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MASTER 
This project was undertaken in order to carry out a comprehensive 

experimental investigation of universal plasma instabilities under a 

variety of conditions and a wide range of experimental parameters to 

scale the results appropriately to make comparisons with plasmas of thermo-

nuclear interest. Of particular importance are the roles played by col-

lisions and resonance particles (Landau damping and excitation) and the 

various stages in the development of the instabilities i.e., the linear 

onset of the instability, the quasilinear stage, and the transition to 

turbulence. General nonlinear effects such as mode locking and mode com-

petition, and the relation of these phenomena to plasma turbulence, are 

also of great interest and were studied experimentally. The ultimate aim 

was to measure certain plasma transport coefficients in the plasma under 

stable and turbulent conditions with the particular view of evaluating 

the effect of the universal plasma instabilities on plasma confinement in 

a magnetic field. It is believed that these results will be of value 

. in understanding the performance of thermonuclear plasma devices in which 
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the geometry and other experimental conditions favor the excitation of 

universal instabilities. 

A basic element of this program was the design and construction of 

an improved version of a thermal plastna device or "Q-machine", in which 

the instabilities were studied experimentally. The work carried out in 

this program is summarized below through a brief description of the topics 

that were studied and a list of relevant publications of the Principal 

Investigator. 



3 

DESCRIPTION OF THE THEORETICAL AND EXl'ERIMENATAL WORK 

Periodic Pulling 

The phenomenon we have called periodic pulling is closely related 

to the phenomenon known as entrainment. Periodic pulling is essentially 

the incomplete entrainment of an oscillator or an unstable plasma mode by an 

injected signal whose frequency and amplitude are such that the parameters 

are just beyond the range at which the oscillator would be locked to the 

incoming signal. Under these conditions the oscillator tries periodically 

to become locked and in so doing exhibits a periodic frequency variation 

which is essentially a frequency modulation. The amplitude and frequency 

of a nonlinear oscillator are always interdependent so that this frequency 

modulation results in an amplitude modulation as well. The net result is 

to produce a multiplicity of sidebands at frequencies that are not related 

to the inital oscillator frequency. 

The analysis predicts that the sideband spectrum will be highly 

distorted under certain conditions. This distortion is manifest in a 

high degree of asymmetry between the sidebands on one side of the initial 

oscillator frequency and the other when viewed in frequency space. Further-

more, the direction of the asymmetry flips from one side to the other as the 

relative positions of the original and injected frequencies are changed. Also 

the logarithm of the sideband amplitude is a linear function of frequency 

separation between the sideband and the original unperturbed mode frequency. 

In earlier work we have described the means by which periodic 

pulling introduces incommensurate frequencies into a spectrum of discrete 

modes for a plasma instability in a bounded plasma. These incommensurate 

frequencies then mix and give rise to turbulence effects. In the plasma 
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case these turbulence cffccls lead to the production of low-frequency electric 

fields which are bel'ieved to play an important role in the diffusion of a plasma 

across a magnetic field. 

The analysis that has been developed is perfectly general and applies 

to any van der Pol oscillator, that is to say, any oscillator which is self-

-limiting and starts spontaneously from thermal noise. Therefore one could expect 

it to be found in other systems in addition co plasmas. This is indeed the case, 

and the effect has been observed in microwave magnetrons. In many applications 

it is desirable to use a so-called phase-locked magnetron and when the frequency 

and amplitude of the injected signal used for phase locking are slightly beyond 

the range of parameters corresponding to locking an effect similar to that 

observed in the plasma is observed. A similar effect has been observed in a 

mercury vapor plasma subject to a high frequency pump signal. 

A crude physical picture of periodic pulling would be the following. 

In general, an oscillating system will involve some kind of a tuned resonance 

circuit which has a finite band width. Assume that the oscillator is oscillat-

ing under steady-state conditions. If now a low level signal is injected into 

the system at a frequency that lies within the band width of the resonance 

circuit the Injected signal will be amplified and appear at the output of the 

oscillator. Under these conditions the amplified injection signal and the orignal 

oscillator signal beat together so that the system is no longer in a steady 

state but instead exhibits modulation in amplitude and frequency as represented 

by the beat between the two signals. 

The significance of the results that have been obtained in this work is 

that these results provide support for the van der Pol model that has been 

used to describe drift instabilities in a bounded plasma. The rather unique 

spectral signature that is obtained gives unambiguous evidence that the system. 
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is^ in fact, described by the van der Pol equation. Since this is the case ic 

then means that all of the existing results that have been obtained in the 

literature with regard to the van dcr Pol equation can be applied to the unstable 

modes of a plasma in a bounded system. This is one of the primary objectives 

of the present program. 

