the discharge, a reduction in the number density of energetic
electrons should lead to a reduction of the harmonic emission intensity.

An additional complication results from the build-up of an oxide
layer on the stabilizing grid. This causes the transparency of the
grids to change slowly with time and leads to confusion about what is
happening. As a result, on some occasions it is found that the emission
intensity is unchanged by the stabilizing grids but in other circum-
stances the emission intensity is decreased by as much as 3 db. Although
the experimental observations seem reasonable, this matter is not fully

understood.
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Nevertheless, it is significant that the observed changes in
the emission intensity are as small as they are. Recall that the
stabilizing grids reduce fluctuations in the jon saturation current
and the floating probe potential by several orders of magnitude. The
radial electric field is reduced by an order of magnitude and low
frequency instabilities are virtually eliminated from the plasma
column, The fact that correspondingly large changes in the intensity
of the harmonic emission are not observed indicates that the harmonic
emission mechanism is not attributable to these aspects of the Penning
discharge.

There is additional evidence to support the supposition that
the radial electric field, the low frequency drift instabilities, and
the turbulence of the nonstabilized plasma column are not important in
the harmonic emission process. In Chapter II it is noted that there
is a critical magnetic field associated with the operation of the non-
stabilized Penning discharge. At the critical magnetic field there is
a sudden change in the nature of the plasma. At lower values of the
magnetic field the plasma is quiescent and at high fields the plasma
is highly turbulent. Yet, when the harmonic emission spectrum is re-
corded by sweeping the magnetic field, no significant change is
detected in the emission spectrum at the critical magnetic field. There
is no indication that the harmonic emission process is influenced by
the radial electric field, the low frequency drift instabilities, or
the plasma turbulence.

It is found that the location of the stabilizing grid along the

axis of the plasma column is not an important parameter. Usually a pair
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of stabilizing grids is used, one at each end of the plasma column.
However, in one instance a single stabilizing grid was located near
the midplane of the discharge column. Essentially the same results
are obtained in each case.
Although the axial location of the stabilizing grids is not

‘found to be an important parameter with respect to the harmonic emis-
sion, it is a critical parameter for the high intensity nonharmonic
radiation which is also observed in the discharge. This subject is

covered in detail in Chapter V.,

3.6.4 Summary of the Confiqurations Used for Various Measurements

In order to eliminate confusion concerning the many discharge
configurations which were investigated during the experiments, a sum-
mary of the configurations is in order. Basically, there are two dis-
charge tubes. Two modifications of the brass chamber discharge tube
are shown in Fiqures 2.7 and 5.2. The pyrex discharge tube is shown in
Figure 2.8, The usage of each of these discharge tubes and various
modifications will be summarized below. The pyrex discharge tube will
be treated first because it is less complicated.

There is only one feature of the pyrex discharge tube which can
easily be changed. It can be operated either with or without the
stabilizing grids. The parallel wire grids can be attached to the anode
rings at each end of the plasma Eo]umn. The diameter of the plasma
column is fixed at 6.6 cm. In order to prevent the deposition of sput-
tered metallic aluminum onto the pyrex tube, only oxygen gas is used.
When the inside surface of the magnetic field solenoid is lined with a

microwave absorber, the environment surrounding the plasma column
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constitutes a good absorber. Thus, there is only one option in the
operation of the pyrex tube discharge, the plasma column can be either
grid stabilized or nonstabilized.

The pyrex discharge tube is utilized mainly for the investiga-
tion of the hybrid layer condition described in Section 3.9. Microwave
interferometer measurements of the electron density, as well as har-
monic emission measurements, are carried out using both the turbulent
and the grid-stabilized plasma. The same experimental data is also
used to determine the effect of the stabilizing grid on the harmonic
emission,

The pyrex discharge tube is particularly well suited for two
other measurements, In the measurement of the emission line location
(Section 3.4) it was necessary to have the NMR probe as close as pos-
sible to the center of the magnetic field solenoid where the field is
nearly uniform, The small outside diameter of the pyrex tube, 4 inches,
is very beneficial in this respect. The pyrex discharge tube is also
particularly suited to measurements of the polarization of the harmonic
emission (Section 3.,5). The receiver horn is easily rotated to detect
either polarization, and the surrounding microwave absorber prevents
scattered radiation from reaching the receiver horn, In addition,
the emission line shape data of Section 3.3 were obtained using the
pyrex discharge tube.

~The brass chamber discharge tube is used in a large variety of
modifications, The brass chamber effectively surrounds the plasma with
an excellent reflector, unless the chamber is lined with microwave

absorber. These two situations are compared to determine how much the
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harmonic emission intensity is enhanced by surrounding the plasma
column with a reflector.

When the chamber was operated in the configuration of Figure 2.7,
only a 4" diameter plasma column was used. However, after the dis-
charge configuration was modified to that of Figure 5.2, column diame-
ters of both 4" and 2.6" were used. Therefore the latter configuration
was used to investigate the significance of the diameter of the plasma
column.,

The brass discharge chamber is also used extensively to investi-
gate grid stabilization of the plasma column. For the 4" diameter
column, only a single movable grid is used. It is usually located near
the midplane of the plasma column. When the column diameter is reduced
to 2.6", a pair of grids is used. In fact, these are the same parallel
wire grids that are used in the pyrex discharge tube. The grids are
mounted on the anode structures at opposite ends of the plasma column.
Since the harmonic emission spectrum was investigated using each of the
indicated modifications, there are several instances where the effects
of the stabilizing grids can be checked. Therefore, the brass discharge
tube was very useful in determining the role of the plasma configuration
and the surrounding environment in the harmonic emission process.

The brass discharge tube is also used exclusively for several
measurements, They include the microwave absorption experiment of
Section 3.8 and the pulsed experiments of Section 3,7 and Chapter V. Both

argon and oxygen are used in the brass discharge tube as the neutral

gas.
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3.7 Harmonic Emission at 50 GHz

An experiment was undertaken to simultaneously observe the har-
monic emission at both 10 GHz and 50 GHz. The microwave hardware avail-
able at 50 GHz is quite limited. It consists of a single crystal mixer
mount, a 10 db directional coupler, a variable attenuator, a standard
gain horn (to make a transition to the X-band waveguide), and a 50-60
GHz klystron. However, this proved to be sufficient.

A notable feature of this experiment was the initial difficulty
in detecting any 50 GHz emission at all in the dc operated discharge.
Since Dreicer had previously concluded that the existence of a hybrid
layer on the density profile was a necessary condition for the harmonic
emission, it was decided that the density obtained in the dc discharge
was not sufficient to satisfy the hybrid layer condition at 50 GHz.

The discharge was then operated on a pulsed basis with discharge cur-
rents reaching values as large as 40 amps. In this case, harmonic
emission was observed at 50 GHz. |

Except for the fact that the 50 GHz microwave components are
limited to those listed above, the microwave receiver is essentially
the same as the pulsed plasma set-up of Figure 2.1. The 4" plasma
column is broduced using argon gas in the discharge chamber sketched in
Figure 2.7. This is the only experiment which was not repeated later
using oxygen gas.

In Figure 3.12, the harmonic emission observed at 10 GHz (5th
harmonic) is compared with the harmonic emission observed at 50 GHz

(19th harmonic). In each case the cathode voltage and the discharge
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current are also displayed. A1l of the waveforms are recorded using
the boxcar integrator.

The waveforms reflect the manner in which the discharge is
pulsed. A capacitor bank in parallel with the discharge is pulse
charged. This process determines the rise time of the voltage wave-
form. Breakdown of the argon plasma takes place in about 0.5 milli-
seconds after which the current increases rapidly, discharging the
capacitor.

Because the 50 GHz receiver experienced a transient pickup
problem associated with the pulse charging of the capacitor, the entire
50 GHz emission waveform is not accurately known.

It is interesting to compare the point in time at which the
harmonic emission appears in each case. At 10 GHz, the emission rises
very rapidly at a well-defined time early in the pulse. The discharge
current is still re]atfvely low, approximately 300 ma., At 50 GHz the
high intensity radiation does not appear until later in the pulse when
the discharge current is roughly 10 amps, and therefore the electron
density is much higher.

This observation supports the conclusions of Dreicer that the
existence of a hybrid layer is a necessary condition for the harmonic
emission. The plasma density is roughly proportional to the discharge
current, I = N . At high harmonic numbers, the upper hybrid and
plasma frequencies are nearly equal and T = T, = vN . The observa-

p

tions at 10 GHz indicate that fy = f > 10 GHz when I = 0.3 A,

p
Therefore, the hybrid layer condition will be satisfied at 50 GHz when
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fﬁ = f' > 50 GHz. This requires that fﬁ/fp > 5 and therefore that

b
I'/1 = (f3/f)% 225 . Thus, the hybrid layer condition indicates that
emission will not be observed at 50 GHz unless I > 25(0.3A) = 7.5 A,
This agrees very well with the experimental results.

What is puzzling about the harmonic emission displayed in Figure
3.12 is the rapid decrease of the harmonic emission amplitude later in
the pulse , even when the discharge current is still large. This be-
havior proved to be fascinating. In Chapter V the pulse modulation
experiments finally revealed that the emission amplitude is also strongly
dependent on the cathode voltage.

The 50 GHz emission spectrum is displayed in Figure 3.13, The
sampling time of the boxcar integrator is set for the time during the
pulse when the emission amplitude is near maximum and the spectrum is
recorded by slowly sweeping the magnetic field. The insert shows the
higher harmonics in greater detail. It was obtained by increasing the
gain of the X-Y recorder and repeating the measurement.

It might be observed that the harmonic amplitude falls off very
uniformly with harmonic number. However, there is a danger in inter-
preting this feature of emission spectrum too literally. It must be
remembered that the spectrum is obtained by sweeping the magnetic field
and the nature of the discharge depends strongly on this parameter. The
magnetic field affects everything from the radial density profile and
the discharge voltage to the electron cyclotron radius. In addition,
the overlapping of adjacent emission lines must be considered.

Due to the overlap of the emission lines, it is difficult to ob-

serve the very high numbered harmonics. The emission Tine width is
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nearly independent of the harmonic number and at 50 GHz is typically
given by Af/f = 80 . As a result, harmonics m = 80 and m = 8]
overlap at their half power points. Because of the broad tails of the
emission lines, each emission line overlaps many other emission lines.
Therefore, the higher harmonics tend to merge into a continuum in which
only the tips of the emission lines can be distinguished.

The emission intensity at 50 GHz is not known very accurately.
It is difficult to determine how well the 50 GHz receiver is coupled
to the discharge cavity via the X-band wavequide, vacuum iris, and
horn. Although the receiver was not calibrated when the spectrum of
Figure 3.13 was obtained, later measurements (which were calibrated)
indicate that the emission intensity at 50 GHz is somewhat less than at

10 GHz. However, the difference is less than 2 db.

3.8 Harmonic Absorption Spectrum

This experiment was initiated to determine the relationship be-
tween the absorption spectrum and emission spectrum of the plasma
column. In at least one previous absorption measurement [13], observed
harmonic effects were found to be dependent on the power level of the
incident wave and did not exist at less than milliwatt power levels.
In this investigation of harmonic emission, it is the low power level
absorption spectrum which is of interest and has been measured.

A block diagram of the experiment is given in Figure 3.14., The
absorption spectrum is obtained by sending a microwave signal into
the discharge chamber through one horn and detecting how much of that
signal comes out of the other horn, A TWT amplifier provides an

incident signal which consists of broadband noise. The TWT is located
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4 meters from the solenoid to avoid effects of the magnetic field. The
incident signal is square wave modulated so that it can be distinguished
from the harmonic noise emission which is produced by the plasma. The
incident power level is limited to an intensity no more than 10 db
greater than the intensity of the harmonic emission maxima. Care is
taken to ascertain that the I-F detector is very nearly square law.

If this is not done, extraneous effects are observed which result from
the manner in which the TWT noise combines with the harmonic noise
emission of the plasma.

Both the signal transmitted through the discharge chamber and the
signal reflected back out the input horn can be observed. The position
of the microwave switch determines which is observed. A shorting
switch allows a direct amplitude comparison to be made between the in-
cident signal and the transmitted and reflected signals.

A typical experimental result is presented in Figure 3.15. The
top curve depicts the transmission loss of the signal transmitted
through the discharge chamber. This curve is closely related to the
absorption spectrum of the plasma column and should reveal any harmonic
structure which exists in that spectrum. The bottom curve is a harmonic
emission spectrum which is presented for comparison and also to indi-
cate the locations of the cyclotron harmonics.

The noise level for the measurement is sufficiently low that
resonances as small as 0.1 db can easily be detected. Yet, absolutely
nothing is observed at the harmonics, except at the m =2 harmonic,

where a 0.5 db resonance is easily detected.



-110-

*SOLUOWJRY 3Y3 4O SUOLIRIO| 3Y3 33RILPUL 03 PIpN|Iul SI WNAFI3dS UOLSSLWS 3y]

*19A37 |eubLS UaPLOUT By 03 SALIR[3Y QP UL SSOT UOLSSLWSURAL SABMOAIL 3yl GL'E 24nbiy

[m7°m]  @1314 21L3INOVA
T/l £/1 v/l S/l 9/ L/l

T i | I I

ZH9 £0°6 = #

ewogy = |
i NO JI0JWg’| =4

o
N
T

©
T

o
T

ewopgz=|

ZH9£0°6
1404w 2°)

1
G

[80] SS07 NOISSINSNYYL IAVMOHIIW
N 3
I

I
Q.

<— NOISSINI VWSYId




-111-

The transmission and reflection measurements were repeated in
many variations. On one occasion the discharge cavity was lined with
a microwave absorber as indicated in Figure 3.14, Thus, plasma absorp-
tion was investigated with the plasma column surrounded by either an
absorber or a reflector. Different power levels were tried and many
measurements were made using a standard microwave signal generator for
the incident signal in place of the TWT. However, the same result was
obtained on each occasion. No harmonic absorption effects were ob-
served at harmonics other than the m = 2 harmonic. Note that this
same behavior has been observed previously by Dreicer in a helium gas
discharge [15].

It is concluded that in the vicinity of the higher harmonics,
there is no direct relationship between the emission and absorption
spectra of the plasma column, Since the plasma is not in thermal
equilibrium, this result is not unexpected. It is a significant point,
however, because several of the theories of harmonic emission predict a
definite similarity between the absorption and emission spectra.

Returning for a moment to the resonance at the m =2 harmonic,
it appears to be related to the absorption dip which is observed in
the emission spectrum exactly at the location of the m =2 harmonic.
When the neutral gas pressure is increased, both of these resonances
broaden and disappear at the same rate. In fact when the pressure is
very low, a similar resonance is observed in the emission spectrum at
the m = 3 harmonic. However, the effect is quite small and the cor-
responding resonance is not detected in the transmission and reflection

measurements, Dreicer has suggested that the resonance at the m = 2
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harmonic of the emission spectrum might be due to either cyclotron
damping or the excitation of Bernstein-like modes [15].

When the discharge current is increased slowly from a low value,
it is observed that the transmission and reflection properties are vir-
tually unchanged from the empty cavity until a critical discharge cur-
rent is reached. Then absorption by the plasma increases enormously.
It is believed that the onset of absorption is due to the appearance
of a hybrid layer on the density profile of the plasma column., Thus,
plasma absorption can be used as an indication of the plasma density.
Dreicer observed that the plasma generated harmonic emission only when
the plasma acted as a good absorber and concluded that the existence
of a hybrid layer was a necessary condition for the emission [15].

It is found that the critical current for the onset of plasma
absorption depends on the magnetic field. Therefore, if the magnetic
field is swept while the discharge current is held fixed, the plasma
changes from a good to a poor absorber. At high magnetic field the
plasma is a good absorber. However, as the magnetic field is decreased,
at some point the absorption starts to fall off rapidly and eventually
becomes negligible., This behavior is partially illustrated in Figure
319,

It is observed that the harmonic emission disappears at the
same time that the plasma absorption falls off rapidly. Therefore the
sudden disappearance of the harmonic emission above a certain harmonic
number is attributed to the disappearance of the hybrid layer from the

plasma column as the magnetic field is decreased.
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Figure 3.15 indicates that the ratio of the incident power to
the transmitted power is typically 12-14 db. The reflected signal is
comparable but is usually slightly larger than the transmitted signal,.
It is of interest to compare with the situation which exists when there
is no plasma present in the discharge chamber., In that case, it is
expected that roughly half of the microwave power will leave the dis-
charge chamber through each horn and as a result both the transmitted
and reflected signal levels will be reduced 3 db below the incident
signal.,

The experimental results indicate that when an absorbing plasma
is present, most of the incident microwave signal is absorbed by the
plasma. Usually more than 90% of the incident signal is absorbed and
much of the remaining power is reflected because of a mismatch at the
input horn, Therefore one can conclude that the combination of the
plasma and the reflecting discharge chamber is a good microwave ab-
sorber.

Up to this point the discussion has been oriented toward the
harmonic emission which is nonthermal in origin. In addition, there
is emission present which is thermal in origin. Consider, for example,
the emission which is observed well into the afterglow of the pulsed
discharge. At such time, very few energetic nonthermal electrons are
present in the plasma and the electron velocity distribution is ap-
proximately maxwellian. In the present experiment such thermal emis-
sion is relatively low in inteﬁsity but conveys valuable information.

The strong absorption property of the plasma column indicates

that the electron temperature can be inferred from the thermal plasma
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emission. The transmission and reflection measurements indicate that
the plasma surrounded by a reflector is a good absorber when a hybrid
layer is present on the column. Therefore, the plasma reflector sys-
tem is necessarily also a good emitter of thermal radiation. The
radiation temperature observed in the afterglow of the pulsed discharge
should then be a good indicator of the electron temperature, provided
that a good match exists between the microwave transmission line and
the plasma-reflector system.

An indication of the electron temperature in the dc operated
discharge can be obtained in a similar fashion if proper care is taken
to eliminate the nonthermal harmonic emission from the measurement.

If most of the nonthermal radiation is suppressed in some way, then the
remaining emission provides an indication of the electron temperature.
Such a measurement is most accurate when done between the harmonics
where the nonthermal harmonic emission is minimum.  In Appendix C, the
electron temperature is measured using this method and the technique

used to suppress the nonthermal harmonic emission is described.

3.9 Upper Hybrid Layer

3.9.1 Interferometer Measurement of Electron Density

A polar microwave interferometer is used in conjunction with
profiles of the ion saturation current to determine the absolute plasma
density. The pyrex discharge tube described in Section 2.3.5 was con-
structed to allow microwave interferometer density measurements using
horns located outside of the vacuum wall. A description of the polar in-
terferometer is given in Section 2.2.4, together with a discussion of

the accuracy of the density measurement.
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The microwave interferometer horns are oriented for ordinary
wave propagation across the plasma column. The index of refraction
of the wave is given by N = /g = 1-<up/m . Therefore, the differ-
ence in the microwave path length attributable to the presence of the

plasma is given by

R
) _ _ 2 2z
2 = = 4 l 0= wh(r)/w® 1 dr (17)
In a more convenient form,
R
Ap = -12.01F l [1 -V/I- 80,61 Ne(r)/fz] dr (18)

where A¢ 1is the observed phase shift in degrees, f is the inter-
ferometer frequency in GHz, and Ne(r) is the electron density profile
normalized to 10]2/cm3. Note that a low density approximation for
equation (18) is not valid for the parameters of the present experiment.

The plasma density is determined from the interferometer phase
shift and the ion saturation current profile. The shape of the elec-
tron density profile, Ne(r), is assumed to be identical to the ion
saturation current profile. Computer computations using equation (18)
determine the density scaling factor for which the computed phase shift,
Ad, is equal to the observed phase shift.

Figure 3.16 shows how the phase shift of the polar interferom-
eter increases with discharge current for several situations. At small
discharge current, the phase shift increases very rapidly with increas-

ing current. For large current the phase shift is less sensitive to

the discharge current and there is a noticeable difference in behavior
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between the grid-stabilized and the nonstabilized discharge.

In the investigation of the onset of cyclotron harmonic noise
emission, it is the maximum electron density on the density profile that
is important. Although there are instances where the maximum electron
density has the same current dependence as the average electron den-
sity, this is not usually the case. The shape of the density profile
usually changes somewhat with the discharge current. In general, for
each phase shift recorded there is a corresponding ion saturation cur-

rent profile from which the maximum electron density is computed.

