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ABSTRACT

OBSERVATION OF NEURAL ACTIVITY
AS A VARIATION OF MICROWAVE IMPEDANCE

By
Trygve Gene Aaby

Evidence is presented that neural tissue can exhibit
spatial and temporal variations of its microwave impedance
provided that the microwave probe field is properly coupled
to the tissue. Such coupling is achieved by applying a
10 GHz evanescent field of less than one cubic millimeter
extent to the ventral nerve cord of the cockroach P. amerij-
cana. The experimental apparatus consisted of a variant of
a standing wave tube in which a section of coaxial cable
functioned simultaneously as a probe of microwave impedance
and of the volume conducted fields within the tissue.

Recordings are presented which show the simultaneous
changes in the microwave impedance and in the electrical
activity of the tissue. Similarities in the waveforms of
these two signals can be observed, and the two signals
appear strikingly similar when the electrical signal is
passed through a low-pass filter. These signals appear not
to be caused by muscular activity but often appear to occur
in association with faintly visible microscopic deforma-
tions of the surface of the cord. The inertia of the tis-
sue appears to limit the impedance changes to frequencies

of less than 10 Hz.
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Evidence is presented that this phenomenon is electro-
mechanical in nature, being due fundamentally to structural
alterations of the electrical double layers surrounding the
cellular membranes. The microwave impedance technique is
shown to be useful in detecting changes in the density of
action potentials, and this technique has the additional
feature of not requiring direct contact of an electrode with

the tissue under investigation.
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CHAPTER 1
INTRODUCTION

The fundamental hypothesis underlying the work
described in this thesis is that the physiological activity
of neural tissue may appear as a spatially and temporally
variable impedance with respect to an impressed electromag-
netic field oscillating at gigahertz frequencies. Such an
applied field, called the probe field (PF), will then be
temporally modulated by the neural activity, and the spa-
tial extent of the probe field will determine the total
volume of the tissue over which the physiological activity
is being monitored. Consequently, information about the
physical processes which comprise the neural activity of
the tissue can be gained by investigating the modulation of
the probe field.

In a general sense, this kind of investigation has
been carried out many times before, and several investiga-
tors have reported modulation by neural activity using
probe fields of various frequencies. In 1939, K. S. Cole
and H. J. Curtis [1] presented the classic measurements of
changes in the impedance of the squid giant axon which
occur when the action potential is initiated. These

investigators limited the applied frequencies to the
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kilohertz region of the electromagnetic spectrum. In prac-
tice, a segment of squid axon was used as one arm of a bal-
anced Wheatstone bridge; activity of the nerve was observed
to throw the bridge out of balance in a quantitative man-
ner. These experiments are now described in basic text-
books of neurophysiology [2, 3], because they led to the
recognition that the conductance of the axon membrane is
the principal parameter involved in excitability, so that
the kilohertz impedance studies paved the way to the devel-
opment of the voltage-clamp technique.

A similar technique of monitoring changes in the kilo-
hertz impedance due to neural activity has also been used
in studies of brain function, notably by W. R. Adey,

R. T. Kado, et al., and by J. B. Ranck, Jr. These investi-
gators and their colleagues have studied the effects of
paradoxical sleep, anesthesia, and spontaneous activity
upon the kilohertz impedance of local regions of the brains
of several mammalian species [4, 5]. Van Harreveld, et al.,
have utilized a kilohertz impedance technique as a means
for studying seizure activity and spreading cortical
depression in the rabbit [6]. In general, kilohertz impe-
dance studies of brain tissue appear less easy to interpret
than do studies of squid axon or peripheral nerve. The
impedance variations are less consistent in waveform, and
correlations between physiological activity and the
observed impedance changes are more difficult to establish.

Consequently, these results are discussed in terms of
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percentage shifts of impedance, and the impedance record-
ings are displayed in the time domain as raw data for com-
parison with simultaneous EEG recordings. Often the
results are of a statistical nature, with only a sample of
the total number of tested animals showing a definite
response to a given stimulus. Nevertheless, kilohertz
impedance techniques are a useful addition to neurophysio-
logical research, and W. R. Adey has suggested [5] that
impedance studies might profitably be extended into the
microwave, infrared, and visible frequency regimes.

A sizeable literature exists describing changes in the
optical impedance of nerves when the action potential is
initiated [7-9]. In particular, L. B. Cohen, B. Hille, and
R. D. Keynes have shown [7] that in the crab leg nerve, a
definite optical retardation (i.e., change in the bire-
fringence) accompanies the action potential, with a magni-
tude of about one part in ten thousand. This birefrigence
change appears to be localized to the membrane, although
other investigators [8] find that the birefringence is not
due to the direct action of the trans-membrane electric
field upon the membrane lipids but rather to a complex
process involving lipid-soluble ions in the membrané. Even
though optical impedance techniques are difficult to
exploit, they do provide information about ion carriers in
the axonal membrane.

It is primarily because impedance changes reflect

structural changes that investigators continue to explore
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the impedance properties of active neural tissue at various
frequencies. In a comprehensive review article [9], L. B.
Cohen describes a wide range of techniques useful in the
investigation of structural changes occurring during action
potential propagation and synaptic transmission. Among
these is the study by M. H. Sherebrin, et al. [10] in which
olfactory nerves of the garfish, frog sciatic nerves, and
nerves of the walking legs of lobsters were observed to
exhibit differential absorbance in the infrared when stimu-
lated. In particular, the differential absorbance appeared
to be due to alterations in the frequency of the P-0-C
stretch (1030 cm'1). Consequently, alterations of the mem-
brane conformation as a result of excitation appear to com-
prise the structural changes which are manifested in the
infrared impedance changes.