Ion-Acoustic Waves 
i 

The interest in the low-frequency oscillations that are observed when 

current flows through the plasma in a Q-machine can be understood from a brief 

history of the topic. In early experiments Rynn observed that low-frequency 

oscillations are excited when the current through a Q-machine exceeds some 

critical value. These oscillations were interpreted to be excitation of ion-

-acoustic waves and ion-cyclotron waves and the excitation mechanism was assumed 

to be associated with runaway electrons. In 1966, a Soviet group at Novosirbirsk 

identified these as ion-acoustic oscillations excited by the passage of current 

in a single-ended Q-machine. The excitation mechanism was associated with 

electron drift through the ions as had been predicted by Jackson and otheis. 

Subsequently, in 1968 the Soviet workers reinterpreted their results, explain-

ing them in terms of relaxation oscillations of the plasma density in accordance 

with the following scheme. When the electron drift velocity exceeds a critical 

value ion-cyclotron waves are excited on different tubes of force of the 

magnetic fie?'*. The oscillations in different tubes are correlated and the 

resulting random transverse fields give rise to enhanced radial diffusion, 
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causing the plasma density to be reduced. The drift velocity decreases until 

it falls below the critical value and the ion-cyclotron instability is quenched. 

Plasma streaming in from the ionizer, at about the ion-acoustic velocity, then 

restores the plasma density to its initial value and the cycle repe "-s itself 

at the frequency approximately equal to the ion-acoustic frequency. 

In view of the history of the topic it appears useful to determine 

the conditions under which ion waves can or cannot be excited in a Q-machine. 

In the present work primary emphasis has been given to the resolution of this 

question rather than to a detailed examination of the behavior of the ion-

-acoustic waves. The topic is also of interest in connection with the fact 

that the excitation of ion-acoustic instabilities by direct electron streams 

is used as a basis for many schemes in turbulent plasma heating. 

The experimental evidence indicates that ion-acoustic waves can be 

excited in a Q-machine. Fairly detailed examinations have been made of the 

dispersion relation and the appropriate length dependence has been observed. 

Moreover, the oscillations have been found to be independent of density and 

magnetic fieldaas expected for acoustic waves. In the course of this work it 

has also been possible to observe nonlinear interactions between the acoustic 

wave and the drift wave, standing waves in a bounded moving medium represented 

by the streaming plasma, and parametric excitation of ion-acoustic waves. In 

addition to demonstrati-fg the wave nature of the oscillations these phenomena 

are Interesting in their own right and have evidently not been quoted previous-

ly. in the literature. 
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Asynchronous Quenching 

The phenomena known as asynchronous quenching has been of interest 

in connection with attempts to stabilize unstable plasmas by means of external 

applied signals. In the past year there has been an extremely sharp rise in the 

interest, in one method of such stabilization, the so-called feedback stabilization 

method. The other general approach is the so-called asynchronous quenching 

method which has been investigated in the present program. 

Two phenomena which have been known traditionally as synchronization 

and asynchronous quenchivg have been the subject of recent discussion in the 

literature. It has been shown by the present investigator's earlier work, on 

the basis of analog computer experiments, that these two phenomena are actually 

the same and that the original interpretation given by Minorsky is incorrect. 

This same result has been proposed by other authors in the literature. 

The phenomenon known as asynchronous quenching can be interpreted to 

mean that the original signal from the oscillator has been transferred to the 

frequency corresponding to the injected signal so that the original signal is 

no longer observed. If an observer looks at the frequency range corresponding 

only to the original signal it would appear that the oscillator has been quenched. 

Actually, however, if the observation is made at the frequency of the injected 

signal it will be found that the oscillator is performing excursions at the 

frequency of the injected signal. The confusion in the literature that had 

existed before the present work derived from cases in which the injected signal 
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is at a frequency far from the original oscillation frequency so that the 

entrainment of thu oscillator to the injected frequency would appear to be 

quenching unless a specific search were made at the injection frequency. On 

the other hand, when the el feet occurs with great spacing between the two 

frequencies it is necessary to use large amounts of power in order to be able 

to couple the injected frequency into the system. This is the case because 

the resonant circuit associated with the.oscillator acts as a filter which 

tends to attenuate any signal which is not approximately the same as the 

original oscillator frequency. By using an analog computer in the present 

work it is not difficult to simulate the injection of a large signal at 

frequencies far from the original oscillator frequency. On the other hand, 

in any real system, it might be quite difficult to couple in the required 

amount of power. 