3.9.2 Onset of Harmonic Emission

The Xband radiometer is oriented to receive the extraordinary
mode, For very low plasma densities, the radiometer indicates a radia-
tion level slightly above room temperature. This radiation level does
not change much with magnetic field or discharge current provided that
the current remains small,

When the discharge current reaches the onset value, I the

ons’
noise emission rises sharply by more than two orders of magnitude,
finally reaching a saturation level at large discharge current. Nons
is the onset electron density. This behavior is shown in Figure 3.17
for the m = 6 harmonic. The same general behavior is observed at
the other harmonics and also between the harmonics, with the obvious
change in the saturation level.

Thus, the only dependence of the noise emission on the plasma
density appears to be contained in the transition region, Nons < Ne <

NSat s Where NSat is the plasma density at which the noise emission

saturates. Outside of this region, the noise emission appears to be
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independent of the density. Therefore, the significance of the

transition region will be explored in greater detail.

3.9.3 Existence of Upper Hybrid Layer

In order to investigate the dependence of cyclotron harmonic
emission on the plasma density, it is necessary to record the inter-
ferometer phase shift, the ion saturation current profile, and the
harmonic emission from the plasma. Figure 3,18 illustrates the axial
positions at which these three measurements are carried out. The ion
saturation current probe is located midway between the cathodes of the
discharge, with the interferometer and radiometer microwave horns
lTocated on opposite sides. The discharge tube is accessible through
the spaces between the field coils.

The microwave interferometer density measurement indicates that
at the onset of harmonic emission, the maximum plasma density is typi-
cally given by N v .84 NH , where NH is the electron density

ons ~
2 2

which satisfies the hybrid frequency condition (w2 wy = wp - wi).

Since the accuracy of the interferometer density measurement is be-

lieved to be better than 10%, this result might be interpreted as an
indication that the onset of harmonic emission occurs slightly before
the hybrid layer appears on the plasma column. However, the onset

density, Non , changes with harmonic number in just the way it should

s
if the hybrid layer were involved. Therefore, it is necessary to con-

sider several additional observations.
Figure 3.19 illustrates the onset of harmonic emission for the
nonstabilized discharge. Graphs (a) and (b) give the maximal electron

density and the harmonic emission intensity as a function of the
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discharge current. The radial electron density profile is presented in
Figure 3.19c,and an oscillogram of fluctuations in the ion saturation
probe current is given in Figure 3,19d.

The ion saturation current oscillogram, Figure 3.19d shows that
the jon density undergoes large amplitude fluctuations. These fluctua-
tions are present everywhere in the nonstabilized plasma column. The ion
saturation current profile, Figure 3.19c, gives the time average density
at each radial position. Similarly, the microwave interferometer den-
sity measurement gives a spatial average over the density fluctuations.
Even though the time average onset density is such that NOns Y .84 NH'
the magnitude of the ion density fluctuations indicates that the condi-
tion NOns > NH is frequently satisfied locally. Thus, the hybrid
frequency condition may be satisfied locally for a significant fraction
of the time, even though it is not satisfied on an average basis.

The grid-stabilized discharge produced similar results, A typi-
cal case is shown in Figure 3.20. Noise emission onset occurs when
the maximum density indicated by the microwave interferometer is such
that Nons Y 0,90 NH . The ion saturation current oscillogram indicates
that density fluctuations are less than 1% throughout the body of the
plasma column (R < 3 cm), but that fluctuations are present on the sur-
face (R > 3 cm). It is important to note the spatial variation of the
density. This variation is due to the presence of the stabilizing grid.

Thermal expansion of the plasma heated tungsten grid wires
causes them to distort, resulting in a nonuniform spacing of the grid
wires, The magnitude of the resultant spatial density variation is a

function of the axial distance from the location of the gr'ids.l The ion
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saturation probe is located midway between the stabilizing grids where
the spatial variation is minimal. Also, the probe tip has a finite
length (v 2 mm) which tends to average out some of the spatial varia-
tion. But most importantly, the probe has a fixed angular position,
and therefore can not sample the entire cross section of the plasma
column, The position of maximum density on the column cross section
is probably not accessible to the probe. Although the profile obtained
using the probe gives N ¥ 0.9 N, » it is very likely that there is

ons
a plasma density maximum elsewhere on the column such that Nma z_NH :

X

This hypothesis is supported by the pressure dependence of the
onset condition. The magnitude of the spatial density variation is
related to the pressure dependent diffusion coefficient. When the
oxygen gas pressure is 10 mtorr, the spatial variation is quite large
and Nons Y .83 NH . When the neutral pressure is increased by a fac-
tor of three to 30 mtorr, the spatial variation at the location of the
probe is reduced by roughly 40% and Nons ¥ ,90 NH . Thus the onset
condition apparently depends on the magnitude of the spatial density
variation.

It is concluded that when the existing time and spatial varia-
tions of the plasma density are taken into account, the onset of
harmonic emission coincides within experimental accuracy with the ap-
pearance of the upper hybrid layer on the plasma column, Thus, the
results of the microwave interferometer density measurement support

the findings of Dreicer, that the existence of the upper hybrid layer

is a necessary condition for the harmonic emission [15].
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In addition to the hybrid layer onset criterion, the plasma
density measurement provides further information about the transition
region following the onset of the harmonic emission. The bulk of the
measurements indicate that the harmonic emission saturates when the
hybrid layer reaches a radial position of 2.5-3.0 cm. The emission
intensity appears to increase roughly with the surface area of the
hybrid layer until the dimension of the layer approaches that of the
plasma column,

Thic may explain why thg transition region for the stabilized
discharge is much smaller than that for the nonstabilized discharge.
The density profile of the stabilized discharge is very flat, Once
the onset condition is satisfied, Nons ¥ 0.9 NH' only a 20% density
increase is sufficient to locate the hybrid layer at a large radial
position and cause the noise emission to saturate.

The nonstabilized discharge presents a somewhat different situ-
ation. The density profile is peaked at the center of the column and
density fluctuations are important in the onset condition. A large
increase in plasma density is required in going from a situation where
a hybrid layer exists only part of the time because of density fluctua-
tions to a situation where the hybrid layer exists on a time average
basis at a radial location of R % 2,5- 3.0 cm,

Similarly, this approach can be used to explain an observed in-
crease in the size of the transition region with harmonic number.
Figure 2.11 indicates how the plasma density profile changes with
magnetic field. When the shape of the plasma density profile changes,

the size of the transition region should change accordingly. A flat
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profile at high magnetic field will result in a very rapid transition.
On the other hand, a center peaked profile at low field will result in
a prolonged transition. Since high harmonic numbers correspond to low
magnetic fields, the higher harmonics should have a larger transition
region. This expectation is consistent with experimental results.
Finally, it is noted that the transition from emission onset to
saturation can be traversed by relatively small changes in the plasma
density. In the grid-stabilized plasma column of the brass discharge
chamber, it is found that under certain conditions the entire transi-

tion takes place during only a 10% change in the discharge current.
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CHAPTER IV
THEORY OF HARMONIC EMISSION

4.1 Introduction

In order that a comparison can be made between theory and exper-
iment, it is necessary to review briefly the theoretical work which has
been done, A summary of the many harmonic emission theories is pre-
sented in Section 4.2. Then in Section 4.3, theory and experiment are
compared on a very qualitative basis. The experimental evidence pre-
sented earlier in Chapter III is used to evaluate the various theories
and determine which are relevant to the Penning discharge. The major
conclusions are summarized in Section 4.4, and in Section 4.5 the
motivation for further experimental work is given in terms of questions

which can not be answered on the basis of existing experimental results.

4.2 Summary of Harmonic Emission Theories

As a result of many independent efforts to explain the harmonic
emission observed in the experiments, a remarkable number of distinctly
different theoretical models have been developed, all of which feature
radiation maxima near the harmonics of the electron cyclotron frequency.
Many of the theories are discussed in the reviews by Crawford [1,3] and
Bekefi [2]. The common starting ground for most of the analyses is the
assumption that a tenuous group of the nonthermal electrons prominent
in the Penning discharge supply the energy for the nonthermal harmonic
radiation. The majority of the plasma electrons constitute a dielectric

medium supporting characteristic electrostatic plasma waves.
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Basically, the nonthermal electrons can generate harmonic radia-
tion in the form of either electromagnetic waves or electrostatic
plasma waves. In the latter case a coupling mechanism between the
electrostatic wave and the observed electromagnetic radiation is
needed. The theories. can also be divided into those in which the non-
thermal electrons act as independent sources and those in which they
act coherently. The former are single particle radiation theories and
the latter include wave instabilities which result from nonmaxwellian
velocity distributions and beam-plasma interactions., This review will
begin with single particle radiation of electrostatic waves and will
cover each of the other cases in turn.

Canobbio and Croci [49] proposed single particle excitation of
electrostatic waves as a possible mechanism for the harmonic radiation
observed by Landauer. They evaluated the spectral distribution of the
radiation produced by a fast test electron spiralling in a uniform warm
plasma in a magnetic field, Most of the radiation appears as quasi-
electrostatic waves propagating nearly perpendicular to the magnetic
field with frequencies near the cyclotron harmonics. The propagation
characteristics of these waves in the direction nearly perpendicular to
the magnetic field have been treated by many authors [50-56]. Using
approximate solutions to the dispersion relation for these waves,
Canobbio and Croci obtained an expression for the emission radiated by
a single test electron and indicated that the width of the emission
line is determined by Landau damping.

In this model the energy which sets up the propagating electro-

static waves in the plasma comes from the slowing down of energetic
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electrons through the interaction of the electrons with the dielectric
plasma medium. Basically, the polarization cloud of an energetic test
electron exerts a drag force which slows down the electron.

For a plasma in thermal equilibrium, all of the plasma electrons
contribute toward a thermal spectrum of electrostatic waves. However,
when nonthermal electrons are present, the radiation at the harmonics
is enhanced principally by those nonthermal electrons whose velocity
component perpendicular to the magnetic field Vl exceeds the phase
velocity of the electrostatic wave, VL z_Vph G
velocities of the electrostatic waves are comparable to the electron

Note that the phase

thermal velocity.
Stone and Auer [57] extended the calculations of Canobbio and
Croci to obtain the shape of the emission line, However, they limited

their investigation to the weakly damped solutions of the dispersion

2
Il

component of the test electron parallel to the magnetic field, and Vth

relation which are excited when V  >> Vih » Where V” is the velocity
is the thermal velocity. It is well known that undamped electrostatic
waves do not exist exactly at the cyclotron harmonic frequencies. As a
result, Stone and Auer obtain emission lines which are displaced from
the harmonic positions and find that the emission intensity for a
single electron vanishes exactly at the harmonics.

Shimomura [58] carried out a similar computation but integrated
over the electron velocity distribution to obtain contributions from
all of the plasma electrons.

In a subsequent publication, Croci and Canobbio [59] emphasize

the importance of collisionless damping in the solutions of the
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dispersion relation., They calculate contributions to the emission
from all waves existing in the plasma and conclude that the emission
observed in the very neighborhood of the harmonics can only result
from the excitation of collisionless damped waves by electrons with
[V, | & vZ Vy, . The strongest emission results from such electrons
spiralling in a plasma region where w = mw = /wp + mE ‘

Sugihara [60] has also done calculations of the radiation loss
by a single electron whose velocity is much greater than the electron
thermal velocity. His theory predicts that enhancement of the harmonic
radiation can only result from electrons with VL >> V” . The harmonic
radiation is found to be localized to the plasma region where
wp <w < /wg + wz and the radiation maxima are located exactly at the
cyclotron harmonics, w = My,

Except for the initial investigation by Canobbio and Croci, con-
version of the excited electrostatic wave energy to the electromagnetic
radiation which is detected in the experiments has not been considered
in the theoretical investigations referred to above. Stix [61] and
others [62-65] have considered the mode conversion which takes place in
a nonuniform plasma near the upper hybrid layer, wy = w9y g . A
different conversion mechanism has been treated by Boyd [66] who con-
sidered mode conversion of propagating electrostatic waves via scatter-
ing from ion density fluctuations.

Up to this point, only single particle radiation theories have

been considered. 1In each of the above calculations, the total electro-

static radiation can be estimated by assuming complete incoherence
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between the radiating electrons. Instabilities have been neglected.

Crawford [67] and Bers [68] have pointed out that the emission
may be due to electrostatic wave instabilities excited by the energetic
electrons present in the Penning discharge. Crawford [1,3] has re-
viewed much of the early theoretical work which has been done on a wide
variety of instabilities that result from anisotropic velocity dis-
tributions and particle beams. A more recent bibliography is to be
found in the publication by Seidl [69].

Most of the relevant theory of wave instabilities has been devel-
oped in terms of a dispersion relation which is based on the quasistatic
approximation., As a result, mode conversion of the unstable modes is
again involved.

In the Penning discharge the group of electrons which is most
likely to excite a plasma-wave instability is the secondary electron
beam which originates from the cathodes. The beam has a finite temper-
ature, Other groups of nonthermal electrons present in the discharge
are characterized by a very substantial velocity spread, as indicated
in Chapter II. Since the relative number density of energetic elec-
trons in the Penning discharge is small, the theoretical results which
are most applicable are those which consider a diffuse group of ener-
getic electrons in an otherwise maxwellian plasma. It is important to
consider the velocity spread of the energetic electrons.

In this respect, the theoretical analysis of Seidl is very use-
ful [69]. He characterizes his publication as an "Experimentor's Guide".
The theory predicts the frequency, wavelength, and érowth rate of the

most unstable quasistatic wave that results from the interaction of
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either a parallel or a helical beam with a maxwellian plasma. Effects
of the plasma temperature and the large velocity spread of the beams
are investigated in detail. The theoretical results obtained by Seidl
will be discussed in greater detail in Chapter V.

Recently, Kaladze and Stepanov [70] analyzed an instability in
a plasma containing a low density group of energetic electrons with a
humped isotropic velocity distribution., The theoretical results have
been used to explain the experiments of Vasiliyev EE.El:[Z]]'

Moving on to a different class of theories, Neufeld and Wiginton
[71] do not invoke the electrostatic approximation in their theoretical
investigation. They present a treatment of the interaction of a heli-
cal electron beam with a stationary plasma and find that electromag-
netic waves propagating nearly perpendicular to the magnetic field can
be excited at the electron cyclotron harmonics. The radiation easily
escapes from the plasma since mode conversion is not necessary. Further
work in this area has been done by Zayed and Kitsenko [72].

Johnston and Moore [73] postulate that a ring of electrons is
trapped at the midplane of the plasma column by cusp-1ike electric
fields. They find that an annular ring of trapped electrons rotates
collectively at the cyclotron frequency and exhibits free modes of
vibration at all harmonics of the electron cyclotron frequency. If
the uniform current of the rotating ring is turbulence modulated,
electromagnetic radiation results,

Several single particle radiation mechanisms have been proposed
which result in electromagnetic radiation predominantly at the harmonics

of the electron cyclotron frequency.
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Kuckes and Dawson [74] evaluated the radiation which results when
a high energy electron repeatedly crosses the hybrid layer region in a
non-uniform plasma. The hybrid resonance region can be much thinner
than the cyclotron radius of a thermal electron. When fast electrons
repeatedly pass through the resonance region,.important perturbations
of the electron trajectory occur leading to excitation of plasma oscil-
lations. These oscillations couple through the evanescent region
immediately outside the hybrid layer to the vacuum radiation field.
The resulting emission exhibits peaks at the harmonics of the electron
cyclotron frequency.

Simon and Rosenbluth [75] find that when a particle with a
velocity component perpendicular to the magnetic field experiences
periodic elastic collisions with a rigid wall, the resulting radiation
has a large harmonic content. Similar radiation results when periodic
changes in the electron trajectory occur due to collision with a plasma
sheath instead of a wall.

Another possible explanation by Rauchle [76] considers the
electromagnetic radiation which results from the interaction of spiral-
1ing electrons with the shielded ions in the plasma. This radiation
was called magnetic bremsstrahlung.

Persson, Johnson, and Uhlenbrock [77] calculated the electromag-
netic radiation which results from the interaction of the space charge
wake attached to the high velocity electrons with fluctuations in the
jon density. Nonuniformities in the ion positions resulting from

thermal fluctuations are found to be sufficient to allow electromagnetic
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radiation, It is expected that the emission will be enhanced by turbu-
lent fluctuations in the ion density, a condition which is characteris-
tic of the nonstabilized Penning discharge.

There are some indications that the harmonic emission might be
related to the low frequency macroscopic instabilities which are
prominent in the Penning discharge. Klan [24] has experimentally
demonstrated a correlation between the harmonic radiation and a rota-
tional instability. Datlov [78] has suggested that the harmonic
radiation might be related to the inverted ion magnetron spiral drift

wave instability.

4.3 Comparison of Theoretical and Experimental Results

There are many conceivable explanations for the emission which
is observed in the Penning discharge at the harmonics of the electron
cyclotron frequency. Keep in mind that throughout this report we are
only seeking to identify the dominant harmonic emission mechanism in
the Penning discharge. It is very possible that others are present to
a lesser extent, but they are not of major interest here. Fortunately
there is a sufficient variety of experimental evidence available to
conclude that most of the theories reviewed in Section 4.2 are not
relevant to the Penning discharge.

This section begins with a 1ist that summarizes several of the
basic features of the harmonic emission which is observed in the Penning
discharge. In the discussion which follows, it is demonstrated that
many of the theories are basically incompatible with the considered
experimental evidence and therefore can not account for the bulk of

the harmonic emission, Several promising theoretical possibilities
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emerge from the analysis.

The following basic features of the harmonic emission of the

Penning discharge have been established by the experiments:

1.

In the vicinity of the higher harmonics, there is no apparent rela-
tionship between the absorption spectrum of the plasma column and

the emission spectrum. Since harmonic absorption effects are not
observed at the higher harmonics of the electron cyclotron frequency,
the theory should not predict any.

The existence of an upper hybrid layer on the plasma column is a
necessary condition for the observation of harmonic emission., As
the plasma density is increased, there is a sharp onset of harmonic
emission when the hybrid layer condition is satisfied. Therefore,
the hybrid frequency should be a characteristic frequency in the
theory.

The harmonic emission is not significantly affected by either the
radial electric field, the low frequency drift instabilities, or
the plasma turbulence which are so characteristic of the nonstabil-
ized Penning discharge. Therefore these aspects of the plasma need
not be included in the theory and certainly the theory should not
be based on them,

The harmonic emission lines, which are nearly symmetrical in shape,
are located at the harmonics of the electron cyclotron frequency.
The theory should predict the same.

The power received by the microwave horn, which is only a small
fraction of the total power radiated by the plasma column of the
pyrex discharge tube, amounts to approximately 1.6 x 10']8watts/Hz
(Tr = 10 eV). The theory must be capable of generating at least as
much emission from a relatively small number of energetic electrons.

In order to properly evaluate the theories, it is essential to

recognize that many of them involve extensive approximations. Those
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characteristics of the harmonic emission which have been included in
the 1ist were chosen because they are very basic and are least sensitive
to such approximations. Although the last feature in the list is quan-
titative, it is only used as an order of magnitude guide.

The discussion which follows concentrates on the discrepancies
which exist between the experimental evidence and the various theories.
This process is essentially an elimination procedure. For this reason
the theories which are basically compatible with the evidence will not
be discussed here except in the summary at the end.

A number of theories predict that the absorption and emission
spectra should be closely related. These include the theories of Simon
and Rosenbluth [75] and of Kuckes and Dawson [74]. In fact, it is the
absorption spectrum which is calculated by Kuckes and Dawson. They
then apply Kirchhoff's law to obtain the emission spectrum, Several
additional theories, including those of Johnston and Moore [73] and of
Rauchle[76], also expect absorption at the harmonics of the electron
cyclotron frequency. However, absorption resonances at the higher
harmonics of the electron cyclotron frequency are not observed in the
Penning discharge.

In general, it is difficult to reconcile the strong plasma den-
sity dependence of the harmonic emission with the electromagnetic
radiation theories. The experimental evidence strongly favors the
concept of excitation of quasi-electrostatic waves by nonthermal elec-
trons, followed by mode conversion at the hybrid layer. The hybrid
layer is then a necessary condition for the harmonic radiation, a

feature which is in good agreement with the experimental evidence.
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The hybrid frequency does not emerge as a characteristic fre-
quency in most of the electromagnetic theories. The existence of a
hybrid layer is not essential in the theories of Simon and Rosenbluth
[75], Johnston and Moore [73], Rauchle [76], or Boyd [66]. In fact,
the existence of a hybrid layer is detrimental to these radiation
processes, Electromagnetic radiation can not escape from the plasma
volume inside of the hybrid layer where the propagation of electromag-
netic waves is severely restricted. Although the plasma density is a
parameter in these theories, the complete absence of harmonic emission
even when the plasma density is only slightly below the onset density
is not predicted by the theories.