The mathematical error in the analysis given by Minorsky which had 

remained unchallenged in the literature can be explained as follows. Minorsky 

makes use of a so-called stroboscope analysis, starting by treating a linear 

system with the intention of introducing the nonlinear behavior as a small 

modification. The linearization is accomplished by setting the nonlinearity 

parameter equal to zero. It turns out that the choice of the initial condi-

tion used in the linear problem means that the stroboscope solution "sees" 

only the zero crossings of the signal. In the next step, the nonlinearity 

is introduced through a perturbation and it turns out that when a change of 

scale is made for the application of the stroboscope method a certain limit 

is taken. In the Minorsky analysis this step is taken in allowing the injected 

frequency to go to infinity in order to achieve certain mathematical simplifi-

cations. However, it turns out that the result is to remove the nonlinear 

modification of the problem. Since the initial conditions in the original 
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linear problem are set up so that the stroboscope sees only the zero cross-

ing it then appears that the linearized stroboscope solution again sees 

the zero crossings. These two results give the impression that the system 

is quiescent, although, in actual fact, it is executing oscillations at the 

injected frequency, provided the forcing function is large enough. Indeed, 

for an infinite injection frequency this requirement implies that a force 

of infinite magnitude is needed. Thus, the Minorsky analysis suffers from 

an inadvertent linearization of the problem coupled with an artifact of the 

stroboscope method that arises from the choice of the initial conditions. 

Parametric Excitation of Ion-Acoustic Waves 

The parametric excitation of a resonance in a physical system 

can be described by the Mathieu equation, in which a suitable time-periodic 

coefficient is used to represent the periodic variation of the system 

parameter that corresponds to the restoring force. When this parameter 

is varied at a frequency to^ a resonance at frequency tô  can be ex-

cited when = 2a)g/n , where n is an Integer. The classic experi-

ment in parametric excitation is the Itelde experiment, In which the trans-

verse oscillations of a string are observed when the propagation velocity 

i.e., the string tension^is varied periodically at a frequency = 2WQ 

where 0)̂  is the resonance frequency.. The modulation index must exceed 

a threshold value in order for excitation to occur. Parametric amplifiers 

are well known in electronics and quantum optics and the Melde experiment 

corresponds to the case of the so-called degenerate parametric amplifier. 

Parametric phenomena have been observed in earlier plasma 

experiments which depend on nonlinear coupling. A feature of the work 

described here, on the other hand, is the fact that the threshold value 

of the modulation index for the time-varying parameter can be directly 

related to the losses in the system. 
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To understand the present experiment consider the propagation 

of ion-acoustic waves in a finite plasma column bounded at both ends. If 

the wave equation in the finite plasma column is Fourier-analyzed in 

space, subject to the appropriate boundary ccaditions at the ends of the 

column, the system can be described in terms of discrete normal modes, 

which are standing waves. The phase velocity for these waves depends on 

the electron temperature; if the electron temperature can be varied 

periodically the system will be described by a Mathieu equation and the 

experiment becomes analogous to the Melde experiment described above. 

If the parametric system contains a dissipation element it can 

be shown that growing oscillations can only be excited if some threshold 

criterion is satisfied for the modulation of the electron temperature. 

This criterion corresponds to a requirement that the time-averaged energy 

pumped into the resonant mode must exceed the nime-averaged losses. 

The experiments were carried out in a single-ended Q-machine 

operated under collisionless conditions. An rf heating technique, first 

reported in the Soviet Union, is used to control the electron temperature. 

An rf voltage is applied directly to the coldplate that terminates the 

column. Although the heating mechanism is not completely understood, it 

is found that the application of the rf voltage increases the effective 

electron temperature. Evidence for the increased electron temperature 

is provided by two independent experimental methods. First, it is ob-

served that the frequency of the ion-acoustic mode increases with increas-

ing rf voltage, ultimately reaching a saturation point. Second, the 

electron temperature as determined from Langmuir probe characteristics 
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Is found to increase monotonically with rf voltage, although a quantitative 

determination is very difficult. The modulation of the electron tempera-

ture required for parametric excitation is then accomplished in a 

straightforward way by amplitude modulation of the rf voltage applied to 

the endplate. 

The experimental results are in fairly good agreement with a 

theoretical analysis based on the use of the Mathieu equation and, indeed, 

it has been found possible to map out the first instability zone associ-

ated with the Mathieu equation. These results indicate that ion-acoustic 

waves in a bounded plasma can be described phenomenologically by an 

extension of concepts used in the analysis of lumped-parameter•systems, 

as has been anticipated by earlier work in this program. Parametric 

excitation also provides a technique for the determination of growth rates 

under various plasma conditions and appears to be a useful method for the 

excitation of ion-acoustic waves when other methods are not desirable. 