Similarly, in the theory of Neufeld and Wiginton [71] emission
in the vicinity of the higher harmonics can only occur when w > mp
The existence of a hybrid layer again appears to be detrimental. When
there is no hybrid Tayer present on the plasma column, the emission
process can be operative throughout the plasma volume. However, when
a hybrid layer is present, emission is confined to the thin plasma
region outside of the hybrid layer. The emission process is then a
surface effect and the applicability of uniform plasma electromagnetic
theory is questionable.

According to the theories of Persson [77], Boyd [66], and
Johnston and Moore [73], the harmonic emission intensity should be
sensitive to ion density fluctuations and turbulence. Boyd expects
considerable enhancement of the harmonic emission intensity in the
Penning discharge because of strongly nonequilibrium fluctuations of

the ion density. Experimentally, ion density fluctuations and
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turbulence are reduced by several orders of magnitude through grid
stabilization of the plasma column. However, only a minor change in
the amplitude of the harmonic emission is observed.

That grid stabilization of the plasma column does not greatly
affect the harmonic emission is significant for other reasons as well.
Since grid stabilization of the plasma column nearly eliminates Tow
frequency drift instabilities, it appears that such instabilities are
not involved in the emission process. Also, turbulence is likely to
have a much greater disruptive effect on electrostatic wave instabili-
ties than on single particle radiation mechanisms.

In addition, grid stabilization of the plasma column results in
major changes in the radial electric field and the density profile. The
amplitude of the radial electric field is important in the theory of
Simon and Rosenbluth [75] and the nature of the density profile in the
vicinity of the hybrid layer is important to fhe theory of Kuckes and
Dawson [74]. However, grid stabilization has only a minor effect on
the harmonic emission spectrum,

In the theories of Stone and Auer [57], and Shimomura [58], the
harmonic emission 1ines can not be located exactly at the harmonic
positions but must be displaced by an amount which depends on the plasma
density. The expression for the emission intensity obtained by Stone
and Auer vanishes exactly at the cyclotron harmonic frequencies. A
similar shifting of the location of the emission lines is predicted by
the theory of Simon and Rosenbluth [75]. In contrast, the harmonic
emission lines observed in the Penning discharge are located exactly

at the cyclotron harmonics and do not shift position when the plasma
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density is varied.

Many of the single particle radiation theories have been devel-
oped to the extent that an expression for the emission intensity is
available. In the case of a collective wave instability, it is much
more difficult to predict the emission intensity, since only the
linear growth rate is known. In most cases, however, such instabili-
ties can easily account for the intensity of the observed emission,
which seldom exceeds the thermal emission level by more than 20 db,
Nevertheless, it is of interest to compare the emission intensities
predicted by the various independent particle theories because many
fall orders of magnitude short of the experimentally observed emission
intensities,

For the purpose of comparison, it is necessary to use the experi-
mental results which were obtained using the pyrex discharge tube. It
is difficult to interpret the emission intensity observed in the metal
discharge chamber because the plasma column reabsorbs much of the
emission and it is therefore impossible to determine the total emission
from the plasma column. In the case of the pyrex discharge tube, it
is assumed that the plasma column radiates uniformly in all directions
and it is surrounded by a perfect microwave absorber so that none of
the emitted signal is reflected back onto the plasma column. The
microwave horn is located 9 cm from the axis of the plasma column.

For the pyrex discharge tube, the observed equivalent radiation
temperature or antenna temperature is typically given by TA = 10 eV,
where Tp is the antenna temperature at the cyclotron harmonics. The

antenna temperature can be expressed in terms of the "brightness
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temperature" of the plasma,

[ Tgteu) 60,) a0
TA = (1 -T)
j 6(0,4) do

where G(6,¢) 1is the gain function of the microwave antenna, TB(B,¢)

is the "brightness temperature" of the source, and T 1is a reflection co-
efficient which accounts for the mismatch between the antenna and the
line [79].

In the present situation, the plasma column does not entirely fill
the radiation pattern of the antenna. In addition, there is a slight mis-
match between the antenna and the microwave transmission line. As a result
the observed antenna temperature, which is an average temperature, is less
than the brightness temperature of the plasma column. The power flowing in
in the waveguide is related to the brightness temperature of the plasma
column by the relationship P = kTA = skTB where s is a fractional num-
ber given by

J Tg(6,9) G(6,¢) da

s = (r -1)
Ty I G(0,9) do

In the present experimental configuration, s is estimated to be
roughly 0.5,

Thus, the radiation produced by the plasma column at the harmon-
ics of the electron cyclotron frequency has the same intensity as that
from a blackbody column of the same dimensions but at a temperature

which is approximately twice the observed antenna temperature of 10 eV,
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The power flux for a single polarization from a blackbody sur-

face is given by

2
Ty = m \;—7 KTg = ’;’z KTy (watts/Msz)

Therefore a brightness temperature of 20 eV corresponds to an inten-

sity of 10']8 2

watt/cm™ Hz at the plasma surface, assuming a wavelength
of 3.3 cm.

Note that the volume to surface ratio of the plasma column is
given by R/2 = 1.5 cm, Therefore, if the harmonic generation mech-
anism is a volume effect instead of a surface effect, the mechanism
must be capable of producing 0.7 x 10-]8watt/cm3Hz at the harmonics
of the electron cyclotron frequency.

Many of the single particle radiation theories can not account
for this emission intensity, which is observed experimentally in the
Penning discharge. The theories of Kuckes and Dawson [74] and Simon
and Rosenbluth [75] predict emission intensities which are too Tow by
two or three orders of magnitude, Both Rauchle [76] and Persson [77]
predict even lower emission intensities. The mode Eonversion mechanism
of Boyd [66] gives an emission intensity approximately five orders of
magnitude below the observed level. Againt several of these theories
are based on a thermal level of ion density fluctuations and it is
expected that the emission intensity would be greatly enhanced by the
turbulent fluctuations of the Penning discharge. However, this pre-

diction has not been substantiated by the experiments which used the

grid-stabilized plasma column.
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Even the theory of Stone and Auer [57] does not appear to be
able to account for the observed emission intensity if the neutral
gas pressure is high. Since this case is marginal, it will be examined
in greater detail,

From the analysis of Section 2.4 in Chapter II, the number den-
sity of energetic electrons in the energy range of 15-200 eV can be
estimated to be 5 x 107/cm3 when the oxygen gas pressure is 30 mtorr.
Stone and Auer found that the emission intensity for a single test

electron is given by the equation

2

dW e W 2 4k
(a——d— oy ge— g (=)
t u)wzmw 81 VH m Ye

C

subject to the condition Vﬁ >> ZV%h . Assume that all of the emis-

sion originates from a 1 cm thick plasma layer in the vicinity of the
hybrid resonance. In order to account for the experimental results,

the above equation should predict an emission intensity of at least

-18

10 watts/cm2 Hz from only 5 X 107 energetic electrons.

A rough estimate of the emission intenéity near the m = 4

harmonic can be obtained by setting %—mﬂ?

The maximum emission occurs at the first maximum of the J4 Bessel

= 10eV and w = 9 GHz.

function, where klyllwc = 5,3 ., The emission intensity is then

H%%? =~ 8 x 10']9ergs/sec Hz = 8 x 10'26watts/Hz
Therefore 5 x 107 "similar" electrons would result in an emission in-
tensity of 4 x 10']8watts/Hz.
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Although this might at first appear to be sufficient to account
for the experimentally observed intensity, it is clear that the calcu-
lation is a significant overestimate., First of all, most of the
energetic electrons do not have the same velocity components as the
first test electron and therefore do not maximize the expression for

the emission intensity. The emission intensity falls off rapidly when

VL departs significantly from the value which maximizes the Bessel
function, VL = 5,3 wc/k . The emission intensity is also inversely

T and many of the indicated energetic electrons
possess a much larger value of V, (%—mVﬁ

In addition, only a fraction of the excited electrostatic wave

‘proportional to V

>> 10 eV) .

energy is converted to electromagnetic radiation. Since only a small
part of the cubic centimeter plasma volume is immediately adjacent to
the hybrid layer, electrostatic wave energy will be reabsorbed in the
plasma through collisional damping of the propagating electrostatic
waves. Also, mode conversion losses have been ignored. A more realis-
tic estimate of the emission intensity would fall short of the experi-
mental value by an order of magnitude. Therefore it is difficult to
account for the emission intensity observed at high pressures by using
the theory of Stone and Auer,

It might be argued that electrons with energies less than 15 eV
are also important in the above calculation. However, the results of

Chapter V indicate that this is not the case.
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4.4 Summary of the Comparison

In summary, it is found that many of the theories are incompat-
ible with the experimental evidence in several ways. The preceding
discussion helps to establish the relative importance of the various
harmonic radiation theories with respect to the Penning discharge by
indicating which theories can not account for the greater part of the
observed radiation. This analysis does not rule out the possibility
that these same theories might in fact account for smaller amounts of
radiation. It is also interesting to note that several of the theories
which are not found to be relevant in the Penning discharge have been
useful in explaining harmonic emission which is observed in other types
of plasma sources [9,12,80-83].

Although the preceding analysis rules out many of the possible
harmonic radiation mechanisms, several promising theoretical possibi-
lities still remain., They include single particle radiation of
electrostatic waves as described by Canobbio and Croci [59] and Sugihara
[60]. In particular, these approaches are in agreement with the ob-
served emission intensities and the fact that the emission lines are
located at the harmonics of the cyclotron frequency. They are also
compatible with the hybrid layer condition and the differences between
the absorption and emission spectra.

Electrostatic wave instabilities are also a likely possibility.
They can certainly account for the observed emission intensity and the
observed differences between the absorption spectrum and emission spec-

trum. Several such theories, for example the helical beam model of
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Seidl [69], predict emission exactly at the harmonics of the electron
cyclotron frequency. And regardless of how the electrostatic waves
might be excited, the necessity of an upper hybrid layer in the mode
conversion process is compatible with the experimental evidence.

The theories which have been ruled out by the preceding analysis
are principally the electromagnetic radiation theories. The sharp
onset of the harmonic emission at a critical plasma density, correspond-
ing to the existence of a hybrid layer on the plasma column, is not
generally compatible with the electromagnetic radiation theories, but
instead indicates that electrostatic waves play an important role in
the emission process. In addition, most of the single particle electre-
magnetic radiation theories predict insignificantly low emission
intensities and several predict a direct relationship between the ab-
sorption and emission spectra.

Several single particle electrostatic radiation theories also
seem to be ruled out by the analysis. The theories of Stone and Auer[57]
and of Shimomura [58] do not predict emission exactly at the harmonics
and have some difficulty in accounting for the observed emission levels,
In addition, the possibility that the harmonic emission is associated
with the radial electric field, the low frequency drift instabilities,
or the turbulence of the Penning discharge seems to be ruled out by
the experimental work which was carried out on the grid-stabilized dis-
charge.

4.5 The Role of Additional Experimental Work

Before the harmonic radiation mechanism can be positively iden-

tified, much additional experimental work is needed. The choice
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between excitation of electrostatic waves by single independent elec-
trons as in the theory of Canobbio and Croci [59], or by a wave
instability as in the helical beam theory of Seidl [69] appears to be
one of the principal unresolved questions, From a theoretical view-
point, it would also be useful to know which particular group of non-
thermal electrons in the Penning discharge is responsible for the
harmonic emission. Unfortunately the experimental evidence presented
up to this point is not very useful in providing conclusive answers to
these questions. Therefore it is of interest to develop new experi-
ments, such as the pulse modulation experiment to be described in
Chapter V, which can resolve such questions.,

It would also be hoped that a new experimental approach might
uncover an additional strong parameter dependence which can contribute
toward identification of the radiation mechanism. Up to this point,
only one parameter has been identified on which the harmonic emission
has a strong dependence: the plasma density. The sharp onset of the
harmonic emission at the critical density has been invaluable in the
consideration of the many possible theoretical models.

In this respect, it is interesting that in the pulsed experi-
ments described in Section 3.7, the harmonic emission intensity appears
to be strongly influenced by the discharge voltage. This effect will
be examined in detail in Chapter V where it is found that the harmonic
emission can be switched on or off by manipulating the cathode voltage.
Also, when the emission is turned on or off, the corresponding rise
and fall times on the harmonic emission can be measured. The response

time of the harmonic emission provides valuable additional clues about
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the generation mechanism.

The pulse modulation experiment of Chapter V provides a new
experimental approach which may lead to positive identification of the
source of the harmonic emission in the Penning discharge. The experi-
mental results which are obtained provide some answers to the questions
which could not be answered on the basis of the experiments described

in Chapter III.
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CHAPTER V
THE PULSE MODULATION EXPERIMENT

5.1 Introduction

The experimental results which have been presented up to this
point are not sufficient to positively identify the harmonic emission
mechanism, It appears that the harmonic emission process involves the
excitation of electrostatic waves followed by mode conversion at the
hybrid layer as described by Stix [61]. However, it is not clear
whether the electrostatic waves are excited by independent electrons as
in the single particle radiation theory of Canobbio and Croci [59] or
through a wave instability such as that described by the helical beam
theory of Seidl [69]. In addition, it is not clear which group of
energetic electrons in the Penning discharge is responsible for the
harmonic emission.

The pulse modulation experiment described in this chapter will
seek to clarify these points. The principal topics which arerinvesti-
gated in the experiment include the relaxation time of the harmonic
emission, the dependence of the harmonic emission amplitude on the dis-
charge voltage, and the source of a different kind of high intensity
nonharmonic radiation which can be excited by pulse modulation.

Originally, the pulse modulation experiment was undertaken to
investigate the time response of the harmonic emission as observed in
a pulsed plasma. The relaxation time of the harmonic emission is a
new type of information which has not been available in previous inves-

tigations of harmonic emission. Yet, it appears to be the kind of
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experimental information which is needed if the harmonic emission
mechanism is to be identified. For example, the relaxation time seems
to indicate which electrons are responsible for the harmonic emission.

In the pulse modulation experiment it is demonstrated that the
harmonic emission intensity depends strongly on the operating voltage
of the Penning discharge, This effect has not been documented in pre-
vious investigations. Although the proper interpretation of this result
is not entirely certain, it is nevertheless a very important result.

Unexpected observations of a different type of high intensity
microwave radiation proved to be very useful. The high intensity radi-
ation is identified as resulting from a beam-plasma induced wave
instability, thereby eliminating the same instability as a possible

“source of the harmonic emission,

Before a pulse modulation experiment could be assembled it was
necessary to do some preliminary experimental work to ascertain the
relaxation time of the harmonic emission so that instrumentation could
be designed accordingly. This preliminary experimental work is dis-
cussed in Section 5.2,

Then, the experimental details of the pulse modulation experiment
are given in Section 5.3. Pulse modulation is explained and the instru-
mentation and apparatus are described.

Two types of microwave radiation are observed in the pulse
modulation experiment: the usual harmonic emission and a different type
of higher intensity radiation. The high intensity radiation is quite
unlike the harmonic emission., The radiation amplitude is several orders

of magnitude greater, the radiation is well localized to the vicinity
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of the cathodes of the discharge, and the frequency spectrum has
minima at the harmonics of the electron cyclotron frequency. The
experimental investigation of this high intensity radiation is des-
cribed in Section 5.4 and the results are interpreted in Section 5.5,

Then, in Section 5.6, pulse modulation of the harmonic emission
is described in detail, The relaxation time of the harmonic emission
is investigated and it is found that the relaxation time decreases
with increasing neutral gas pressure, It is found that the harmonic
emission amplitude is strongly dependent on the cathode voltage and
also that the width of the emission lines increases with the cathode
voltage. These results are interpreted in Section 5.7.

The chapter ends with a discussion of the significance of the

results of the pulse modulation experiment, Section 5.8,

5.2 Preliminary Experimental Work

The pulse modulation experiment evolved as a result of explora-
tory work carried out in the pulsed discharge. Interesting effects
had always been observed whenever the Penning discharge was operated
on a pulsed basis. For example, in the pulsed experiment described in
Section 3.7, the harmonic emission intensity appears to be strongly
influenced by the discharge voltage. After the discharge voltage has
dropped, the plasma column does not produce very much harmonic emis-
sion, even though the discharge current and the plasma density are
still near maximum,

The principal objective of the pulse modulation experiment is to

investigate the time response of the harmonic emission. It is expected
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that the decay time for the harmonic emission will provide valuable
clues about the nature of the harmonic emission process and might give
some indication as to which group of energetic electrons is responsible
for the emission.

This anticipation led to exploratory experimental work which es-
tablished the parameters and requirements of such an experiment. In
the preliminary experiment, the plasma was produced using a 1 kilovolt,
10 amp pulse generator. The breakdown pulse is typically 150 micro-
seconds in length (2.5 milliseconds for argon) and has a risetime of
1 microsecond. A second pulse of variable length, which can be applied
to the discharge at any time during the afterglow, is also available
from the pulse generator. The discharge chamber is essentially that
shown in Figure 2.7 and the microwave receiver for pulsed operation is
diagrammed in Figure 2.1.

The exploratory work revealed that the harmonic emission disap-
pears very rapidly in the afterglow of the discharge. The decay time
for the harmonic emission is found to be much shorter than the time
scales associated with changes in the electron temperature and density.
In fact, the decay time could not be measured because it was found to
be identical with the 1 microsecond decay time of the applied pulse.
Because the decay time of the voltage waveform appearing at the
cathodes of the discharge is affected by the cathode-anode capacitance
l(m2000 pf), an improvement of the decay time of the applied pulse
would not by itself eliminate the problem.

In an effort to observe the decay time of the harmonic emission,

a thyratron was used to clip the end of the applied pulse and discharge
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the anode-cathode capacitance. Under these conditions, the falltime
of the cathode voltage is observed to be approximately 60 nanoseconds
and the decay time of the harmonic emission is founa to be roughly 300
nanoseconds. In this case the emission decay time is governed largely
by the response time (180 nsec) of the 4 MHz bandwidth I-F amplifier.
Therefore, it is not possible to accurately determine the response time
of the harmonic emission using this experimental system.

The exploratory work was very useful in defining the requirements
of the experimental system. It was these observations which led to the
development of a wideband I-F system, modification of the discharge
chamber to allow fast risetime pulsing and the design of a floating

pulse generator.

5.3 Experimental Details of the Pulse Modulation Experiment

5.3.1 Experimental Set-Up

The experimental set-up is diagrammed in Figure 5.1. The micro-
wave receiver, including the wideband I-F system, has already been
described in detail in Chapter II and requires no further description
here. The brass discharge chamber has been modified to meet the pulse
risetime requirements of the pulse modulation experiment. Details of
the discharge chamber are given in Section 5.3.2.

The Penning discharge is powered by a DC power supply during the
pulse modulation experiment, but the voltages which appear at the
cathodes of the discharge are pulse modulated using a floating pulse
generator. The pulse repetition rate (typically 5 KHz) is controlled

by the HP 214A pulse generator which triggers both the boxcar integrator
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and the floating pulse generator. The floating pulse generator, which
was assembled solely for use in this experiment, is described in

greater detail in Section 5.3.3. The pulse generator floats at the
operating voltage of the Penning discharge and has a polarity switch
which allows output pulses of either positive or negative polarity to

be applied to the cathode of the discharge. The pulses are superimposed
on the DC operating voltages of the cathodes of the discharge.

Some of the advantages of using the pulse modulation technique are
discussed in Section 5.3.4. Then, Section 5.3.5 indicates how the plasma
emission is affected by the two different modes of pulse modulation,

For simplicity, the cathodes of the discharge are only pulsed in
two ways. When the mode switch is in the OPP position, the cathodes
are isolated from each other and are pulsed with opposite polarity. When
the same switch is in the TG position, the cathodes are connected to-
gether and as a result are pulsed together with the same polarity. In
both cases the polarity switch on the floating pulse generator has a
major effect. For the OPP mode, the polarity switch interchanges the
waveform appearing at cathode #1 with that of cathode #2. For the TG
mode of operation in which both cathodes are pulsed identically, the
polarity switch changes a positive-going pulse into a negative-going
pulse., Other methods of pulsing the cathodes were tried but did not
result in any new plasma emission phenomena. However, for the measure-
ment of the coefficient of secondary emission by electron bombardment

described in Appendix B, only one cathode of the discharge is pulsed.
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5.3.2 Modified Discharge Chamber

A sketch of the modified discharge chamber is given in Figure
5.2, The principal modification consists of the addition of the
teflon O-ring spacers. They increase the separation between the anode
and cathode flanges to 1/2 inch, thereby reducing the anode-cathode
capacitance by an order of magnitude. The reduced capacitance facili-
tates fast risetime pulsing of the cathodes. The teflon surface which
is exposed to the plasma is contoured to inhibit the uniform deposition
of sputtered aluminum. This design proved to be quite successful in
reducing the arcing problem caused by sputtering.