This technique should also be useful as a diagnostic tool for the de-

termination of loss rates for ion-acoustic waves. 

^ ^ ^ P l a s m a Stabilization by Feedback and Dynamic Control 

Methods for dynamic stabilization of plasma instabilities can 

be divided into two classes: 1) closed-loop and 2) open-loop. The 

closed-loop approach is based on the use of the negative feedback principle. 

The open-loop approach is embodied in the application of periodic forces 

or In the time (space) variation of plasma parameters at frequencies 

(wave numbers) that are not determined by the plasma instability. This 
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approach is well known in other fields of science and engineering, parti-

cularly in the design of control systems, where it is called asynchronous 

quenching or dithering, and one of the purposes of the present work has 

been to bring this concept to the attention of plasma physicists with the 

hope that existing technology and knowledge would stimulate ideas perti-

nent to the problem of plasma stabilization. 

One of the basic elements in our analysis of plasma stabiliza-

tion methods is the use of the van der Pol model^which has been developed 

earlier in the present program. In this model the unstable modes in the 

plasma are represented by an ensemble of weakly coupled van der Pol 

oscillators. A number of aspects of dynamic stabilization discussed here 

derive specifically from the properties of the van der Pol oscillator. 

In discussing closed-loop methods we consider the negative 

feedback approach in somewhat greater detail: a deviation from the desired 

plasma configuration gives rise to correction signal which is amplified 

and then produces a change in some parameter in such a way as to counter-

act the original perturbation. However, there are three features of 

negative feedback/systems that should be kept in mind in considering the 

possible application to plasma stabilization. 1) the feedback system must 

function as a linear amplifier if it is to produce exact cancellation of 

the original perturbation. 2) the feedback system is a narrow-band system 

adjusted to provide the required phase shifts at a given instability 

frequency. To suppress an instability in a plasma whose parameters are 

changing in time the parameters of the feedback system must also change 

in time in order to "track" the instability. The third feature of interest 
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here appears in cases in which a plasma exhibits several modes that are 

unstable simultaneously. The quenching of one mode by feedback can then 

be shown to cause the growth of another mode because of a phenomenon known 

as mode competition. This phenomenon has been examined in detail in 

earlier work carried on under this program. It has been found that a 

feedback system must be able to quench all unstable modes simultaneously, 

a requirement which introduces a great deal of complexity into the problem. 

Because of the three shortcomings of closed-loop systems de-

scribed above, in the present program we have been concentrating efforts 

on so-called open-loop methods which are nonlinear and can only be applied 

if the instability exhibits a saturation mechanism. The general concept 

is to force a system to execute oscillations that are the same as those 

caused by the ndesired instability, implying excursions into the region 

of nonlinear damping. However, the system Is forced to execute these 

excursions at a frequency high compared with the instability frequency. 

The time average over the high-frequency excursions, as seen at the 

instability frequency, can then yield a net unfavorable energy balance for 

the instability itself. We note that this approach circumvents the three 

shortcomings of negative feedback systems described above. This follows 

because the high frequency is not determined by the instability, being 

arbitrary and subject only to the requirement that it be high enough so 

that the averaging effect can operate. Ue note that the tracking problem 

discussed above is effectively circumvented. Similarly, linearity is no 

longer important and multi-mode suppression is accomplished since all the 

unstable modes individually see a net unfavorable energy balance. 
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Asynchronous Quenching Effects 1n Beam-Plasma Inter-

actions. In connection with earlier work on plasma stabilization by 

dynamic methods in the nresent program, an investigation has been 

made of an effect kno'/n as "asynchronous quenching." This is an 

effect characteristic of the Van der Pol model for plasma instabi l i t ies. 

In asynchronous quenching the application of a strono signal at a 

frequency close to the characteristic frequency of a Van der Pol 

oscillator results in the quenching of the free-running signal of 

the oscillator and oscillation at the external frequency. In the 

plasma case this means that the application of a strong perturbation 

at a frequency close to the free-running frequency of an unstable 

plasma mode can quench the plasma mode, viit'i the enerqy heinq transferred 

to the frequency of the incoming signal. I t has been observed in 

beam-plasna interactions that the arnlication of an unmodulated dc 

electron beam results in the production of a Hrond snectrum of 

plasma "javes. I f , on thp other hand, tho electron »>eaM is nrenodulated 

at a frequency near the center of the broâ i! snectrum i t is found that 

a l l the energy apnears at the frequency "nth "hich the electron 

beam is nodulated. In other words, energw is taken out of the 

thermal modes and transferred to the center frequency. This effect 

is predicted by the Van der Pol model dsveloned in the present 

program. 
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Two-Dimenstonal Os c i 1 Av.c.r^c 1"c aritl X-Y n^t-a pin;-hfng 