Also shown in Figure 5.2 is a cylinder of microwave absorbing
material. This absorber was inserted into the discharge chamber during
the course of the experiment for the purpose of investigating the
localization of the observed microwave radiation. It is reasonably
effective in preventing radiation which is generated in the vicinity
of cathode #2 from reaching the microwave receiver. This same absorber
was also used in the microwave absorption experiment of Chapter III.
The absorber is made from a Sauereisen mixture similar to that described
by Heald and Wharton [84]. Structural strength is obtained by inter-
leaving layers of fiberglass gauze throughout the absorber,

The grid used to stabilize the 4" diameter plasma column is
sketched in Figure 5.2. It can be located anywhere in that part of the
discharge chamber not occupied by the microwave absorber. When the
grid is located next to the absorber, it greatly improves the effec-
tiveness of the absorber in isolating the microwave receiver from the

plasma region enclosed by the microwave absorber,
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The pulse modulation experiment also used a plasma column with
a 2.6" diameter. Such a column is obtained by reducing the inside
diameter of the anode rings from 4" to 2.6". The 2.6" plasma column is
stabilized using the same grids which were used to stabilize the pyrex
discharge tube. The parallel wire grids are mounted on the anode
rings at both ends of the discharge chamber,

Note that only the brass discharge tube is used in the pulse
modulation experiment. The pyrex discharge tube is not set up for fast
risetime pulsing. Oxygen is the standard working gas, but argon is used

occasionally.

5.3.3 Floating Pulse Generator

The floating pulse generator consists of a pair of 6KD6 beam
pentodes together with the necessary floating filament, screen, grid
bias, and anode power supplies. It is controlled by the HP 214A pulse
generator which supplies a gate pulse through an isolation transformer.
During the pulse, the tubes deliver a fixed current to the load resis-
tors which are shown in Figure 5.1. When the discharge is pulsed in
the OPP mode the load resistance is 200 ohms and when the discharge is
pulsed in the TG mode the load resistance is 10022, This choice of load
resistors allows the same range of cathode voltages to be covered when
using either pulse mode.

The voltage of the pulse is determined by how much current is
driven through the load resistors by the floating pulse generator. The
pulse current is controlled by adjusting the screen voltage of the

pentodes. The maximum current of the pulse generator is 4 amperes,
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Because the transmission lTine between the floating pulse generator and
the discharge chamber is less than 20 centimeters in length, it is not
a major consideration. The capacitances which are shown in Figure 5.1
shunt the discharge power supply and help to maintain a constant power
supply voltage throughout the modulation pulse.

It should be noted that the 200 ohm resistors and .016 uf capa-
citors were originally added to the discharge circuit for a reason
which is completely unrelated to the requirements of pulse modulation.
When the discharge chamber, as modified for low anode-cathode capaci-
tance, was operated in oxygen gas at low pressure, large amplitude
oscillations appeared on the cathodes (800 volts p-p). The two
cathodes oscillate 180 degrees out of phase and the frequency of the
oscillation is found to be determined jointly by the anode-cathode
capacitance and the inductance of the strap which connects the cathodes.
When the connecting strap is replaced by inductors of different sizes,
the frequency changes accordingly. In this way the frequency of oscil-
lation was varied throughout the frequency range of 0.1-20 MHz.

The oscillation is attributed to a negative resistance effect
associated with secondary electron emission by electron bombardment.
When a large potential difference exists between the two cathodes,
secondary emission by electron bombardment occurs at the most positive
cathode. If 6e , the coefficient of secondary emission by electron
bombardment, is greater than unity, then the most positive cathode ex-
periences a negative resistance. The magnitude of 6@ for the oxide
covered cathodes is examined in Appendix B. The R-C network of Figure

5.1 effectively adds a positive resistance at each cathode which causes
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the oscillations to be overdamped. Note that this effect has only been

observed in the oxygen gas discharge.

5.3.4 Advantages of Pulse Modulation

During the pulse modulation experiment, the plasma is operated
continuously using a DC power supply. The time response of the plasma
emission is observed while pulse modulating the cathodes of the Penning
discharge at a 2-10 KHz repetition rate. The applied pulse is typically
1 microsecond in length and has a risetime of 25 nanoseconds. The tech-
nique of using a floating pulse generator to observe the relaxation
time of the harmonic emission has several advantages.

In order to maintain a reasonable data acquisition rate when
using an averaging instrument such as the boxcar integrator, it is
essential to have a high repetition rate. The 5 KHz repetition rate
typically used in the pulse modulation experiment is very satisfactory
in this respect.

The pulse modulation technique provides considerable flexibility
and continuous control of the cathode voltages during the modulation
pulse. It is this last feature which made it possible to carry out a
detailed investigation of the dependence of the harmonic emission ampli-
tude on the cathode voltage.

Since the power requirements for the floating pulse generator
are moderate, the fast pulse rise times which are needed for the exper-
iment are easily achieved. In comparison, the power requirements for
the pulse generator which is used to operate the discharge on a pulsed
basis are ten times greater and the pulse risetime is considerably

longer.
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Because the modulation pulse is only 1 microsecond in length it
is possible to avoid the complications of time dependent plasma density
and electron temperature. The relaxation times for the temperature and
density are both expected to be two orders of magnitude longer than the
observed response times of the harmonic emission. Experimentally, the
decay time for thermal radiation in the afterglow of the argon dis-
charge is found to be nearly 100 usec, and the density decay time is
found to be considerably longer. Therefore both the electron tempera-
ture and density are essentially constant for the duration of the ap-

plied pulse (1 usec).

5.3.5 Effects of Pulse Modulation on the Plasma Emission

The microwave emission from the plasma column is observed while
pulse modulating the cathodes. It is found that the two modes of
pulse modulation produce very different results. When the cathodes are
pulse modulated with opposite polarity (OPP mode), a new type of high
intensity radiation is observed. However, only minor changes are ob-
served in the intensity of the harmonic emission. If instead the
cathodes are pulse modulated together with the same polarity (TG mode),
the harmonic emission undergoes strong amplitude modulation. However,
in this case the high intensity radiation is less prominent and is
only observed under certain conditions wherein the radiation intensity
is reduced from the previous case.

In the initial stages of the investigation, the behavior of the
plasma emission was explored qualitatively by displaying the detected

1-F output on an oscilloscope. In this way the role of each of the
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many experimental variables including the pulse amplitude, time during
the pulse, discharge current, neutral gas pressure, and magnetic field
intensity could be explored thoroughly in an expeditious way. After all
of the major effects had been observed in this manner, the plasma emis-
sion was recorded systematically using the boxcar integrator and the
X-Y recorder.

The plasma emission can be recorded in two ways., It can be re-
corded as a function of time during the modulation pulse, or the time
during the pulse can be held fixed and the emission spectrum can be
obtained by sweeping the magnetic field. In both cases, the plasma
emission is influenced by the many experimental parameters listed above.

It is found that the major experimental effects can be separated
into two types of plasma radiation phenomena, each predominently asso-
ciated with one mode of pulse modulation, Therefore, the discussion
is separated accordingly. First, the high intensity radiation excited
by the OPP pulse modulation mode is described in Section 5.4, A des-
cription of the effects of TG pulse modulation on the harmonic emission

follows in Section 5.6.

5.4 Investigation of High Intensity Radiation

5.4.1 The High Intensity Radiation and Its Significance

Although the purpose of the experiment is to investigate the
harmonic emission, it is also of interest to explore the high inten-
sity radiation which is observed in the discharge. Basically, it is
difficult to study the harmonic emission when the high intensity radi-

ation is present in greater amounts. It is essential to explore
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thoroughly the parameter dependences of the high intensity radiation
so that the high intensity radiation can be avoided during investiga-
tions of the harmonic emission through proper choice of the experimen-
tal parameters.,

There is an additional reason for studying the high intensity
radiation. We have been examining the possible sources of harmonic
emission in the Penning discharge. The high intensity radiation elim-

inates one of those possibilities, because the radiation mechanism
which is responsible for the high intensity radiation is obviously not
also the source of the harmonic emission. Specifically, the high
intensity radiation is identified as resulting from a wave instability
induced by the interaction of the secondary electron beam with the
plasma.

The wave instability which is responsible for the high inten-
sity radiation is interesting in itself. It is the result of a fascin-
ating beam-plasma system. The secondary electron beam in the Penning
discharge is diffuse and relatively large in dimension. Because the
electron beam is diffuse, the growth rate of the instability is
moderate. The diameter of the beam is identical with the diameter of
the plasma column, 2.6" or 4", Everywhere on the density profile of
the plasma column, the electron beam density is a constant fraction of
the plasma density. In contrast, beam-plasma experiments frequently
employ a high density electron beam whose diameter is much less than
that of the plasma column, or else the plasma diameter is very small.

The high intensity radiation is observed principally when the

cathodes are pulsed with opposite polarity (OPP mode). The nature of
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the radiation depends on the magnetic field. Although high intensity
radiation is easily observed at both large and small values of the
magnetic field, very little such radiation is observed for intermediate
values in the range of 0.7 to 1.8 kilogauss. The radiation observed

at low fields differs noticeably from that observed at higher fields.
At Tow magnetic field (B < 0.7 Kg) the radiation is well localized to
the cathode regions, depends strongly on both the discharge current and
the amplitude of the applied pulse, exhibits emission minima at the
cyclotron harmonics, and occurs only in the pressure range p ¥ 40 mtorr.
At high magnetic field, the radiation is only weakly localized to the
cathode regions and is confined to a limited frequency range between

the cyclotron frequency and the m = 2 harmonic.

5.4.2 Radiation at Low Magnetic Field

The high intensity radiation observed at low magnetic field was
investigated most thoroughly because this magnetic field range coin-
cides with the location of the m > 3 harmonic emission lines. Most
of the results described in this section were obtained using the 4"
diameter nonstabilized plasma column with the microwave absorber in
place. Other configurations will be mentioned briefly.

Figure 5.3 indicates the time response of the high intensity
radiation which is excited when the cathodes are puise modulated with
opposite polarity. The top half of the figure displays the voltage
waveforms of the two cathodes. In the OPP pulse modulation mode, one

cathode is driven positive and the other cathode is driven negative,
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The bottom half of Figure 5.3 displays the resulting plasma
radiation waveforms. Because the microwave absorber is located be-
tween cathode #2 and the microwave antenna, microwave radiation gen-
erated in the vicinity of cathode #2 is attenuated, whereas microwave
radiation generated in the vicinity of cathode #1 is not. Therefore
the detected radiation comes predominantly from the unattenuated por-
tion of the plasma column including the region close to cathode #1.

When the pulse polarity is such that cathode #1 is driven
positive with respect to cathode #2, then the plasma radiation wave-
form labeled [+] is obtained. This denotes that the detected radiation
comes mainly from the positive cathode end of the discharge chamber.
When the pulse polarity is reversed, the voltage waveforms of the two
cathodes are interchanged. In this case cathode #1 is driven negative
and the radiation waveform is labeled [-].

In all of the data recorded in the manner of Figure 5.3, the
plasma radiation waveforms are delayed approximately 40 nanoseconds
with respect to the voltage waveforms. This effect results from the
propagation delay of the I-F system. To compensate for the delay, all
figures have been corrected graphically by shifting the voltage wave-
forms 40 nanoseconds to the right. As a result, the waveforms in each
of the figures can be compared directly in real time.

The main features of the high intensity radiation observed at
low magnetic field are as follows:

1. The time behavior of the [+] radiation differs signifi-
cantly from that of the [-] radiation.

2. The radiation amplitude increases rapidly with the voltage
of the applied pulse.
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3. For large pulse amplitudes, the radiation from the [-]
cathode is much stronger than that from the [+] cathode.
Peak radiation temperatures exceed 105eV.

4, The radiation is very sporadic. There is considerable
variation from pulse to pulse and some pulses produce little
radiation.

5. The radiation is localized to the cathode regions and becomes
more Tlocalized as the neutral gas pressure is increased.

6. The radiation amplitude is sharply peaked when w = wp as

the discharge current is increased.

7. The frequency spectrum has minima at the harmonics of the
electron cyclotron frequency.

8. The radiation intensity is quite sensitive to the presence
and the location of the stabilizing grids. The radiation is
enhanced in the grid stabilized discharge except when the
grids are located close to the cathodes.

9. The radiation intensity is maximal for a particular combina-
tion of the magnetic field, discharge current, and gas
pressure, and can be suppressed if desired by adjusting
these same parameters.

10, The high intensity radiation does not occur when the neutral
gas pressure is high, p > 50 mtorr.

The [+] and [-] plasma radiation waveforms exhibit substantially
different time response. The [-] waveform rises rapidly after an ini-
tial delay and thereafter remains nearly constant. In contrast, the
[+] waveform exhibits a long delay during which only minor transient
effects are observed, Then the radiation rises steadily. When a
longer pulse is used, the [+] radiation amplitude is observed to reach

a steady state value after about one microsecond has elapsed. The time
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response of the [+] waveform is found to be essentially the same when-
ever this radiation is observed., However, the [-] waveform exhibits
some variations, Under various conditions the [-] radiation waveform
might attain a maximum value at the beginning, middle, or end of the
pulse., However, no significant changes are observed in the short delay
and rapid rise at the beginning of the pulse. For both types of radia-
tion, the behavior at the end of the pulse remains basically the same.

The amplitudes of the [+] and [-] radiation waveforms are not
usually as nearly equal in amplitude as is indicated in Figure 5.3.

The dependence of the amplitude of the [+] and [-] radiation on the
voltage of the modulation pulse is indicated in Figure 5.5, The
amplitude of the radiation is plotted versus the voltage difference
developed between the cathodes by the modulation pulse, When the
amplitude of the modulation pulse is small, the [+] radiation dominates.
And when the amplitude of the modulation pulse is large, only the [-]
radiation is important. The latter situation is displayed in Figure
5.4.

The data of Figure 5.4 were obtained in the same manner as those
of Figure 5.3. In Figure.5.4, both radiation waveforms are found to be
identical except for the obvious change in the radiation intensity.
This indicatés that very little radiation is being generated in the
vicinity of the positive cathode. Instead, all of the radiation is
localized to the negative cathode. The [+] radiation waveform is
simply the [-] waveform attenuated 8 db by the microwave absorber.

Keep in mind that the radiation waveforms of Figures 5.3 and 5.4

are the result of many waveforms which have been averaged by the boxcar
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the 2.6" Nonstabilized Plasma Column
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integrator. Unlike the harmonic emission which is nearly continuous
with time, this new type of radiation is very sporadic. The radiation
waveform for an individual pulse is, in general, quite different from
the "average" behavior displayed here. Quite often the modulation
pulse results in no radiation at all. When radiation is produced, it
appears in bursts, the amplitudes of which are usually at least an
order of magnitude larger than the "average" of Figures 5.3 and 5.4.

The highest observed radiation intensity is obtained using a
special pulse which results in voltages of -100 volts and -1200 volts
at cathodes #2 and #1 respectively. Under these conditions the peak
radiation intensity frequently exceeds 105eV. At the same time, the
"average" radiation level exceeds 104eV. More typical radiation
levels are somewhat lower but are still 20 to 30 db above the intensity
of the harmonic emission.

It is found that the degree of localization of the high inten-
sity radiation increases with the neutral gas pressure. The localiza-
tion of the [+] radiation is investigated by using a small amplitude
pulse and the [-] radiation is investigated using the maximum pulse
amplitude. The [-] radiation is found to be the most strongly
localized. It is observed that the high intensity radiation is
localized to the cathode regions and the extent of localization increases
with the neutral gas pressure.

To further explore this concept, the measurements were repeated
with the stabilizing grid located between the microwave absorber and
the receiving horn, This modification greatly increases the isolation

between the microwave receiver and that part of the plasma column



h

which is in the vicinity of cathode #2. In this case the [+] and [-]
waveforms are found to differ in amplitude by more than 18 db, reflect-
ing the increased isolation and the high degree of localization of the
radiation.

The balance between the [+] and [-] radiation is also found to
depend on how long the Penning discharge had been operated previous to
the observation. Shortly after the discharge is turned on, the [+]
radiation dominates even when the pulse amplitude is very large.
However, after several hours of operation the [-] radiation dominates
under most circumstances. Apparently cathode surface conditions are
important.

The strong dependence of the high intensity radiation on the
discharge current is indicated in Figure 5.6. As nearly as can be
determined, the high intensity radiation is maximum just at the onset
of the harmonic emission. Since We is small for the high harmonics,
this indicates that w = mp is a condition for the high intensity
radiation, Note that the data displayed in Figure 5.6 were obtained
using the 2.6" nonstabilized plasma column. For the 4" column the
harmonic onset is more gradual and the peak of the high intensity
radiation is broader.

The unusual frequency spectrum of the high intensity radiation
is fascinating. The spectrum is shown in Figure 5.7, The top graph
is a spectrum of the high intensity radiation excited by OPP pulse
modulation. The bottom graph is a harmonic emission spectrum obtained
without pulse modulation. It is presented for reference to indicate

the harmonic locations.
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The frequency spectrum of the high intensity radiation exhibits
minima at the locations of harmonics of the electron cyclotron fre-
quency. This unusual feature is observed consistently for both the
[+] and [-] radiation., Admittedly, the minima at the harmonics are
not always as pronounced as they are in Figure 5.7, but nevertheless
they are always present.

In a sense, the high intensity radiation spectrum of Figure 5.7
is not very typical. It is presented because it shows the harmonic
minima clearly and covers a broad portion of the spectrum. Usually
the radiation intensity changes more rapidly as a function of B and
only a narrow portion of the spectrum dominates, The resulting spec-
trum consists of a relatively narrow maximum which is not especially
interesting when displayed using a linear scale.

Note that the lower graph of Figure 5.7 displays some extra
radiation in the harmonic emission spectrum at low magnetic field which
is obviously not harmonic emission. Landauer also observed relatively
high intensity nonharmonic radiation in the range of low magnetic
field [4]. This effect is frequently observed while investigating
the harmonic emission of the dc operated discharge, and proved to be
very frustrating when attempting to obtain a clean harmonic spectrum.
It is found that this radiation is very simi]ér to the high intensity
radiation excited by pulse modulation. It has a much greater intensity
than the harmonic emission, but is only present for a small percentage
of the time, appearing in short bursts.

The similarity between the radiation excited by pulse modula-

tion and that present in the dc discharge is especially evident when
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the 4" column is operated with the stabilizing grid in place. Apparently,
this configuration is particularly suitable for the generation of high
intensity radiation. The high intensity radiation is present at rela-
tively high Tevels even before the pulse modulation is turned on. And
the modulation pulse itself turns out to have an unusual effect. The
[-] radiation waveform still shows that the radiation in the vicinity
of the negative cathode is enhanced. However, the [+] waveform is unu-
sual; it reveals that the radiation level is actually suppressed in the
vicinity of the positive cathode.

The location of the stabilizing grid is very important with res-
pect to the generation mechanism of the high intensity radiation. When
the stabilizing grid is placed near the center of the 4" plasma column,
the high intensity radiation is enhanced significantly. It appears that
the quiescent plasma is more suitable for the generation mechanism. In
contrast, when the stabilizing grid is placed near the cathode, as in
the case-of the 2.6"column, the high intensity radiation is reduced by
nearly two orders of magnitude. The principal difference in this case
is that two grids are involved, one mounted immediately in front of each
cathode. Apparently the presence of the grids in the vicinity of the
cathodes severely disrupts the generation mechanism of the high intensity
radiation. This is plausible because such radiation was previously
found to be localized to the immediate vicinity of the cathodes. Thus the
quiescent plasma of the grid-stabilized discharge is most suitable for
the production of the high intensity radiation provided that the stabil-

izing grids are not located near the cathodes.
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It should be noted that although the high intensity radiation
observed in the 4" diameter grid-stabilized plasma column has a much
greater amplitude than that observed in the 2.6" diameter column, when
the stabilizing grids are removed both columns exhibit similar behavior.
The radiation spectra of the 4" column have better defined minima at
the harmonics of the electron cyclotron frequency, but the radiation
intensities are essentially the same. Therefore, the only important
difference between the 4" and 2.6" diameter columns is the location of
the stabilizing grids.

As previously noted, there are several parameters which can be
varied in the experiment, and all of them are found to have a major in-
fluence on the high intensity radiation. The high intensity radiation
can be enhanced or suppressed by proper choice of these parameters.
Although the following remarks are intended to describe the [-] radia-
tion which is localized to the negative cathode, the behavior of the
[+] radiation is similar.

It is found that the amplitude of the high intensity radiation
depends jointly on the magnetic field (B), the discharge current (I),
and the neutral gas pressure (P). Figures 5.6 and 5.7 indicate how the
high intensity radiation depends on B and I separately. These graphs
were obtained by varying only one parameter at a time. More generally,
it is found that there is one particular combination of the parameters-
B and I which yields the maximum radiation intensity. If the magnetic
field is then increased, it is found that the radiation maximum occurs

at a lower value of the discharge current., Or if I is increased, B



-176-

must then be decreased to again maximize the radiation intensity.

Changing the pressure parameter P only results in a minor
modification. If P 1is increased, then the radiation maximum requires
a combination of higher B and lower I. And if P is decreased, the
maximum shifts to lTower B and higher I. Thus .the high intensity radia-
tion at low magnetic field occurs mainly for a particular combination
of parameter values.

It is found that the high intensity radiation can easily be
avoided during investigations of the harmonic emission. Such investi-
gations normally require larger values of the discharge current, in
which case the high intensity radiation is greatly reduced.

Finally, it is found that the high intensity radiation disap-
pears when the neutral gas pressure exceeds 50 mtorr. This behavior is
indicated in Figure 5.8. At low pressure, P < 20 mtorr, the amplitude
of the [-] radiation is found to be nearly independent of the neutral

gas pressure.

5.4.3 Radiation at High Magnetic Field

Up to this point the only high intensity radiation which has
been described is that which is observed at low magnetic fields cor-
responding to the location of the higher harmonics of the electron
cyclotron frequency. At the beginning of Section 5.4 it was mentioned
that high intensity radiation is also observed at higher magnetic
fields, B > 1.8 kG, corresponding to the frequency range 1 < w/wc < T,
The high intensity radiation observed at high magnetic fields behaves

very differently than the low field radiation.
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Figure 5.9 The Frequency Spectrum of the High Intensity Radiation
Observed at High Magnetic Field.
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The emission spectra shown in Figure 5.9 are typical of the
radiation at high magnetic field. When the receiver frequency is
changed, the radiation spectrum shifts accordingly to a new value of
the magnetic field such that w/wc = constant., The parameter depen-
dences differ noticeably from the low field radiation. As indicated
by the data in Figure 5.9, the shape and amplitude of the emission
spectra change with the discharge current. The radiation exists over
a large range of the discharge current parameter, In some cases the
radiation is found to be localized to the cathode regions, but the
extent of localization is not as great as was previously found for the
low field radiation. In the dc discharge, the radiation intensity is
found to be maximum at low pressures (P < 5 mtorr). However, when the
discharge is pulse modulated, the radiation is most intense at higher
pressures (P > 20 mtorr). Pulse modulation of the cathodes results in
strong amplitude modulation of the radiation and, under the right con-
ditions, the radiation intensity is comparable to that of the high
intensity radiation observed at low magnetic field.

The high magnetic field radiation is not investigated as thorough-
ly as the low field radiation because it is more complicated and does
not occur in the frequency range of interest to this investigation,

w /v ¥ .33, In addition, this type of radiation has apparently been
observed previously by Vasiliyev [21] in a dc operated discharge (his
Figure 12). Note that he also indicates the presence of a continuum
of high intensity radiation at low magnetic field in the vicinity of
the higher harmonics (his Figure 11). However, he does not observe

the existence of minima in the radiation spectrum at the location of
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the harmonics of the electron cyclotron frequency. The very high inten-
sity radiation (v 108ev) which he observed at the harmonics is not

observed here,

5.4.4 O0ther Effects of OPP Pulse Modulation

In addition to the high intensity radiation and the
harmonic emission, transient radiation is also observed. When the dis-
charge is pulse modulated, transient radiation is frequently observed
at the beginning and end of the pulse. The transient radiation con-
sists of a short burst of radiation which lasts from 50 to 100 nano-
seconds. However, since this effect only occurs at low pressure, it
can be avoided by operating in the pressure range P > 10 mtorr.

Finally, the OPP modulation pulse has only a minor effect on
the harmonic emission. If the amplitude of the modulation pulse is
very large, the intensity of the harmonic emission is slightly reduced.
But for smaller pulse amplitudes, the intensity of the harmonic emis-
sion is increased s1ightly. In both cases the change is usually Tess
than 0.5 db. Also, no localization effects are detected for the
harmonic emission. Therefore OPP pulse modulation is used principally

to investigate the high intensity radiation at Tow magnetic field.
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5.5 Interpretation of the High Intensity Radiation

5.5.1 The Radiation Mechanism

The amplitude of the high intensity radiation is sufficiently
great that it can not be accounted for on the basis of radiation from
independent electrons, but must instead involve a coherent collective
phenomenon. As indicated, the radiation intensity frequently exceeds
IOSeV. A beam-plasma or velocity space instability is undoubtedly
involved. The localization of the high intensity radiation to the
vicinity of the cathodes and the observation that the high intensity
radiation is severely disrupted when grids are placed close to the
cathodes suggests that secondary electrons are responsible for the
radiation. The secondary electrons result in a beam-plasma wave instab-
ility. This same interaction has previously been considered to be a
possible source of the harmonic emission. However, it is found that
the high intensity radiation from both the dc discharge and the pulse
modulated discharge can be understood in terms of just such an instabi-
lity.

The secondary electron beam produced as a result of ion bombard-
ment of the cathode has already been described in Chapter II. The
beam density is determined by the ion current Ji and the coefficient
of secondary electron emission by ion bombardment Yi The secondary
electrons are accelerated into the plasma column by the cathode sheath,
acquiring an energy, E0 » corresponding to the difference between the
cathode potential and the plasma potential. The secondary electrons
have nearly identical energies and constitute a diffuse, low tempera-

ture electron beam (Tb = 3 eV). The electron beam is injected into the
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plasma in the direction parallel to the magnetic field.

This situation is very similar to that treated theoretically by
Seidl [69]. He solved the quasistatic dispersion equation corresponding
to the interaction of a diffuse electron beam moving parallel to the
magnetic field with a maxwellian plasma. The resulting high frequency
beam-plasma wave instabilities are described. It is assumed that the
electron beam has an isotropic velocity spread, meaning that in the
velocity frame of the beam the electrons have the same velocity spread
in the directions parallel and perpendicular to the magnetic field.
Although his treatment assumed infinite geometry, it is nevertheless of
interest to compare his theoretical results with the high intensity

radiation observed experimentally.

5.5.2 Radiation in the DC Discharge

As the secondary electron beam moves away from the cathode sheath,
two processes occur simultaneously. The beam electrons lose energy via
inelastic electron neutral collisions and simultaneously acquire a
velocity spread or "temperature". Therefore, the characteristics of the
secondary beam are a function of both the distance from the originating
cathode and the neutral gas pressure. Seidl found that the growth rate
of the unstable wave is suppressed when the velocity spread of the beam
is increased. Therefore the growth rate of the instability can be
expected to be a function of position.

First consider the case of the dc operated discharge where both
cathodes are at the same potential. For high neutral gas pressures the
energy distribution function of the beam changes rapidly as a function

of distance from the cathode. Moreover, there is very little overlap
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in energy space of the beams injected on successive transits of the
discharge column. In this case a strong beam-plasma interaction can
exist but only in the immediate vicinity of the cathode.

At Tow pressures such that the ionization length is comparable
with the cathode separation, the energy distribution function of the
secondary electron beam changes slowly as a function of position and
the electron beams injected on successive transits of the discharge
column overlap extensively in energy space. Therefore the secondary
electron beam is imbedded in almost a continuum of energetic electrons
and the beam plasma description is no longer accurate. This situation
is shown in Figure 2.13 where the neutral gas pressure is 1 mtorr.

This suggests that the high intensity radiation observed in the
dc operated discharge will occur at high pressure but not at Tow
pressure. Of course, at sufficiently high pressures the instability
will be damped out by electron-neutral collisions. The net growth rate
of the instability is equal to the growth rate due to the beam minus
the damping due to the plasma. Roughly, this is what is observed ex-
perimentally.

Figure 5.10 displays the harmonic emission spectra obtained from
the dc discharge for two values of the neutral gas pressure. The
presence of high intensity nonharmonic radiation in the emission spec-
trum is found to be maximal when P = 15 mtorr. Such radiation is
observed in the dc discharge only when the pressure is in the range of

5-40 mtorr.
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5.5.3 Radiation in the Pulse Modulated Discharge

The situation changes considerably when the discharge is pulse
modulated. If the cathodes are pulsed together in the TG mode, the
situation is very similar to that described for the dc discharge. How-
ever, if the cathodes are pulsed with opposite polarity (OPP mode), a
significant change occurs. When a voltage difference exists between
the cathodes during the pulse, the secondary electrons from the nega-
tive cathode are collected by the positive cathode. Thus, the secondary
electron beam of the positive cathode results from a combination of
electron and ion bombardment. As a result the temperature and density
of that beam are modified somewhat. Still, the qualitative behavior
of the [+] high intensity radiation should be similar to that of the
high intensity radiation observed in the dc operated discharge.

The situation in the vicinity of the negative cathode, however,
is quite different, The [-] radiation is expected to change signifi-
cantly, most notably at low pressure. Previously it was noted that
beam-plasma effects disappear at low pressure in the dc discharge be-
cause the secondary electron beam becomes immersed in a continuum of
energetic electrons. However, the OPP modulation pulse separates the
secondary electron beam from the continuum of electrons. This occurs
because the most energetic electrons in the continuum are no longer
reflected by the positive cathode. Basically, all energetic electrons
whose parallel energy component is given by E, > E0 -V are collected
by the positive cathode, where E0 is the injection energy of secondary

electrons at the negative cathode and V is the voltage difference
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between the cathodes. The only electrons with energy Ell > Eo -V

are the secondary electrons (E" = Eo) in transit from the negative
cathode to the positive cathode. Thus, during the OPP modulation pulse
there is a well defined beam-plasma interaction in the vicinity of the
negative cathode. And as the amplitude of the OPP pulse increases, the
validity of the beam-plasma description improves.

When the amplitude of the OPP pulse is large, a well defined beam-
plasma situation exists for all values of the neutral gas pressure. If
the potential of the positive cathode is comparable to the plasma poten-
tial, then the only high energy electrons present in the discharge are
the secondary beam electrons in transit from the negative to the posi-
tive cathode. Under these conditions, the amplitude- of the [-]
radiation is experimentally found to be nearly independent of the
neutral gas pressuré for P < 10 mtorr. This is indicated in Figure 5.8.
Again, high intensity radiation is not observed when P % 50 mtorr,
presumably because the wave instability is overdamped by electron-neutral
collisions.

Thus, in both the dc discharge and the pulse modulated discharge,
the pressure dependence of the amplitude of the high intensity radiation

can be understood in terms of a beam-plasma wave instability.

5.5.4 Comparison with the Theory

There are several features of Seidl's theory, in particular,
which fit the behavior of the high intensity radiation quite well. The
theory predicts that the growth rate is maximum when w = wp , in excel-
lent agreement with the experimentally observed dependence on the

discharge current. Also, Seidl's theory predicts that the growth rate
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of the instability is greatest when w = (m-r%Jmc . As a result,
radiation is most likely to be observed between the harmonics of the
electron cyclotron frequency. This describes the high intensity radia-
tion spectrum presented earlier in Figure 5.7 quite well,

Also, the localization of the high intensity radiation to the
cathode regions is understandable since the degree of localization
depends on the neutral gas pressure in the expected way. The effects
of plasma turbulence on the high intensity radiation and the importance
of the location of the stabilizing grid are also understandable. When
the stabilizing grids are located near the midplane of the plasma
column, the high intensity radiation is enhanced considerably. The
increased radiation intensity is attributed to the reduction in turbu-
lence associated with the presence of the grid. The radiation mechanism
appears to be adversely affected by turbulence. And when the stabiliz-
ing grids are located immediately in front of the cathodes, the high
intensity radiation is severely disrupted as might be expected if a
wave instability were localized there.

Note that no attempt has been made here to understand how the
growing quasistatic wave is coupled to the electromagnetic signal which
is detected by the microwave receiver. Although one can not be certain,
it is not expected that the mode conversion will greatly alter the
basic parameter dependences of the radiation.

In conclusion, the high intensity radiation is identified with
a wave instability excited by the interaction of the parallel secondary

electron beam with the plasma column. The striking similarities
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between the experimental observations and the parallel beam theory of

Seidl, in particular, are impressive.

5.5.5 Comparing Harmonic Emission and High Intensity Radiation

We have seen that the parameters which describe the high inten-
sity radiation are quite unlike those which characterize the harmonic
emission. There are several notable differences between the two types
of radiation which are worth pointing out. They involve the parameter
dependences and the amplitudes of the two types of radiation.

The high intensity radiation exhibits a strong dependence on
the plasma density and the neutral gas pressure. The experimental re-
sults indicate that the growth rate of the instability is sharply
peaked at a single plasma density (w = mp) and that the growth rate
decreases rapidly when P > 50 mtorr. In contrast, the amplitude of
the harmonic emission is only weakly dependent on the neutral gas
pressure.

It has also been noted that the high intensity radiation is
strongly influenced by the presence of the grids, yet the harmonic
emission is not. The high intensity radiation in the nonstabilized
discharge is received in bursts whereas the harmonic emission is very
continuous in time. This indicates that the necessary conditions for
the high intensity radiation are only satisfied part of the time.

It is also instructive to consider the large difference in the
peak radiation intensities of the two types of radiation. The radia-
tion level of the high intensity radiation is determined by the linear

growth rate and the saturation conditions of the unstable wave. The
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high intensity radiation level frequently exceeds the thermal radiation
level by more than four orders of magnitude. In contrast, the harmonic
emission level seldom exceeds the thermal level by more than two orders
of magnitude.

As a result of this investigation, we conclude that the harmonic
emission does not result from the parallel secondary electron beam,
Instead, this beam-plasma interaction is found to be the source of a
new type of high intensity radiation which seems to correspond with the
theory of Seidl. The predominant features of the radiation are grossly
different from those of the harmonic emission. Therefore, it is con-
cluded that the harmonic emission is not generated by this same
process. The principal features of the harmonic emission are so dis-
tinctly different from those of the high intensity radiation that the
generation mechanism of the harmonic emission must be of a markedly

different nature--very likely not a wave instability at all.
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5.6 Pulse Modulated Harmonic Emission

In the two previous sections of this chapter, the high intensity
radiation excited by pulsing the cathodes with opposite polarity has
been investigated. It was noted that such a pulse has very little effect
on the harmonic emission. This section will describe what happens when
the cathodes are pulsed together with the same polarity (TG mode). In
this case it is found that pulse modulation has a major effect on the
harmonic emission. As a result of this investigation, several charac-
teristics of the harmonic emission have been documented for the first
time. It is found that the amplitude of the harmonic emission depends
strongly on the cathode voltage, that the response time of the harmonic
emission decreases with increasing neutral gas pressure, and that the
linewidth of the harmonic emission lines increases with the cathode
voltage. Since high intensity radiation is also observed, we will begin
with a brief summary of the behavior of the high intensity radiation and
indicate how it is avoided during the harmonic emission experiment. Then

the harmonic emission effects will be described in detail.

5.6.1 Suppression of High Intensity Radiation

The harmonic emission can not be studied effectively unless it
can be distinguished from the high intensity radiation. Such radiation
presents a potential problem, since it is much more intense than the
harmonic emission which is of interest here. In the TG pulse modulation
mode, the cathodes are connected in parallel and are pulsed identically.
The modulation pulse merely alters the cathode voltage for a short time

corresponding to the duration of the pulse. As a result, the high
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intensity radiation associated with the TG pulse behaves very much like
the high intensity radiation of the dc discharge. Such radiation has
been discussed in the previous sections of this chapter.

It is found that the amplitude of the high intensity radiation
depends strongly on the amplitude and the polarity of the applied TG
pulse. The high intensity radiation of the dc discharge is suppressed
when the polarity of the TG pulse is positive. For very large positive
pulse amplitudes, all high intensity radiation is eliminated during the
pulse. On the other hand, if the pulse polarity is negative the radia-
tion is greatly enhanced. The radiation amplitude is proportional to
the pulse amplitude as is the duty cycle of the radiation bursts. How-
ever, even for the largest pulse amplitudes the intensity is somewhat
less than that observed previously using the OPP pulse mode.

Fortunately this high intensity radiation can be avoided by proper
choice of the experimental parameters, even when the pulse polarity is
negative and the pulse amplitude is large. The high intensity radiation
is minimized during the investigation of harmonic emission by keeping
both the magnetic field and the discharge current large.

The high intensity radiation exhibits a strong dependence on the
discharge current. It is maximum for the discharge current which cor-
responds to onset of the harmonic emission. Ordinarily the harmonic
emission is studied at significantly larger discharge currents in which
case the high intensity radiation is greatly reduced.

The high intensity radiation also depends on the magnetic field.

As noted previously in Section 5.4, the magnetic field and discharge
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current dependences of the radiation are interrelated. Since rela-
tively large discharge currents are used, the high intensity radiation
occurs principally at low magnetic fields where m/wc = 20 . Therefore,
the high intensity radiation can be avoided by restricting the investi-
gation to the lower harmonics (m/mc = 3-6) which are located at higher
fields. The high intensity radiation is never very pronounced at the
lower harmonics even when the discharge current is more favorable,
Recall that high intensity radiation is seldom observed for B ¥ 0.7
kilogauss (w/mc Y 3). Also, the fact that the high intensity radia-
tion spectrum exhibits deep minima at the lower harmonics of the elec-
tron cyclotron frequency is beneficial.

Because the behavior of the high intensity radiation has been
carefully investigated, it can usually be avoided. It is relatively
simple to determine how well the high intensity radiation has been sup-
pressed: when the cathodes are modulated with a large amplitude negative
polarity pulse, the high intensity radiation should be negligible between
the harmonics.

Although the problem caused by the high intensity radiation is
solvable, there is an additional complication which can not be overcome.
Unavoidable transient effects are observed when the neutral gas pressure
is lTow. These effects will be pointed out in the data and will be

described in greater detail at that time.

5.6.2 The Time and Voltage Response of the Harmonic Emission

The time and voltage response of the harmonic emission were ex-
plored using TG pulse modulation. The investigation was carried out in

both the nonstabilized and grid-stabilized columns of the 2.6" and 4"
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discharges. Although the emission amplitude experienced minor varia-
tions in the different configurations, the major effects of pulse
modulation were essentially the same in each case. The data described
below were obtained using the 2.6" unstabilized plasma column.

The time response of the harmonic emission during the modulation
pulse is indicated in the lower waveform of Figure 5.11. The upper
waveform shows the cathode voltage corresponding to a -200 volt TG
modulation pulse., The modulation pulse is approximately one microsecond
in length and has a 5 KHz repetition rate. The upper waveform provides
an accurate indication of the beginning and end of the pulse. However,
since it was obtained by using a 100X probe on the input of the boxcar
integrator, the waveform does not accurately reproduce the shape of the
modulation pulse. When this same waveform is displayed on an oscillo-
scope using the same 100X probe, the oscillations at the beginning and
end of the pulse are reduced‘and the risetime is found to be less than
25 nanoseconds.

The Tower waveform of Figure 5.11 displays the time response of
the harmonic emission. The emission amplitude is indicated in terms of
the equivalent radiation temperature in electron volts. It is readily
seen that the harmonic emission amplitude is enhanced by the negative
polarity TG pulse., The harmonic emission amplitude increases to a new
level shortly after the application of the pulse and then returns to
the original level following the end of the pulse.

Observe that the harmonic emission does not respond immediately
to the change in the cathode voltage. Rather, there is a brief delay

at both the beginning and end of the pulse. The delay time at the
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beginning of the emission waveform shown in Figure 5.11 is 75 nano-

seconds. Note that a correction has already been made for the 40
nanosecond propagation delay of the I-F system.

Following the initial delay, there is a transition time during
which the emission changes from the original level to a new level. This
transition time is estimated by drawing a line through the waveform
which matches the slope of the emission during the first half of the
transition. For the emission waveform shown in Figure 5.11, the tran-
sition time at the beginning of the pulse is 210 nanoseconds.