The two-dimensional oscilloscope display described here has been 

developed in connection with plasma-physics research carried out on the 

University of Maryland Q-Machine (UMQ) and is used in two general applications; 

1) SIgnal-to-noise enhancement by continuous .signal averaging! In this 

application the storage function associated with the averaging process is 

accomplished photographically and the averaging itself is done visually, 

2) Data presentation in the form of an X-Y plot. In this application a 

conventional oscilloscope that presents a functional dependence of the form 

y ** y(t) is effectively converted into an X-Y plotter that presents a func-

tional dependence of the form y = y(x) . The presentation is such that full 

scale is automatically adjusted to correspond to the full-scale value of the 

independent variable. 

The two-dimensional oscilloscope display produces a raster which 

is similar to that in a conventional TV receiver. Successive horizontal 

traces of the CRT beam are stacked, one above the other. The successive sweeps 

are synchronized with successive samples of a signal containing the desired 

information. The CRT beam carries the signal information in the form of inten-

sity modulation or vertical-deflection modulation. While it is being formed 

the raster is photographed with a conventional oscilloscope camera, which is 

operated in the time-exposure mode. The completed raster contains approxi-

mately 600 lines. Further enhancement of the signal-to-noise ratio is achieved 

by operating in the so-called dwell mode. In this case, the beam performs 

repeated sweeps by "dwelling" at each horizontal trace position for a predeter-

mined number of sweeps. 
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The raster display described here is related to signal-averaging 

instruments that employ built-in computers. [C. R. Trimble, Hewlett Packard 

Journal, April 1968], The essential difference is that the storage function 

performed by the memory in the computer is performed by the photographic film 

in the raster display. Similarly, the averaging process is accomplished by 

the eye of the observer rather than by computer. The exact details of the 

visual averaging process involve the psychological and physiological behavior 

of the human eye and are not discussed here. 

In this connection it is interesting to note that the use of the 

photographic film as a storage device implies a fairly large number of storage 

channels (approximately 600 in the present case). In addition, the two-

-dimensional raster display has the capability of detecting drifting signals 

as well as fixed signals. On the other hand, the computer signal averager 

has the capability of doing subtraction operations in carrying out the aver-

aging process; this capability is not available in the photographic signal 

averager because the photographic exposure process is inherently positive. 

When the raster display is used as an X-Y plotter the staircase 

voltage that provides the vertical steps used in forming the raster is also 

used to vary the value of an experimental parameter. Thus, each horizontal 

sweep of the raster carries information pertaining to a particular value of 

this parameter and an X-Y plot is formed with the experimental parameter in 

question playing the role of the independent variable. 
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Active Microwave Systems 

The active microwave system, in which a positive feedback loop is 

used to provide gain, offers interesting possibilities in the microwave 
6 12 

diagnostics of cw and transient plasmas in the density range 10 -10 

electrons/cm. In the Progress Review for 1968-1969 we described a system 

operated at X-band with a cw plasma. In the course of the past year experi-

ments have been carried out with a transient plasma. 

The basic concept of an active system is as follows. The primary 

element is a loop made up of a resonator, which contains a plasma, travel- . 

ing wave amplifier and an attenuator. This loop comprises a feedback 

oscillator whose instantaneous frequency is determined by the plasma density. 

The oscillator output is sampled through a directional coupler and goes to a 

crystal detector through a conventional transmission-wavemeter cavity. The 

cavity acts as a tunable microwave frequency discriminator by providing slope 

detection. Before the plasma is produced in a resonatot the resonance fre-

quency of the wavemeter is detuned to one side of the oscillator resonance 

frequency. Any variation in oscillator frequency due to the presence of the 

plasma in a resonator then appears as a change in the amplitude of the signal 

transmitted to the wavemeter cavity. 

A basic feature of the active system is the fact that the plasma 

density determines a frequency rather than a phase, as in the conventional 

microwave interferometer. It also provides a linear relation between the 

output datum and the density and is free from the ambiguity associated with 

phase factors of 360° that appear in phase measurement methods. In addition 

the system provides a convenient and simple oscilloscope presentation which 

shows the direct representation of density vs time. 
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It appears that the advantages of the active system can also be 

exploited in connection with the measurement of dielectric constant at micro-

wave frequencies of any medium. For example, we have carried out dielectric.' 

measurements of gases, such as helium, argon, nitrogen and air as well as a 

variety of biological materials. The only requirement is that the sample 

being investigated be fabricated in such a way as to be introduced convenient-

ly into a resonator, which can be a cavity or a Fabry-Perot resonator. It is 

also necessary that the losses introduced by the sample be small enough so 

that the oscillator is not prevented from oscillating. If the sample material 

is highly lossy this means that small sample sizes must be used. 