The sum of the delay time and transition time will be referred
to as the emission response time, Tp If the emission level increases
during the transition, the response time will be referred to as a rise
time, L And if the emission level decreases during the transition,
the response time will be referred to as a fall time, Te - The
reason for this choice of terminology will become clear later. However,
for clarity it is necessary to point out that the rise and fall times
as used here include both the transition time and the initial delay
time. For the emission waveform of Figure 5.11, the emission risetime,
T is 285 nanoseconds and the emission falltime, Te s is 370 nano-
seconds,

Thus the response of the harmonic emission to TG pulse modulation
consists of a change in the emission level for the duration of the pulse
together with the associated rise and fall times. These parameters were
investigated in a systematic fashion. But before presenting additional
results, there are two considerations which should be mentioned. The

first is that the emission waveform of Figure 5.11 was recorded at the



-195-
m= 5 harmonic of the electron cyclotron frequency. All subsequent
graphs which indicate the time response of the harmonic emission were
also obtained at the m = 5 harmonic. The second consideration con-
cerns the fact that the emission waveform obtained using the boxcar
integrator is an average of many individual waveforms. The waveform
obtained from a single pulse was examined using the oscilloscope and it
was determined that the envelopes of the individual waveforms are
nearly identical. As a result the boxcar averaged waveform gives an
accurate indication of the waveform obtained for a single pulse.

Figure 5.12 shows the time response of the harmonic emission for
a variety of pulse amplitudes and polarities. The corresponding har-
monic emission and cathode voltage waveforms are identified with
capital letters. Recall that both cathodes are pulsed together in the
TG pulse modulation mode. It is evident that the harmonic emission is
enhanced by a negative polarity TG pulse which increases the magnitude
of the cathode voltage and is diminished by a positive pulse.

The data of Figure 5.12 were obtained at a significantly higher
pressure than that of Figure 5.11. Observe the corresponding decrease
in the response time of the harmonic emission. Both the rise time and
the fall time of the harmonic emission are considerably shorter. The
decreased response time results principally from a shorter transition
time although there is also a minor decrease in the delay time.

Figure 5,13 shows how the time response of the harmonic emission
is modified when the neutral gas pressure is reduced to a low value.
Observe that the rise time and falltime are considerably longer than they

were at higher pressure., The response time of the harmonic emission is
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Figure 5.12

TIME [usec]

Radiation Temperature of the Harmonic Emission
as a Function of Time During the TG Modulation
Several Pulse Amplitudes of Each Polarity. The
ing cathode voltage waveforms are shown at the
graph.

20

(m=5) in eV
Pulse for
correspond-
top of the



O T T T T o v T T T T
1l A
-400r 8
¢
[Voits] | %,
-800r
D
P = 2.5 mtorr |
{VQE = 5,0
f = 9GHz
/! = 450ma
7;?
[eV]

TIME [usec]

Figure 5.13 Radiation Temperature of the Harmonic Emission (m=5) in eV
as a Function of Time During the TG Modulation Pulse for
Several Pulse Amplitudes of Each Polarity. The correspond-
ing cathode voltage waveforms are shown at the top of the
graph.



-198-
comparable to the length of the pulse. When the neutral gas pressure
is further reduced, it is necessary to increase the pulse length in
order to obtain accurate indications of the rise and fall times and
the emission level during the pulse.

A more serious problem is displayed by waveform D of Figure 5.13.
The voltage waveform (D) behaves strangely at the end of the pulse.
This complication is attributed to a negative resistance effect asso-
ciated with electron bombardment of the cathodes. At low pressures
this effect is observed at the beginning of positive TG pulses and at
the end of negative TG pulses. The effect is strongest when the pulse
amplitude is large. It occurs whenever the discharge voltage is chang-
ing very rapidly in the positive direction in which case many of the
energetic electrons in the discharge are collected by the cathodes with
a significant amount of excess energy. If the coefficient of secondary
emission for these electrons is greater than unity, then the cathodes
experience a dynamic negative resistance.

The unfortunate aspect of this effect is the influence which it
has on the response time of the harmonic emission. As indicated by
emission waveform D, the harmonic emission experiences a sudden drop
at the end of the pulse. Therefore, the emission response time ob-
tained under these circumstances reflects a different process and can
not be compared directly with the other response times.

After the pulse response of the harmonic emission was investigated
over a large pressure range, two features of the emission were quan-
tified. They include the dependence of the harmonic emission intensity

on the cathode voltage and the pressure dependence of the rise and fall
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times of the emission.

The first of these results is presented in Figure 5.14. The
voltage dependence of the harmonic emission intensity is plotted at
each pressure. The emission level relative to the level observed both
before and after the modulation pulse is plotted in db versus the
cathode voltage. The data were obtained using three different pulse
amplitudes for each pulse polarity. Although most of the data were ob-
tained from the 2.6" nonstabilized column, the dashed line indicates
a similar curve obtained in the 4" column. The displacement of the
curves from one another reflects the fact that the DC voltage of the
discharge changes with pressure. The voltage of the dc discharge cor-
responds to the 0 db emission level. Because the emission intensities
are relative, they do not reflect the fact that the harmonic emission
intensity changes with pressure.

In Figure 5.15 the voltage dependence of the harmonic emission
intensity is plotted on a linear scale. The data are from the same
series plotted in Figure 5.14, but include different values of the
neutral gas pressure. The linear graph illustrates the strong cathode
voltage dependence of the harmonic emission intensity more clearly

The rise and fall times of the harmonic emission are plotted as a

function of the neutral gas pressure in Figure 5.16. In each case, the
response time decreases with increasing neutral gas pressure. Note that
the rise time characterizes the response of the harmonic emission inten-
sity at the beginning of a negative modulation pulse and at the end of

a positive modulation pulse. Accordingly, the fall time characterizes

the emission response at the end of a negative pulse and at the



-201-

4 T T T T T T T | T T T T
o-- 4" PLASMA COLUMN
3 P = 8 mtorr
e— 2.6" PLASMA COLUMN
(A) P = 2 mtorr
(B) P =11 mtorr
3F (C) P = 33 mtorr
(D) P = 94 mtorr
- o
=~
7
a -
W
b~
<
> L
3 2
w
D
=
W 0
Ly
=
oy
<
~ !
Ly
C
(@) 1 1 1 | L 1 L | 1 L L L
(0] 400 800 1200

CATHODE VOLTAGE  [Volts)

Figure 5.15 Harmonic Emission Intensity Relative to the Level Observed
in the DC Operated Discharge as a Function of the Pulsed
Cathode Voltage.



800
Ty
(nsec)
400
o,
800
Tf
(nsec)
400
0

Figure 5.16 The Rise Time t
lated Harmonic
Gas Pressure,

-202-
RISE TIME OF THE HARMONIC EMISSION

o Negative Pulse Polarity
e Ppsitive Pulse Polarity

I = 450 ma
f/fC = 5.0
f =9 GHz

e0
[ Jo]

®0

20 40 60

|

FALL TIME OF THE HARMONIC EMISSION

o Negative Pulse Polarity o
e Positive Pulse Polarity

I = 450 ma
f/fc = 5.0
f = 9 GHz

]
e0
]

1 1 1

20 40 60

P (mtorr)

and the Fall Time t¢ of the Pulse Modu-
Emission as a Function of the Neutral



-203-

beginning of the positive pulse. Observe that the response times for
the negative modulation pulse are consistently longer than the cor-
responding response times for the positive pulse. Also the rise times
for a given polarity pulse are consistently shorter than the fall times.

It has already been noted that the change in the response time of
the harmonic emission results principally from a change in the transi-
tion time, although there is also a minor change in the delay time. At
high pressure the delay time is typically 50 nanoseconds. The delay
time exhibits the same general behavior as the rise and fall times. The
rising delay time is consistently shorter than the falling delay time
and the delay observed for a negative pulse is consistently longer than
that observed for a positive pulse. |

The time response of the harmonic emission was also investigated
for several different values of wC/w in the vicinity of the m = 5
harmonic of the electron cyclotron frequency. When the time response
at the peak of the emission line (cu/wc = 5.0) is compared with the time
response at the -3 db and -10 db points on the emission 1line, no changes
are detected. Both the delay and transition of the harmonic emission
are apparently independent of the frequency. The time response of the
harmonic emission was also investigated at several different harmonics.

Thus, two features of the harmonic emission have been documented
using TG pulse modulation, It is found that the harmonic emission
intensity increases rapidly with the magnitude of the cathode voltage
and that the response time of the harmonic emission decreases with in-

creasing pressure.
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5.6.3 The Frequency Spectrum of the Pulse Modulated Harmonic Emission

Up to this point, the harmonic emission has only been displayed
“as a function of time during the modulation pulse. If instead the
boxcar sampling time is held fixed at a certain time during the pulse,
then the emission spectrum can be obtained by sweeping the magnetic
field. Typical spectra are shown in Figure 5.17. fhe upper graph was
obtained using a negative TG modulation pulse and the lower graph was
obtained using a positive TG modulation pulse. Observe that the emis-
sion intensity for the upper spectrum is 11-12 db greater than that of
the lower spectrum. During these measurements, the image frequency of
the heterodyne receiver was rejected using the tunable microwave filter.

An interesting feature of the harmonic emission spectra shown in
Figure 5.17 is the change in the width of the emission lines. It is
found that the emission linewidth increases with the cathode voltage.
This behavior is documented more quantitatively in Figure 5.18, where
the width of the emission line, 100 (Aw/w), is plotted as a function of
the cathode voltage. This is the only situation throughout the entire
investigation in which the emission linewidth was found to change in a
systematic fashion when an experimental parameter was varied. As indi-
cated earlier in Fiqure 3.7, the emission linewidth fluctuates when the
neutral gas pressure is varied but does not change in a systematic
fashion.

Note that the background radiation observed between the harmonics
in Figure 5.17 constitutes a greater fraction of the plasma emission
when the positive pulse is used., This result is reasonable since some

of the background radiation is thermal radiation and therefore would
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still be present even if all of the nonthermal radiation were suppressed.
This concludes the presentation of the harmonic emission effects
observed using TG pulse modulation. These results provide information
which could not be obtained in the dc operated discharge. The approach
developed here extends the scope of the experimental investigation of
electron cyclotron harmonic emission and should be quite helpful in

clarifying the mechanism of that radiation.
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Figure 5.18 Linewidth of the m=5 Harmonic Emission Line as a Function
of the Pulsed Cathode Voltage.
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5.7 Interpretation of Harmonic Emission Effects

The harmonic emission of the Penning discharge has been
explored using a pulse modulation technique. As a result of this
investigation the following three features of Landauer emission have

been documented for the first time:

1. It is found that the response time of the harmonic emis-

sion decreases with increasing neutral gas pressure.

2. The harmonic emission intensity increases rapidly with

the magnitude of the cathode voltage.

3. The width of the harmonic emission 1ines increases with

the magnitude of the cathode voltage.

In this section, plausible explanations are presented for the
observed behavior. It is found that the experimental results provide
important clues concerning the mechanism of the harmonic emission.
For example, the response time of the harmonic emission suggests that
the emission is produced by electrons of intermediate energy

15 eV < E < 100 eV. Also, the voltage dependence of the intensity of
the harmonic emission suggests that the radiating electrons have

a large velocity component perpendicular to the magnetic field.

The following discussion will concentrate mainly on the first two
items in the above 1ist, the third being a smaller effect which is

also more difficult to explain.
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5.7.1 Time Response of the Harmonic Emission

The pressure dependence of the response time of the harmonic
emission is evident from figure 5-16. The fact that the response
time, R > decreases with increasing pressure suggests that R
is re]ated_to the lifetime of the energetic secondary electrons.

When the cathode voltage is suddenly changed, the distribution function
of the energetic electrons (E > 15 eV) is replaced by a new distri-
bution in a time interval corresponding to the lifetime of the
energetic secondary electrons. That lifetime is determined by the
energy loss rate via inelastic electron-neutral collisions.

The energy loss time, TE of the energetic secondary
electrons is given by equation (15) of chapter II. Note that the
time dependence of the energy of a fast electron has already been

computed and is plotted in figure 2.14. If Eo is taken to be the

energy of a secondary emission electron, then

25
(25 eV) = J e

Eo
gives the time required for the secondary electron energy to fall
to 25 eV. (25 eV) was computed for several values of the neutral
gas pressure taking into account the fact that the secondary electron
energy E0 is the difference between the cathode potential and the
plasma potential, both of which are pressure dependent. The results
of this calculation are indicated by the dashed curve in figure 5.19.
The remainder of the fiqure is the same as figure 5.16. The extent

of agreement between the computed energy loss time e and the
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experimentally observed response times, s and Te s is significant.
The differences which are evident can be accounted for.

As indicated by figure 5.19, the experimentally observed
harmonic emission response time remains nearly constant at high
pressure. This behavior can be explained. Observe that the plasma
is capacitively coupled to the cathodes of the discharge tube. The
cathodes are separated from the plasma by relatively thin boundary
sheaths. Since the surface area of the cathode is large, the
capacitance involved is significant. When a pulse is applied to the
cathode, capacitive coupling causes the plasma potential to follow the
cathode potential. Therefore the potential drop across the cathode
sheath doesn't change as rapidly as might be inferred by simply
observing the cathode voltage waveform. Instead, the potential
difference changes with an R-C time constant which is determined by
the cathode sheath capacitance and the plasma impedance. Attempts
to observe the time response of the plasma potential by using a
probe were not satisfactory due to the lack of shielding of the probe
and the limited bandwidth capability. Nevertheless, it appears that
the response time of the harmonic emission at high pressure is
limited not by the energy loss time of the injected electrons, TE s
but rather by the time response of the potential difference across
the cathode sheath.

Figure 5.19 also indicates that the response times, Ty and

T¢ » depart from the expected pressure dependence when the neutral
gas pressure is low. When the oxygen gas pressure is 10_3 torr, a

secondary electron injected into the plasma column with an energy of
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500 eV transits the length of the column more than 50 times during
the energy loss time tg « During this time the electron can be
lost, for example, by turbulent diffusion across the plasma column.
Therefore, particle losses can contribute to the energy loss rate.
This is particularly true when the stabilizing grids are used.

Many energetic electrons are collected by the grids. Therefore
when the neutral gas pressure is low the energy loss time, TE is
not entirely determined by inelastic collisions. In addition, the
pressure measurement is not very accurate at 10'3 torr and may be
in error by a factor of two.

The above interpretation of the emission response time as
an energy loss time provides an indication of the energy of the
electrons involved in the emission process. The magnitude of the
response time indicates that the relevant electrons have energies
roughly in the range defined by 15 eV < E < 100 eV. If the emission
producing electrons had energies much greater than 100 eV, then the
emission response time would be significantly shorter. Also, it
would be difficult to account for the initial delay which is observed
in the time response of the emission during which the emission level
does not change.

A similar statement holds for the lower bound of 15 eV. If
the emission producing electrons had energies much less than 15 eV,
then the expected response time would be much longer. Observe that
the energy loss rate decreases by several orders of magnitude when

the electron energy falls below 15 eV. This occurs because the
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cross section for inelastic electron-neutral collisions vanishes at
low energies. These electrons Jose energy principally through
collisions with thermal electrons. As a result, the energy loss time
for E < 15 eV electrons is very long and nearly independent of the
neutral gas pressure. Therefore, emission produced by E < 15 eV
electrons would exhibit only a weak dependence on the neutral gas
pressure. The emission response time would be much longer than is
observed to be the case and would be nearly independent of the neutral
‘gas pressure. Thus, both the magnitude of the response time and
pressure dependence indicate that the harmonic emission is generated
by electrons roughly in the intermediate energy range 15 eV < E < 100 eV.

The association of the response time of the harmonic emission
with the electron energy loss time is useful in explaining the fact
that the emission rise time is consistently shorter than the fall time.
As an illustration, assume that the harmonic emission is produced
equally by all of the electrons in the energy range 15 eV < E < 100 eV
and that the potential drop across the cathode sheath is 500 Volts.
The energetic electrons present in the plasma column before the
application of the cathode pulse will be referred to as "old"
electrons and the secondary electrons injected into the plasma column
after the application of the cathode pulse will be referred to as
"new" electrons.

When a -100 volt pulse is applied to the cathodes, the
harmonic emission increases to a higher level. The transition takes

place during a response time which corresponds to the time required
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for "new" beam electrons to lose energy and fall into the emission
producing energy range of 15-100 eV. If the oxygen gas pressure is
e torr, a 600 eV electron can lose 570 eV and become a 30 eV
electron in 310 nsec. This is the characteristic time associated
with adding "new" emission electrons.

When a +100 volt pulse is applied to the cathodes, the
harmonic emission decreases to a lower level. In this case the
transition time corresponds to the time required for all "ol1d"
electrons to be removed from the energy range E > 15 eV. First,
note that when the cathodes are pulsed positively, all "old"
electrons with energies greater than 400 eV are no longer reflected
by the cathodes but are instead collected in one transit time. The
remainder of the "old" electrons are then removed in the time required
for a 400 eV electron to Tose 385 eV of energy. If the oxygen gas

2 torr, this process takes 350 nsec. This is the

pressure is 10~
characteristic time for the removal of the "old" emission electrons.
That this later characteristic time is longer results from the rapid
fall off of the inelastic energy loss rate at low energy, E < 50 eV.

It is important to point out that the expression derived in
Chapter II for the inelastic energy loss rate, dE/dt, is oversimpli-
fied. Actually, dE/dt is somewhat greater at high energy and
somewhat smaller at low energy. As a result, the asymmetry between the
rise and fall times will be accentuated.

Thus, an analysis of the response time of the harmonic emis-

sion and the pressure dependence thereof reveals that the response

time of the harmonic emission can be associated with the energy loss
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time of the energetic secondary electrons. The experimental results
are compatible with the view that the emission results from electrons
of intermediate energy.

The asymmetry of the rise and fall times of the harmonic
emission is attributed solely to the energy dependence of the inelastic
energy loss rate. As a result, "new" electrons can be added in the
energy range 15 eV < E < 100 eV more quickly than "old" electrons
can be removed. One might inquire what distinguishes the "new" and
"01d" electrons such that each results in a different harmonic emis-
sion intensity in spite of the fact that both have the same energy
and are present in roughly the same number density. That distinction

will be taken up in the next section.
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5.7.2 Cathode Voltage Dependence of the Harmonic Emission Intensity

The dependence of the harmonic emission intensity on the
cathode voltage is evident from Figures 5.14 and 5.15. It is pos-
sible to interpret this dependence in several ways, only one of which
is very satisfying. The cathode voltage dependence of the emission
intensity cannot be attributed to a change in the number density of
energetic electrons because the secondary electron current density
is determined only by \& and Ji , both of which are nearly
independent of the cathode voltage. Instead it is concluded that the
amplitude of the emission is related to the perpendicular velocity
component, v,, of the source electrons.

Consider how the energetic electrons in the Penning discharge
are affected by a change in the cathode voltage. The energy distri-
bution of the energetic electrons computed in chapter II is based
on the assumption that the energy distribution is determined by the
inelastic electron-neutral energy loss rate (see Figure 2.13). This
description predicts only a minor change in the distribution function
when the energy of the secondary electron beam is temporarily
altered by a cathode pulse. The only change consists of a temporary
displacement of the location of the electron source in energy space
by an amount determined by the amplitude of the applied pulse. Note
that any dependence of either Ji or y; on the cathode voltage is
ignored at this point. The distribution function is not appreciably
altered except at high energies comparable to the energy at the

secondary electron beam. However, in section 5.7.1 it was concluded
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that such high energy electrons are not involved in the emission
process. Therefore the indicated change in the energy distribution
cannot account for the cathode voltage dependence of the harmonic
emission.

It is important to note that up to this point the discussion
has been based on a one dimensional energy space. A more useful
description results if the electron energy is separated into
components parallel and perpendicular to the magnetic field. The
secondary emission electrons are injected into the plasma with only
a parallel velocity component. As these energetic electrons move
through the plasma, two processes occur simultaneously. The parallel
velocity component is reduced very rapidly by the high inelastic
energy loss rate. But in addition, the energetic electrons diffuse
in velocity space acquiring a perpendicular velocity component at a
rate characterized by the deflection time Ty -

Observe that the deflection process and the energy loss process
involve movement in orthogonal directions in the two dimensional
energy space. Utilizing a polar coordinate system, energy loss
involves movement in the -* direction and deflection involves move-

ment in the + 8 directions.