Lecher-Wire Systems for Microwave Plasma Diagnostics 

Most microwave configurations used for plasma diagnostics have the 

disadvantage that the spatial resolution is limited' to dimensions of the order 

of the wavelength being used. On the other hand, in many applications such as 

the investigation of shock waves the time and space resolution must be high 

in spite of the fact that the electron density is such that extremely short 

microwaves do not provide the required sensitivity. In other cases the limita-

tions imposed by the relation between density and wavelength may be such as to 

require long wavelengths, in which case high spatial resolution is not possible. 

In the work described here we have been investigating a system that 

appears to be capable of providing high spatial resolution which is essentially 

independent of wavelength and which introduces a minimum of interference with 

plasma flow. This technique makes use of Lecher-wires, that is to say, a 

double-wire transmission line which is used to guide the wave through the plasma. 

The Lecher-wire system was first studied many years ago and it is known that the 

wave"guided by the wire in a homogeneous medium propagates in the transverse 
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electromagnetic mode. The field distribution, which governs the spatial 

resolution, is independent of frequency. In the work reported here a number 

of diagnostic systems have been developed that make use of the Lecher-wire 

configuration in conjunction wtih the active Fabry-Perot configuration as 

well as conventional passive modes. . Ona of the basic problems is the develop-

ment of a method to couple the wire scction to a conventional waveguide. 

The coupling must provide minimum frequency-dependent reflections and the 

impedance of the wire must match that of the waveguide. In addition, the 

Lecher-wire dimension must be convenient for the application that is intended. 

In the model developed here it has been found possible to use wires of 

diameter 0.01 inches spaced about one centimenter apart. This work is still 

in its preliminary stages. 

The main disadvantage of the Lecher-wire system is the loss due 

to radiation and reflection associated with the transition section. These 

losses can be reduced by making use of efficient launching devices. In the 

course of this work we have been investigating a variety of transition 

sections. 



20 

RELEVANT PUBLICATIONS 

Landau Damping and Finite-Length Effects in Universal Plasma Instabilities. 
Physical Review Letters 13, 47 (1964). 

Landau Damping and Finite-Length Effects In Universal Plasma Instabilities 
Bulletin of the American Physical Society. 

Nonlinear Interactions In Universal Plasma Instabilities, Bulletin of 
the American Physical Society, 10, 508 (1965). 

Nonlinear Mode "Interactions in Universal Plasma Instabilities, Physical 
Review Letters, Vol. 14,, No. 26, 1064 (1965). 

Nonlinear Mechanics'of Universal Plasma Instabilities. Proceedings of 
the Seventh International Conference on Ionization Phenomena in Gascr>, 
Belgrade, 1965. Gradjevlnska Knjiga Publishing House, Beograd, 1966. 

Investigation of Universal Plasma Instabilities in a Thermal Plasma 
Device (Q-Machine), Proceedings of the Second International Conference 
on Plasma Physics and Controlled Nuclear Fusion, International Atomic 
Energy Agency, Vienna, 1966. 

Nonlinear Mechanics of Plasma-Like Distributed Media, "Proceedings of 
the Symposium on the Dynamics of Fluids and Plasmas," Academic Press, 
Inc., New York (1966). 

Quiescent-Plasma Research Program at the University of Maryland, 
Proceedings of the Conference on Plasma Instabilites and Anomalous 
Transport, University of Miami Press, June 1966. 

Mode Locking Phenomena in Universal Plasma Instabilities. Bulletin of 
the American Physical Society, 552 (19b6). 

Mode Synchronization Phenomena In Universal Plasma Instabilities, 
Proceedings of the Conference on Quiescent Plasmas, Frascati, Italy, 
January 10-13, 1967, Laboratori Gas lonizzati (Association!. 
EURAT0M-C.N.E.N.). 

Periodic Mode Pulling and Turbulence In a Bounded Plasma. Bull. Am. 
Phys. Soc..12. 495 (1967). 

Coupled-Mode Analysis of the Collislonless Drift Instability in v 
Q-Machine. Bull. Am. Phys. Sue., 13, 290 (1968). 

Plasma Impedance Element in an Active Fabry-Perot Microwave Resonator, 
Applied Physics Lfettcrs, Vol. 13, No. 3, pp. 96-98, August 1968, (with 
R. C. Ajmera). 