It is essential to note that the deflection time is much
longer than the collision time of the energetic electrons. This
occurs because both elastic and inelastic scattering of high energy
electrons by neutral gas atoms is principally forward scattering.

Born's approximation can be used to accurately describe the

scattering of the high energy electrons in the neutral gas. The
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differential scattering cross section, I(8) , is very large at
small angles and falls off very rapidly as o increases. Although

the total collision cross section is given by

Q = f I(e)da ,

the cross section which describes deflection in velocity space is

given by
Q = J 1(e)(1 - cos®e)da .

The factor 1 - cosze = s1n26 characterizes the mean square increment

in the transverse velocity of the electron.

It is evident that whenever strong forward scattering is
involved, QD << QT . When QD and QT are computed for a 600 eV
electron in 02 gas using the approximate expressions for I(s)
given by Massey and Burhop [85], it is found that the ratio Q;/Qp
ranges between 10 and 30 depending on which approximation is used and
the nature of the collision, elastic or inelastic. Thus, the deflec-
tion time of the energetic secondary electrons is comparable to
the energy loss time and the electron velocity remains directed
nearly parallel to the magnetic field.

Losses of high energy electrons by diffusion across the plasma
column helps to maintain a parallel directed velocity distribution.
The diffusion rate is proportional to YE . Therefore those electrons
which experience a large deflection are lost most rapidly by diffu-
sion across the magnetic field and the velocity distribution remains

concentrated in the parallel direction.
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For low energy electrons, the situation is very different.

The differential scattering cross section I(e) 1is much more
isotropic. In this case QD ¥ QT and isotropy of the velocity
distribution is achieved after several collisions. At the same time,
the energy l1oss rate of these electrons is greatly reduced from that at
high energies. As a result the velocity distribution becomes
isotropic in a time interval which is short in comparison with the
energy loss time. Therefore the velocity distribution of E < 15 eV
electrons is expected to be highly isotropic under all conditions.

The above considerations indicate that the velocity distribution
is concentrated in the parallel direction at high energies but is
always isotropic for E < 15 eV. For intermediate values of the
electron energy in the range of 15-100 eV, the velocity distribution
reflects various degrees of isotropy. It was concluded from the time
response that these electrons are responsible for the harmonic emis-
sion. It seems apparent that the isotropy of this group of electrons
depends on the cathode voltage. When the cathode voltage is increased,
the secondary electrons have more time in which to acquire a perpen-
dicular velocity component before falling into the indicated energy
range. Therefore, the perpendicular energy content of the energetic
emission producing electrons depends strongly on the cathode voltage.
Since this appears to describe a major effect of the cathode pulse,
it suggests that the emission amplitude is related to the perpendicular
velocity component of the emission electrons.

This point of view gives further evidence that Tow energy

electrons (E < 15 eV) are not involved in the emission process and
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predicts saturation of the emission amplitude at high cathode
voltages. When the cathode voltage is very low, the distribution
function is only isotropic for E < 15 eV electrons. When the cathode
voltage 1s increased, the isotropy and perpendicular energy content
of the E < 15 eV electrons is not expected to change significantly.
Therefore, electrons in this energy range cannot account for the
cathode voltage dependence of the harmonic emission. However, as the
cathode voltage is increased, the isotropy of the energy distribution
at energies greater than 15 eV does in fact change.

Now consider what happens when the cathode voltage is very
large. As the cathode voltage is increased, so is the perpendicular
energy content of the electrons in the energy range of 15-100 eV.

The perpendicular energy content of these electrons reaches a maximum
when the energy distribution becomes isotropic in this energy range.
This occurs when the cathode voltage reaches a value such that the
time required for secondary electrons to fall to 100 eV exceeds the
deflection time Ty At this point further increases in the cathode
voltage will not increase the perpendicular energy content of the
E <100 eV electrons. Thus, the harmonic emission should saturate at
high cathode voltages.

Of course this is an oversimplification because the harmonic
emission is not produced equally by all of the indicated electrons.
Also, electrons of higher and lower energies might produce smaller

amounts of emission. As a result, saturation should occur more
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gradually. In any case, this concept is in agreement with the data
of Figure 5.14 and 5.15 which shows that the emission amplitude does
not increase as rapidly at high voltages as it does at lower voltages.
There is additional experimental evidence which indicates the
importance of the perpendicular velocity component vy - On one
occasion the discharge was operated with special conical cathodes.
The cathodes were shaped so that the normal to the cathode surface
is at a 30° angle with respect to the magnetic field. In this case
the cathode sheath has an electric field component in the direction
perpendicular to the magnetic field. Therefore secondary electrons
acquire a perpendicular velocity component when they are injected
into the plasma. The observed harmonic emission intensity was found
to be consistently higher by 1-2 db when using this cathode configura-
tion. Unfortunately, it is not known how much of this change is due
to changes in the cathode voltage and floating potential. Neverthe-
less, the increase seems to be attributable to a change in the

initial angular position of the secondary electrons in velocity space.

Consider briefly another possible interpretation of the
observed dependence of the harmonic emission amplitude on the cathode
voltage. The interpretation presented earlier assumed that both the
incident ion saturation current, Ji » and the coefficient of secondary
emission by ion bombardment, Yj» were independent of the cathode
voltage. Observe that the production rate of energetic electrons is
directly proportional to the second emission current, Je = Yidi
It is apparent that if this product is voltage dependent, then a

change in the cathode voltage will result in a change in the number
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density of energetic electrons and the emission amplitude will be
altered accordingly.

Adopting this explanation, the interpretation of the time
response of the harmonic emission would undergo only a minor change
of meaning. The response time would indicate the time required to
increase or decrease the number density of energetic electrons in
the relevant energy range.

Assume, for a moment, that the voltage dependence of the
parameter YiJi is solely responsible for the dependence of the
harmonic emission amplitude on the cathode voltage. Then it must be
able to account for a 10 db change in the emission amplitude when
the potential drop across the cathode sheath changes from 300 volts
to 800 volts. It is difficult to perceive how the quantity Yidi
(and therefore the energetic electron density) could change by a
factor of ten. The ion saturation current is not expected to
change by more than 20% under these conditions. Similarly, in the
absence of an oxide layer on the cathode surface 4 should be
independent of the energy of the incident ions. Although the oxide
layer might result in a stronger voltage dependence, an order of
magnitude change in Yy is not expected for the indicated condi-
tions. While it is true that the cathode voltage dependence of the
parameter y;J; can account for minor changes in the emission
amplitude, a factor of ten is difficult to believe.

In addition, it is observed that the width of the emission

lines is dependent on the cathode voltage. It is difficult to

associate the line width with the number density of energetic
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electrons. However, when the perpendicular velocity component of
the energetic electrons becomes involved, such an effect does not
seem so unlikely.

In summary, we have presented an interpretation of the
behavior of the pulse modulated harmonic emission. From the response
time of the harmonic emission it is concluded that the emission
results from electrons of intermediate energy, roughly 15 eV < E <
100 eV. From the cathode voltage dependence of the harmonic emission
it is concluded that the emission intensity is related to the per-
pendicular velocity component of the source electrons. In both
cases, the behavior of the harmonic emission indicates that the low

energy electrons (E < 15 eV) are not of major importance.
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5.8 Discussion of the Results

It is appropriate at this point to examine how the results of
the pulse modulation experiment fit in with the theories of harmonic
emission. At the beginning of this chapter it was stated that the
harmonic emission apparently results from excitation of electrostatic
waves followed by mode conversion at the hybrid layer. At that point,
it was not clear whether the electrostatic waves were excited by
independent electrons as in the single particle radiation theory of
Canobbio and Croci [59] or through a wave instabijity such as that
described by the helical beam theory of Seidl [69]. Both of these
possibilities will be examined in light of the results of the pulse

modulation experiment.

5.8.1 Comparison with the Theory of Canobbio and Croci

The experimental results are in good agreement with the sug-
gestion by Canobbio and Croci [49] that electrons with velocity v ~ 7Vth
are responsible for the harmoniﬁ emission. In the present experiment
(Te ~ .5-1.0 eV) such electrons have energies of roughly 25-50 eV.

This agrees quite well with the conclusion developed in section 5.7.1,
that the harmonic emission results from electrons in the energy
range of 15-100 eV.

According to Canobbio and Croci [53], the harmonic emission
results mainly from nonthermal electrons whose perpendicular velocity
component exceeds the phase velocity of the quasi-electrostatic wave,

v

vphase :
immediate vicinity of the harmonics can only be due to electrons whose

In addition they conclude that the emission in the
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parallel velocity component is less than the thermal velocity,
v, Y f?'vth [59]. These theoretical predictions are in good
agreement with the experimental results which indicate that the per-
pendicular velocity component is important and that electrons with a
very large parallel velocity component are not involved in the emission
process.

Recall that the secondary emission electrons are injected into

the plasma column with a very large v velocity. According to the

I
theory, these energetic electrons cannot excite harmonic emission

until they lose their v, velocity component. However they must retain

I
a sizeable v, velocity component. Hence, the response time of the
harmonic emission corresponds to the deflection time in velocity space,
the large parallel velocity component is transformed into a lesser
perpendicular component. Since the deflection process proceeds very
slowly at high energies, the deflection time is comparable to the
energy loss time. The experimental results indicate that even after
a response time, the secondary electrons still retain roughly 15 eV
of energy. Apparently this is the El energy component of the emitting
electrons,

With a single exception, the radiation mechanism described by
Canobbio and Croci is in good agreement with the experimental
evidence presented in chapters III and V. However, the theory cannot
account for the weak dependence of the emission intensity on the neutral
gas pressure shown in figure 3.4. If the harmonic emission is indeed

the result of incoherent emission from independent source electrons,

then the emission intensity should be directly proportional to the
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number density of the energetic radiating electrons. In chapter II
it was found that the number density of energetic electrons is
inversely proportional to the neutral gas pressure. Therefore it is
expected that the emission intensity should also be inversely
proportional to the neutral gas pressure. This was not found to be
the case in chapter III where we did not consider the fact that the
discharge voltage changes with the neutral gas pressure. Now we have
observed that both the amplitude and the width of the harmonic emission
lines increase with the magnitude of the cathode voltage. Therefore
it is important to correct the harmonic emission amplitude for the
cathode voltage dependence on the neutral gas pressure.

In order to obtain the pressure dependence of the total
harmonic emission power, it is necessary to consider both the amplitude
and the width of the harmonic emission line. In performing this
correction, it is not the cathode potential itself but rather the
difference between the cathode potential and the plasma potential
which is relevant. Since the plasma potential changes with the neutral
gas pressure, care must be taken to properly determine the potential
drop across the cathode sheath.

Figure 5.20 shows how the total harmonic emission power varies
as a function of the potential drop across the cathode sheath. The
total harmonic emission power is a product of the amplitude and the
width of the harmonic emission line. Figure 5.21 shows how the total
harmonic emission power varies as a function of the neutral gas
pressure. The data has been corrected (using Figure 5.20) to

compensate for the fact that the potential drop across the cathode
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sheath is a function of the neutral gas pressure. The graph indicates
that at least at high pressure (P > 10 mtorr) the total harmonic emis-
sion power is nearly proportional to the reciprocal of the neutral

gas pressure. This result is very encouraging.

Observe that the total emission power departs from the
expected behavior at low pressure. There are several considerations
which may explain why this occurs. For example, the electron
temperature is pressure dependent (see Appendix C)t Exactly how the
electron temperature influences the harmonic emission is unknown,
but it is not expected to be negligible.

However, the most important factor is quite simple. Recall
that the emission intensity depends strongly on the electron density,
saturating when the electron density reaches a value heretofore
labeled Nsat' This electron density corresponds to a particular
value of the discharge current. During the experiment the data were
obtained using the same discharge current at each value of the neutral
gas pressure. But figure 3.5 demonstrates that when discharge is
operated at constant current, the electron density is much lower at
low pressures. Although the electron density may have been sufficient
to cause the harmonic emission to saturate when the neutral gas pres-
sure was high, it is doubtful that saturation was achieved at low
pressure. Therefore the deparfure of the emission amplitude from the
expected reciprocal pressure dependence is believed to be due prin-
cipally to the fact that the data is influenced by a pressure
dependent electron density. This factor could bele1iminated by

taking precautions to assure saturation of the harmonic emission at
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each setting of the neutral gas pressure.

In addijtion, the harmonic emission amplitude will not scale
inversely with the pressure if the number density of the energetic
electrons doesn't. At Tow pressure, the energy loss time of the
energetic electrons corresponds to many transit times of the plasma
column. Therefore diffusion losses become more important. In
addition, in the eleciron energy range E < 30 eV energy losses by
electron-electron collisions become comparable to the inelastic energy
loss rate. As a result, the lifetime of these energetic electrons
does not scale exactly inversely with the pressure. Both of these
complicating factors probably contribute toward the observed
pressure dependence.

Note that the pressure dependence of the total harmonic emis-
sion power (Figure 5.21) gives further evidence that electrons in the
energy range E < 15 eV are not important to the emission process.

The number density of these electrons is expected to be only weakly
dependent on the neutral gas pressure. As a result, radiation pro-
duced by these electrons would not be expected to fall off as the
reciprocal of the neutral gas pressure.

In summary, a comparison of the experimental results with the
single particle radiation theory of Canobbijo and Croci has resulted in
good agreement. It is found that the harmonic emission can be
explained on the basis of independent source electrons in the energy
range of 15-100 eV. The amplitude of the emission is associated with

the velocity component of the source electrons, that velocity

v
it
component being determined by the potential drop across the cathode
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sheath (the initial energy of the secondary emission electrons).
Although the comparison has indicated some departure from the
behavior expected on the basis of the theory, at the same time no
direct conflicts have appeared. Some of the discrepancies may be
due to unknown factors such as the temperature dependence of the
harmonic emission and other discrepancies can be attributed to real
anticipatible effect such as capacitive coupling between the plasma and
cathodes. Still, an interpretation has been presented which is

consistent with all of the experimental results.

5.8.2 Possible Wave Instabilities

It is of interest to explore briefly the possibility that the
experimental results might also be explainable on the basis of a
collective effect in which the source electrons radiate coherently.
It was concluded in section 5.5 that the harmonic emission does not
result from a parallel beam-plasma interaction where the beam
consists of the secondary emission electrons.

Thus, only one situation involving the collective interaction
of energetic electrons has been ruled out, that being the beam-
plasma excited wave instability which is responsible for the high
intensity radiation. That similar effect involving a different group
of energetic electrons might occur has not been ruled out. In this
regard, the theoretical treatment by Seidl is very useful.

Seidl [69] investigated the effects of the interaction of a
diffuse helical beam with a Maxwellian plasma. The velocity

distribution of the helical beam is taken to be of the form
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where the beam density ny is assumed to be much less than the plasma
density. In his calculations Seidl chose v, = /?'YL . Therefore the
helical beam electrons have comparable parallel and perpendicular
velocity components. The perpendicular velocity spread is very

large and comparable to Vl . Thus, if the beam also has a very

large parallel velocity spread, vb/wlf j then the helical beam is

a reasonably good description of the velocity distribution of inter-
mediate energy electrons in the Penning discharge and the theoretical
results should be reasonably applicable.

Seidl initially assumed that both the plasma electrons and the
helical beam electrons were cold, Vin = Y T 0 . In this case he
found that the helical beam can excite quasistatic waves propagating
nearly perpendicular to the magnetic field. When the helical beam is
given a finite parallel velocity spread, Vi, 0 , the instability
growth rate is suppressed everywhere except in the vicinity of the
cyclotron harmonics where the growth rate is unaffected by the beam
temperature, even when the beam temperature is very large. As a re-
sult, a helical beam with large parallel velocity spread, vb/V = 1
will only excite waves in the vicinity of the cyclotron harmonics. Seidl
indicates that this result is in good agreement with the earlier exper-
imental investigations of cyclotron harmonic emission in the Penning

discharge,
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Seid]l gives an expression for the growth rate of the instability
in the vicinity of the cyclotron harmonics (his equation 35). It is
informative to compute the growth rate for the situation where the
oxygen gas pressure is 100 mtorr, and the resulting helical electron

beam density is only 107/cm3. If the mode of interest is the m=5

mode, then his equation gives a normalized growth rate of wi/wr e 10'4
where W, and w; are the real and imaginary components of the com-
plex frequency.
Note that the computed growth rate is the linear growth rate.

One might expect that a wave instability with such a slow linear growth
rate would be severely disrupted by the fluctuations of a turbulent
plasma. Also, it is doubtful that the computed growth rate can account
for the rise time of the harmonic emission. Since the microwave re-

lorad/sec). Seidl's growth

ceiver frequency is 9 GHz (wr = 5.7 x 10
rate gives a minimum rise time of T = I/wi =~ 180 nsec. Although the
observed rise time at P = 100 mtorr is comparable, it should be noted
that only the linear growth rate is available from the theory. Also,
it is very difficult to describe the pressure dependence of the rise
time in this way. Because of collisional damping due to electron
neutral collisions it is expected that the rise time should decrease
with increasing pressure, contrary to the experimental results.

In fact, calculations of the collision frequency indicate that
collisional damping is severe at high pressure. When the oxygen gas

pressure is 100 mtorr, the electron neutral collision frequency of the

plasma electrons is approximately v/uw, Y .01 . Since Seidl did not



-232-

include collisions in his model, the computed growth rate should be
compared with the collision frequency. This suggests that if the in-
stability is to be observed, the linear growth rate must exceed the
collision frequency, wi/wr = 01 ,

The possibility that a group of electrons with a large velocity
spread and a fractional density of 10-5 can excite an instability with
a growth rate on the order of mi/wr = ,01 1is doubtful. Note that
when the neutral gas pressure is 100 mtorr, the energetic electrons are
so diffuse that their average spacing is approximately three Debye
lengths (Ah = 1.5x 10'3cm). Of course, since the electron velocity is
much greater than the thermal velocity, the screening of these elec-
trons is less effective. In view of the slow growth rate predicted by
the theory of Seidl, strong collective interaction among such a diffuse
group of energetic electrons seems unlikely.

Instead, the comparison with the theory of Canobbio and Croci
presented in Section 5.8,1 is far more encouraging in terms of being

able to account for the sum total of the experimental results.
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CHAPTER VI
SUMMARY AND SUGGESTIONS FOR FURTHER WORK

6.1 Summary and Conclusions

This report presents a detailed experimental investigation of the
harmonic emission produced by the magnetized plasma column of an oxygen
gas Penning discharge, This investigation was undertaken to develop
additional experimental data and to explore areas of agreement between
the qualitative predictions of the theoretical models and the experimen-
tal results,

The harmonic emission is observed at 9 GHz while operating the
Penning discharge in a large variety of configurations. When the
usually turbulent plasma column of the Penning discharge is transformed
into a quiescent plasma by grid stabilization, it is found that the
harmonic emission is not significantly affected. Replacement of the
reflecting metal vacuum wall with a transparent pyrex tube allows an
accurate estimate of the total power radiated by the plasma column to be
made.

The experimental results include a number of detailed quantita-
tive measurements. On the basis of a microwave interferometer measure-
ment of the electron density, it is concluded that the existence of a
hybrid layer somewhere on the plasma column is a necessary condition for
the observation of the harmonic emission. It is found that the individ-
ual emission lines are nearly symmetrical in shape and are located at
the harmonics of the electron cyclotron frequency. It is found that the

absorption spectrum of the plasma column is very different from the
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emission spectrum, there are no detectable absorption resonances at
the higher harmonics of the electron cyclotron frequency. Although
the discharge is usually operated continuously at low current, the
harmonic emission is also investigated during a high current pulsed
discharge using receiver frequencies of 10 GHz and 50 GHz,

When these initial experimental results are compared with the
various theories of harmonic emission, it is concluded that most are
.not important in the Penning discharge. However, seéveral theoretical
models look promising and it is concluded that additional experimental
data of a basically different nature are needed before these theories
can be distinguished.

A new experimental approach has been developed which utilizes
a pulse modulation technique to investigate the cathode voltage depen-
dence and the relaxation time of the harmonic emission. It is found
that the intensity of the harmonic emission increases rapidly with
the magnitude of the cathode voltage. Since pulse modulation of the
cathode voltage results in amplitude modulation of the harmonic emis-
sion, the rise time and relaxation time of the harmonic emission are
readily obtained., It is found that the response time of the harmonic
emission decreases with increasing neutral gas pressure. In addition,
it is found that the harmonic emission lines undergo broadening as the
magnitude of the cathode voltage is increased.