Plasma Impedance Element in an Active Fabry-Perot Microwave Resonator, 
Bull. Am. Phys. Soc., 1_3, 1511 (19t>8) t>'ith R. C. Ajmera). 

Current-Excited Ion-Acoustic Waves in a Single-Ended Q-Machine, Bull. 
Am. Phys. Soc., 1.3,1555 (1968) (with E. J. YadlowsVy). 



21 

Transition to Turbulence in a Bounded Plasma, Bull. Am Phys. Soc., 13. 
1567 (1968) (with R. H. Abrams, Jr.). 

Periodic Pulling and Turbulence In a Bounded Plasma, Physical Review 
Letters, Vol. 22_, pp. 275-278, February 1969, (R. H. Abrans, Jr. and 
E. J. Yadlowsky). 

Asynchronous Quenching of the van der Pol Oscillator, Institute of 
Electrical and Electronics Engineers, Transactions of the Professional 
Group on Automatic' Control, Vol. 4, pp. 212-214, April 1969 (with E. M. 
Dewan). 

Periodic Pulling and the Traneition to Turbulence in • System with 
Discrete Modes. Symposium on Turbulence of Fluids and Pla&nas, Brooklyn 
Polytechnic Institute,.New York, 1968, (Microwave Research Institute 
Series, Vol. 18, pp. 29-46, 1969) 

Mathematical Models for Nonlinear Interactions in Bounded Plasmas, 
"Nonlinear Effects in Plasmas," Feix and Kalman, ed., Gordon and Breach. 
New York, 1969. 

Periodic Pulling of the van der Pol Oscillator, Proceedings of the Fifth 
International Conference on Nonlinear Oscillation, Kiev, U.S.S.R., August 
1969. 

Periodic Pulling and the Transition to Turbulence in a Q-Mnchlne. Proceedings 
of Second International Conference on Physics of Quiescent Plasmas, Paris, 
September 1969, (with E. J. Yadlowsky and R. K. Abrams, Jr.). 

Ion-Acoustic Waves in a Single-Ended Q-Machlne, Proceedings of Second 
International Conference on Physics of Quiescent Plasmas, Paris, September 
1969, (with E. J. Yadlowsky and R. H. Abitams, Jr.). 

Sealed-Off. Space-Charge-Limited Bombardment Diode for Q-Machlnea, 
Proceedings of Second International Conference on Physics of Quiescent 
Plasmas, Paris, September 1969, (with R. H. Abrams, Jr. and R. C. McRae). 

Ion-Acoustic Waves in a Single-Ended Q-Machine, Bull. Am. Phys. Soc., 
14, 1057 (1969), (with E. J. Yadlowsky and R. H. Abrams, Jr.). 

Microwave Diagnostics of a Transient Plasma,- Bull. Am. Phys. Soc., 
14, 1012 (1969), (with R. C. Ajmera). 

Lecher-Wire Systems for Microwave Plasma Diagnostics, Bull. Am. Phys. 
Soc., 14, 1011 (1969), (with R. C. Ajmera and D. W. Koopman). 

Microwave Diagnostics of a Transient Plasma with an Active Fabry-Perot 
Resonator, Journal of Applied Physics, Vol. 40, No. 12, pp. 4869-4871, 
November 1969 (with R. C. Ajmera). 



Active Microwave Systems for Heasureaent of Plasma Density, 1970 
USNC-URS1 Spring Meeting, Washington, D. C., April 16-19, 1970, 
(with R. C. Ajmtra). 

Dynamic-Stabilization Theories for Electrostatic Modes. Proceedings 
of Conference on Feedback and Dynamic Control of Plasmas, Princeton 
University, AIP Conference Proceedings No. 1, 1970, (with E. W. Devan). 

Mathleu Stability Zones for Parametrically Excited Ion-Acoustic Waves, 
Bull. Am. Phys. Soc. 15, 1461 (1970), (with R. K. Abrams, Jr., and 
T. Ohe). 

Single-Wire Line fc.r Microwave Plasma Diagnostics, Eull. Am, Phys. Soc., 
15, 1467 (1970), (with R. C. Ajmera). 

Parametric Exoitatlon of Ion-Acouatlc Waves in a Bounded Plasma, 
Physics of Fluids, Vol. 14, pp. 1584-1586, July 1971, (with E. J. 
Yadlowsky, R. H. Abrams, Jr., And T. Ohe). 

OBicilloscope Display for Signal Averaging and X-Y Data Plotting, 
Review of Scientific Instruments, 42, pp. 1413-1418, October 1971. 
(With R. E. Monblatt). 