High intensity nonharmonic radiation is observed and identified

as resulting from a beam-plasma induced wave instability, thereby
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eliminating the same instability as a possible source of the harmonic
emission,

Plausible explanations are presented for the results of the pulse
modulation experiment, From the relaxation time of the harmonic emission
it is concluded that the emission results from electrons in the energy
range of roughly 15-100 eV. The cathode voltage dependence of the emis-
sion intensity is attributed to the perpendicular velocity component of
the emission electrons, as is the broadening of the emission lines. It
is found that this picture, as well as the sum total of the experimental
results, is in agreement with the single particle radiation theory of

Canobbio and Croci.

6.2 Suggestions for Further Work

Although much progress has been made, it can not be said that
the harmonic emission is completely understood.‘ There is much to be
gained by repeating the pulse modulation measurements described in this
report, and there are several ways in which the investigation of harmonic
emission can be extended.

Because much of the experimental pulse modulation work described
in this report is exploratory in nature, in many ways it is not as de-
tailed and accurate as might be desired. This situation exists because
a consistent interpretation of the data did not emerge immediately, and
as a result existing deficiencies did not become apparent until after
the measurements had been completed. Therefore it would be valuable to
repeat the pulse modulation measurements paying careful attention to

those specific details which the analysis has revealed to be important.
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For example, although the cathode voltage is an important parameter, it
is actually the potential drop across the cathode sheath and the time
response of that potential which are most relevant to the analysis. In
addition, care should be taken to achieve saturation of the harmonic
emission intensity at each setting of the neutral gas pressure.

A better understanding of the pulse modulation measurements might
be achieved by repeating the experiment using a different working gas.
If the measurements were repeated in helium, for example, one might
expect a slower relaxation time for the harmonic emission because the
cross sections for inelastic electron-neutral collisions are consider-
ably smaller. Although it is realized that difficulties may be en-
countered when operating the Penning discharge in other gases, note that
the operation of the argon gas discharge is found to be greatly improved
without affecting the harmonic emission spectrum by leaking small
amounts of oxygen into the discharge tube (¥ 1% mixture).

It would also be of interest to see if the emission intensity
continues to decrease as the reciprocal of the neutral gas density when
the oxygen gas pressure is greater than 100 mtorr. Unfortunately, the
discharge tubes used in the present experiment failed to operate as a
Penning discharge when the oxygen gas pressure exceeded 100 mtorr.
Instead, a glow discharge developed between the anode and cathode at
one end of the discharge tube.

It would be interesting to measure the axial distribution of
the harmonic emission intensity along a plasma column operating at high
pressure. Such a measurement would give an indication of the energy of

the radiating electrons. In the high pressure discharge, the secondary
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electrons lose energy very rapidly, and the energy distribution function
is a strong function of distance from the cathode. If the harmonic
emission is indeed produced by electrons in the energy range of 15-100eV
then the emission intensity should be localized along the plasma column
at the appropriate distance from the cathode. Note that such an ex-
periment would not necessarily have to be done in a Penning discharge.
A better controlled experiment might be achieved by producing a long
plasma column by some other means, using a cathode at one end of the
column only for the purpose of injecting high energy electrons (500 eV).

It seems 1ikely that the harmonic emission can be utilized as a
diagnostic of superthermal electrons in nonequilibrium plasmas. The
fact that the width of the harmonic emission 1ine changes with the
cathode voltage suggests that the line shape is related to the velocity
distribution of the radiating electrons., In this case the intensity
and the line shape of the harmonics reveal the number density and the
velocity distribution of the radiating superthermal electrons.

Before such a diagnostic can be realized, it is first necessary
to extend the theory (presumably that of Canobbio and Croci) to obtain
a description of the line shape near the harmonics and to determine how
the 1ine shape is related to the velocity distribution of the radiating
electrons., In addition, it is not known if the 1ine shape is affected

by mode conversion.,
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APPENDIX A

Measurement of Y4

The coefficient of secondary electron emission by ion bombard-
ment, Y; » Was measured calorimetrically, a technique used by Backus
[86]. The method utilizes the fact that the cathodes are heated by
ion bombardment. Positive ions strike the cathode with the energy ob-
tained by falling through the potential difference of the cathode

sheath, The power delivered to the cathodes, H , is given by

H=1,(V- V)
where Ii is the positive ion current and Vc- Vp is the difference
between the cathode potential Vc and the plasma potential Vp « I
I; s the total discharge current, then I, = IT/(]+Y1), and it follows
that :
T

T+y,

H =

(Ve Vo)

This power flow to the cathode can easily be determined calorimetrically
by measuring the flow rate and temperature change of the cathode cool-
ing water., Solving for Yi oo
I
vy = (V- vp) -
The parameters Vc and IT can be read directly from the power supply
meters and Vp can be estimated by observing the potential of a float-

ing plasma probe. Therefore a value can be computed for Y; based on

a calorimetric measurement of H .
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Figure A-1 Coefficient of Secondary Emission by Ion Bombardment Y4
as a Function of Time after the Initiation of the Dis-
charge

The values obtained in this way are found to change with time.
When the discharge is initially turned on, large valﬁes are measured
for Y This is indicated in Figure A-1. The value of Y decreases
slowly, finally stabilizing at a value of Yy < 0.4 after two hours of
operation. At the same time, the operating voltage of the discharge
increases in a similar fashion, just as expected if the plasma genera-
tion rate is to remain constant. Measurements of Y4 using argon gas
give a similar result.

If ¥ = 0.4, then the incident ions constitute 71% of the
cathode current and secondary electrons account for the remaining 29%.
This result is similar to those obtained by Backus. Note that these

results can not be compared with other determinations of Y; which are
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based on the use of a clean metal surface.

In conclusion, the values measured for vy, are relatively large
and they are observed to change with time. Cathode surface conditions,
including the presence of an oxide layer, are no doubt involved. After
several hours of operation, Y; can be estimated to be 0.4, However,
it is probable that Y4 varies with those parameters which affect
cathode surface conditions such as the neutral gas pressure and the

operating voltage of the discharge.
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APPENDIX B

Measurement of Ge

Two different methods were used to obtain an estimate for §gs
the coefficient of secondary electron emission by electron bombardment.
For the oxide covered aluminum cathodes of the oxygen discharge 8o
is found to be large. In fact, sufficiently large to account for the
negative resistance effects which are observed in the low pressure
(¥ 10 mtorr) oxygen gas discharge. It is doubtful that the values
measured for Ge , like those for Yi , can be compared directly with
any previous measurements. The exact nature of the cathode surface
layer which these values reflect cannot easily be duplicated except

in another oxygen gas Penning discharge.

DC Measurement

The first method bf measuring Ge involves operating the
discharge with a potential difference between the cathodes. While
operating the two cathodes from separate power supplies it was acci-
dently discovered that the lowest voltage cathode draws the most
current, accounting for as much as 60% of the total discharge current.
The discharge tends to operate with the cathodes at the same potential.
However, if a potential difference of more than 50 volts is created
between the cathodes, the I-V characteristic for the cathode whose
potential is most positive exhibits a negative slope. In short, the

most positive cathode experiences a negative resistance. This effect
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is not surprising when it is realized that secondary emission by
electron bombardment (with 8q > 1) is involved.

Figure B-1 shows the composition of the currents at each
cathode, assuming that the potential of cathode #2 is significantly
negative with respect to that of cathode #1. At both cathodes, the
dominant contribution comes from the ion saturation current Ji - As
a result of ion bombardment, both cathodes emit a secondary electron
current Je . Because of the potential difference between the
cathodes, the secondary electrons emitted by cathode #2 are collected
by cathode #1. This process results in secondary emission by electron

bombardment. Therefore the cathode currents are

I = A[Ji1 gy midgg * Sede2]

and 12 A[JiZ + Jez]

where A 1is the surface area of the cathode.
Using the relationship Je = y;J; and taking the ratio of the
cathode currents, one finds that
C Iy 95 004vg0) + vy5045(8,-1)

T___z
L JiaHyy0)

Observe that since Jil N .J1.2 and i1 P Yio » it is reasonable to
expect that T > 1 when §o > 1 and that T < 1 when 8o < g
Also note that the expression is not valid when V, =V, . In that
case a limited number of secondary electrons is collected by both

cathodes in equal numbers and T =1
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Solving the above expression for L gives

O e PALMACP s DALMAA L
e

Yizi2

The ratio, T , is observed experimentally and is shown in Figure B-2.
The graph indicates that T % 1.4 when V] - V2 % 300 volts. For this
value of T , the expression for Sa is only weakly dependent on 4

and Ji . And since Y; and J.I are both nearly independent of the
cathode voltage, it is accurate to take Jﬂ - ..]1.2 and Yi1 = Yi2
Using the result of Appendix A, Ty = 0.4 , the expression for §a

reduces to

8y = 3:8] - 245

Note that T 1is measured at low pressure so that the secondary
electrons lose very little energy during a single transit of the
discharge column. Thus, when V1 - V2 = 300 eV and the incident
electron energy is rough]y‘ 300 eV we find that T = 1.4 and there-
fore 68(300 eV) x 2.4.

Pulsed Measurement

The second method of measuring de involves pulse modulation
of the cathode voltage. Figure B-3 shows how cathode #2 of the dis-
charge is pulse modulated using a floating pulse generator. The
current at cathode #1 is monitored by observing the voltage drop across

the 200 ohm series resistor. By recording the DC power supply voltage
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and the voltage waveforms at the cathodes (labeled VDC' V], and V2
respectively) it is possible to estimate 6o as a function of time
during the modulation pulse. Also, by varying the amplitude of the
applied pulse the energy dependence of ae can be determined.

The indicated voltage waveforms are shown in Figure B-3 for both
a large and small amplitude pulse. The oxygen gas pressure is
6 mtorr. Ignore for the moment the behavior of the dashed V1 voltage
waveform corresponding to a pressure of 2 mtorr. This effect will be
explained later.

In the DC discharge the current of cathode #1 is given by
I](DC) = JiDC + JeDC' This treatment ignores the fact that in the
DC discharge the cathodes collect some secondary electrons which do

not experience a reduction in their E,, energy component on the first

1
transit of the plasma column.

During the pulse, the secondary electrons from cathode #2
strike cathode #1 with excess energy e(V]—Vz) producing additional
secondary electrons. The current at cathode #1 during the pulse is

given by

+ 48 4

I, (Pulse) = Jyq + Jgq = Jgp * 8edg

Again, the current at cathode #1 is measured experimentally by obser-
ving the voltage drop across the series resistor, I] = (VDC-V])/ZOOQ .
The ratio of the cathode current during the pulse to the DC

cathode current is given by



I](Pu15e) e

R = = e2 * Sede2 _ (Vpe=V1)putse
I](DC) Ji

VpeValne

Using the relationship Je = Yidi and solving for Sa results

in the expression

e JipeMvipe) = 947 (T*vyy)

e
Yizg Y

i2

If it is assumed that Y4 and Ji are both independent of
the cathode voltage so that Yipc = Yi1 = Yi2 © 0.4 and JiDC Y JiT =
J12 , then the expression for ae again reduces to ae = 3.5R - 2.5.
For the small amplitude pulse, R % 2 and V2 - V] ¥ 300 volts
leading to 68(300 eV) ¥ 4.5. For the large amplitude pulse,

R¥ 3.5 and V, - V; = 800 volts. In this case 6,(800 eV) ¥ 9.8 .
A careful evaluation of the approximations made indicates that the
values computed in this way are probably overestimates.

It is found that the values of Ge are time dependent. This
is especially noticeable for longer pulses (v10 usec) where R is
observed to decrease markedly during the pulse. It appears that
the oxide covered cathode surface can give a very large value for
8q for a short period of time.

It is observed that even for long pulses, 11(DC) is nearly
the same after the pulse as it was previous to the pulse. This

indicates that the plasma density and electron temperature do not

change significantly during the pulse.
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In conclusion, both methods of measurement indicate that Ge
is large but the values obtained using the pulse modulation technique
are significantly greater, Measurements of Ge by other investigators
also yield values in the range of 2.0-9.0 for an aluminum oxide
layer [87]. In any case, Ge is large enough to explain a number of

effects which are observed in the low pressure oxygen gas discharge.

Negative Resistance Effects

One such effect is evident in figure B-3. The dashed waveform
indicates the time variation of the Vi voltage waveform when a large
amplitude pulse is applied to cathode #2. This effect is always
noticeable whenever the oxygen gas pressure is less than 10 mtorr.

It can be understood in terms of an electron mu]tip]icétion process
which occurs at cathode #1.

When a negative pulse is first applied to cathode #2, nothing
happens at cathode #1 until approximately 30 nanoseconds later. The
delay corresponds to the transit time of the secondary electrons
between the cathodes. Following the delay, the voltage at cathode #1
begins to change in the positive direction. Thus, after 30 nanoseconds,
the current at cathode #1 suddenly increases to a larger value
(assuming Ge > 1) determined by Ge i Note that Ge depends on
the amplitude of the applied pulse and if the potential difference
between the cathodes changes during the pulse, $a will change
accordingly.

Now, consider what happens to the secondary electrons which are
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produced at cathode #1 by the first energetic electrons which arrive
from cathode #2. The secondary electrons which originate from cathode
#1 transit the length of the discharge and are reflected by the

larger cathode sheath of cathode #2. By the time that they return

to cathode #1, approximately 60 nanoseconds later, V1 has changed
significantly becoming more positive. As a result the electrons

strike the cathode surface with excess energy, producing new secondary
electrons. Let 6e' be the coefficient of secondary emission for this
process. If V] changes by 150 volts in 60 nanoseconds as indicated
in figure B-3, then Ge' can be considerably greater than unity. But

8o > 1 means electron multiplication. Therefore cathode #1 emits
more electrons than it collects.

As a result of the increased current at cathode #1, the cathode
potential is driven even more positive. As the cathode potential
becomes more positive, the cathode current becomes more negative.

Thus, the slope of the I-V characteristic of cathode #1 is negative,
implying a negative resistance.

The electron multiplication process continues until the
cathode potential approaches the plasma potential. The cathode voltage
is clamped when the cathode begins to collect thermal plasma electrons.
Observe that at this point the voltage drop across the 200 ohm
resistor is 500 volts, implying a cathode current of 2.5 amps. This
current is considerably greater than the original DC value of 0.32

amps. The voltage remains at this value until all of the secondary

electrons in transit along the discharge column are collected
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(~ 100 nsec). Then the cathode potential falls to a steady state
value.

Another similar effect involving oscillation of the cathode
voltages was described briefly in section 5.3.3. In short, unusual
behavior is to be expected whenever conditions favorable for strong
secondary emission by electron bombardment exist. There are two
such situations in the oxygen gas Penning discharge. Whenever a large
DC or low frequency potential difference exists between the cathodes,
the most positive cathode can experience a negative resistance provided
that Sq is large and increasing rapidly with the energy of the
primary electrons. In this case the cathode current increases as the
cathode voltage decreases. The large amplitude oscillations which were
described in section 5.3.3 can be explained in this way, particularly
the fact that the two cathodes oscillate 180 degrees out of phase.

In addition, an electron multiplication process has been des-
cribed which occurs at low neutral gas pressure whenever the potential
of one or both cathodes are driven positive rapidly. If the increase
in the cathode potential during the time required for a secondary
electron to traverse the length of the discharge tube (v~ 30 nsec) is
sufficient to give §a > 1 when the secondary electrons are collected,
then electron multiplication will occur. When 8o >> 1 , the electron
multiplication results in a strong dynamic negative resistance which
continues to drive the cathode potential positive until it reaches the
plasma potential. Such an effect is indicated by the cathode voltage

waveforms of figure 5.13 in section 5.6.
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APPENDIX C

The Electron Temperature

This appendix indicates how the electron temperature is derived
from microwave noise emission measurements.

The radiation temperature of the plasma gives a meaningful
measure of the kinetic energy of the plasma electrons only when the
radiating electrons have an equilibrium velocity distribution. This
condition certainly does not exist in the DC operated Penning dis-
charge where the emission is dominated by nonthermal harmonic emission
and high intensity radiation. The afterglow of the pulsed discharge,
however, presents an entirely different situation. Measurements in
the pulsed discharge indicate that the nonthermal radiation decays
very quickly in the afterglow (t < 1 usec). Therefore a radiation
measurement can be used to infer the electron temperature of the after-
glow plasma. However this is not exactly the method which is used
here. Instead, a very similar technique is used in the DC operated
discharge.

When the discharge voltage is pulse modulated with a large
amplitude positive pulse, it is found that the nonthermal radiation is
strongly suppressed. See, for example, the discussion of TG pulse
modulation in section 5.6. A very large positive TG pulse, in effect,
turns off the discharge for the duration of the pulse. Unfortunately
the largest pulse amplitude available in the experiment only partially
turns off the discharge so that some nonthermal radiation remains.

However, most of the remaining nonthermal radiation (harmonic emission)
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is concentrated in the vicinity of the cyclotron harmonics. It is
believed that the remaining background radiation observed between the
harmonics is predominantly thermal in origin and gives a good indica-
tion of the electron temperature.

Before the electron temperature can be inferred from measure-
ments of thermal plasma emission, it is first necessary to determine
the emissivity of the plasma column. The emissivity is certainly
less than unity. However, in chapter III it was found that when
the plasma is enclosed in a reflecting cavity, the plasma-reflector
system is a very good absorber. Conversely, the emissivity of the
plasma-reflector system with respect to thermal radiation should also
be very good. Therefore it is expected that the equivalent radia-
tion temperature of the thermal emission will be roughly the same as

the temperature of the thermal plasma electrons.

KO & ® |/ =300ma

i 9‘?{: O /=400 ma

- N0 O /=500ma
® 0

O
- § = B=13kG

P [mtorr]

Figure C-1 Background Radiation Temperature in eV as a Function
of the Oxygen Gas Pressure
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To obtain an indication of the electron temperature, the
background radiation between the cyclotron harmonics is monitored
during a large amplitude positive TG modulation pulse. The results
of the measurement are shown in Figure C-1 for several values of
the discharge current and the neutral gas pressure.

The equivalent radiation temperature is found to vary between
0.3 and 1.0 eV, depending on the discharge parameters. The tempera-
ture increases with increasing discharge current and decreases with
increasing neutral gas pressure. Based on energy balance considera-
tions, the electron temperature is expected to behave in this way.

Klan has considered the energy balance of the thermal electrons
in the Penning discharge [88]. There are two groups of electrons
in the Penning discharge which are relevant to this discussion.

One group of electrons having a low temperature and a high density

is supposed to have Maxwellian velocity distribution. The other group
is more energetic (1-20 eV) but has a much lower density. Because

of electron-electron collisions between these two groups of elec-
trons, the colder thermal electrons are heated by energy transfer

from the hot electrons.

This heating rate has to be balanced by a cooling rate which
describes energy transfer by elastic collisions to the colder ions
and neutrals which are at room temperature. The plasma electron
temperature is determined by equilibrium between the heating and
cooling rates. When the heating and cooling rates for the indicated

processes are estimated and compared, the inferred electron
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temperature has essentially the same magnitude and the same pressure
and current dependence as is indicated by Figure C-1.

It is interesting that the electron temperatures obtained by
this method are in sharp disagreement with the values obtained from
probe measurements. In the present experiment, probe measurements
indicate electron temperatures in the range of 2 to 5 eV. When
Brand and Cohen measured the electron temperature in a similar dis-
charge using a double probe, they obtained values between 2 and
6 eV [89 ]. Essentially the same values were also obtained by
Brifford [90 ] and Thomassen [91 ]. However, Brand and Cohen per-
formed two additional measurements to check the accuracy of the probe
measurement. They obtained the electron temperature from the pro-
pagation of cyclotron harmonic waves and from a spectroscopic
measurement. The spectroscopic measurement gave a value of roughly
0.2 eV and the cyclotron harmonic wave measurement indicated an
electron temperature of 0.3 to 0.6 eV. They concluded that the probe
measurements are grossly misleading. The probe measurement is very
sensitive to the presence of relatively small numbers of nonthermal
electrons whereas the propagation of cyclotron harmonic waves is
determined principally by the thermal electrons.

In conclusion, it is believed that the low electron
temperatures indicated by the radiation temperature measurement are
accurate. It is essential, however, to be certain that the hybrid
layer is well established in the plasma column during the measure-

ment so that the plasma-reflector system is a good absorber. Also,
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if some of the plasma emission is nonthermal in origin, the measure-

ment will overestimate the electron temperature.
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“The last thing one discovers in doing a task is

to know what ought to have been done first."

--Enivel