Active Single-Wire Fabry-Perot Interferometer for Microwave Plasma 
Diagnostics, Proceedings of 10 International Conference on Phep'jmena 
in Ionized Gases, Oxford, 1971, (with R. C. Ajmera). 

Excitation of Ion-Acoustic Waves by Parametric Heating and Strong 
High-Frequency Electric Fields. 3rd International Conference on 
Quiescent Plasmas, Riso, Denmark, 1971 (with R. H. Abrams, and T. Ohe). 

Low-Frequency Conductivity of a Colllslonless Turbulent Plasma. Bull. 
Am. Phys. Soc., 16, 1276 (1971), (with T. Ohe and R. H. Abrcms, Jr.). 

Microwave Measurements with Active System—Possible Pollution Applications, 
1972 USNC-URSI Spring Meeting, Washington, D. C. April 1972 (with R. C. 
Ajmera and D. B. Batchelor). 

Microwave Measurements with Active Systems, 1972 IEEE International 
Microwave Symposium , Chicago, 111., May 1972 (with R. C. Ajsiera and 
D. B. Batchelor). 

Active Microwave Systems for Industrial Instrumentation, 1972 Symposium 
on Microwave Power, Ottawa, Canada, May 1972 (with R. C. Ajmera and 
D. B. Batchelor). 

Plasma Phenomena in a Strong, Intermediate-Frequency Electric H e l d . 
Fifth European Conference on Controlled Fusion and Plasma Physics, 
Grenoble, France, August 1972 (with R. H. Abrams, Jr. and T. Ohe). 



23 

On an Equation Related to Nonlinear Saturation of Convection Phenomena, 
Sixth International Conference on Nonlinear Oscillations, Poznan, Poland 
August 1972 (with F. Cap). 

Parametric Excitation of Ion-Acoustic Waves in a Fully Ionized, Bounded 
Plasma. (to appear, Physics of Fluids), (with T. Ohe and R.H. Abrams, Jr.). 

Plasma Heating in a High-Amplitude, Intermediate Frequency Electric Field, 
Proceedings of the 1st Topical Conference on RF Plasma Heating, Texas 
Tech. University,Lubbock, Texas, July 1972 (with R.H. Abrams, Jr. and 
T. Ohe). 

Enhanced Plasma Heating with Externally Generated Plasma Turbulence, 
Plasma Physics Division, American Physical Society, Monterey, November 
1972, Bull. Am. Phys. Soc. .17, 1016 (1972) (with R.H. Abrams, Jr. and 
T. Ohe). 

Van der Pol Model for Unstable Waves on a Beam-Plasma Syaten. Physical 
Review Letters, Vol. 3_1, No. 17, pp. 1039-1041, October, 1973 (with 
Peter DeNeef). 

On an Equation Related to Nonlinear Saturation of Convection Phenomena, 
Nonlinear Vibration Problems, Vol. 14, pp. 519-529, Warsaw, Poland, 
November, 1973 (with Ferdinand Cap). 

Plasma Heating and Anomalous Resistivity in High-Amplitude, Intermediate-
Frequency Longitudinal Electric Fields, Bull. Am. Phys. Soc. 18, 1312 
(1973) (with R. Gore and R.H. Abrams, Jr.). 

Degenerate Parametric Excitation of Ion-Acoustic Waves in a Bounded 
Fully Ionized Plasma, Bull. Am. Phys. Soc. 18, 1315 (1973) (with T.H. 
Ohe and R.H. Abrams, Jr.). s 

Anomalous Resistivity Due to Intermediate-Frequency Fields, Proceedings 
of the 2nd Topical Conference on RF Plasma heating, Paper E-5, Lubbock, 
Texas, June 1974. 

Microwave Measurements with Active Systems. Proceedings of the IEEE, 
Vol. 62, No. 1, 1974 (with R.C. Ajmera, D.B. Batchelor, D.C. Moody). 

Catalyctic Heating Concept for Tokamak Devices, Bull. Am. Fhys. Soc. 
19, 962 (1974) (with J.R. Conrad and R. Gore). 

Anomalous Resistivity in a Q-machine Plasma. Bull. Am. Phya. Soc. 19, 
955 (1974) (with R. Gore and J.R. Conrad). 

Radio Frequency Method for Plasma Conductivity Measurements, Bull. Am. 
Phys. Soc. 911 (1974) (with R. Gore and J.R. Conrad). 

Plasma Conductivity Measurements in Large Magnetic Fields. Proc. IEEE 
Second International Conference on Plasma Science, Ann Arbor, Michigan, 
May 1975 (with J.R. Conrad and R. Gore). 