The studies mentioned above show that the changes in
the impedance of neural tissue with activity are discerna-
ble over wide ranges of applied frequency (e.g., kilohertz,
infrared, and visible), and it is somewhat natural, then,
to inquire as to the possibility of observing neural activ-
ity as a variation of microwave impedance. In fact, a
large literature exists which describes the steady-state
impedance of various tissues at megahertz and gigahertz
frequencies [11, 12]. These studies have been carried out
primarily to assess the physiological effects of microwave
radiation, although the analysis of the reported effects

remains ambiguous [13-15]. In general, it appears that
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microwave impedance measurements are more difficult to
obtain quantitatively than impedance measurements at kilo-
hertz or optical frequencies, and this seems to be due
principally to the fact that kilohertz wavelengths are so
long that ordinary lumped-circuit theory applies, while at
optical frequencies, the wavelengths are so short that the
principles of geometrical optics obtain. At microwave fre-
quencies, the wavelengths are on the order of centimeters
so that complicated interference effects arise in most
experiments. Furthermore, the technology required for
microwave impedance measurements can be quite cumbersome,
involving the use of waveguides, klystrons, and directional
couplers.

In 1963, J. B. Gunn announced the discovery that
appropriately manufactured crystals of gallium arsenide
will emit continuous microwave radiation when properly
biased [16]. Since that time, microwave sources have
become available at low cost so that the design of monitors
of microwave impedance for biophysical experimentation has
become feasible. Several such monitoring devices have been
constructed to date [17] for the purpose of observing
microwave impedance changes associated with the cardiac and
neural activities of animals. The proper subject of this
thesis begins, then, with a description of the experimental
means by which microwave impedance changes of active neural

tissue can be detected.
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The basic physical phenomenon which is utilized in the
investigations described below is called resonance pertur-
bation and is illustrated in Figure 1. A Gunn diode (G) is
biased so that a microwave field appears at a radiating
aperture in the Gunn diode housing. This field, called the
source field, irradiates both a detector diode (D) and a
quarter-wave antenna (A). The quarter-wave antenna is cou-
pled to an appropriate length of coaxial cable (C), the
distal end of which is truncated with a short length of
exposed center conductor. Experiment readily shows that
the fields at each end of the coaxial cable are in reson-
ance, i.e., the source field and the probe field exhibit a
definite reciprocity. If the probe field is undisturbed,
the detector diode yields a steady voltage, known as the
offset voltage, which is due to its presence in the source
field. The relative positions of the antenna probe, the
source field, and the detector diode influence the magni-
tude of the offset voltage, but if these are fixed, then
the offset voltage becomes a function of the probe field
configuration alone. The probe field may be perturbed by
altering the dielectric constant of the medium in which the
probe field is established. As a crude example, touching
the probe tip with a finger may alter the offset voltage by
as much as twenty percent.

In practice, the arrangement shown in Figure 1 is
replaced by that of Figure 2. The source field is confined

to the interior of a cylindrical cavity, and this serves to
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9
contain the source field so that experiments may be con-
ducted without introducing extraneous modulation of the
microwave field. The microwave field must be enclosed
tightly within the cavity, otherwise microwave leaks will
be found to introduce spurious artifacts as experimenters
move about in the vicinity of the apparatus.

The cylindrical cavity shown in Figure 2 has the addi-
tional purpose of confining the source field to a configu-
ration wherein only the lowest order modes are present.
Thus, in practice, it is found that the microwave pattern
inside the cylindrical cavity consists of an approximately
monochromatic standing wave pattern. Naturally, the stand-
ing wave pattern is not ideal (as described in basic text-
books), due to the presence of the antenna probe and diode
detector which act as scattering centers. Nonetheless, the
device depicted in Figure 2 is called a standing wave tube
(SWT) and is usable as a means for detecting changes in the
microwave impedance of various systems [17]. Although the
microwave field inside the SWT is not an ideal standing
wave pattern, it is certainly more ideal than the source
field depicted in Figure 1. Even so, the SWT is not as yet
a calibrated instrument; the SWT is utilized in the work
described below as a means to detect only relative changes
in the microwave impedance of systems of interest.

The purpose of the present thesis is to provide evi-
dence that the microwave impedance of neural tissue is

altered as a result of neural activity. This evidence was
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gathered by using a variant of the SWT, shown in Figure 3.
This device, called the electromagnetrode (EMT), is simply
a SWT which has a coaxial cable serving the dual purpose of
establishing a microwave probe field and of detecting
changes in the electrical potential occurring between the
central and outer conductors exposed at the end of the
cable. Thus, the EMT allows simultaneous detection of var-
iations of electrical potential (EL) and microwave impe-
dance (MW) occurring in a volume of tissue in the neighbor-
hood of the probe tip of the coaxial cable. It should be
noted that the central conductor of the coaxial cable which
enters the SWT as a quarter-wave antenna is completely
insulated from ground so that the electrical resistance
between the inner and outer conductors is in excess of
several megohms. Consequently, the application of the EMT
to biological tissue is expected to load the tissue only
negligibly.

Figure 4 illustrates a basic feature of the EMT probe,
which is that the microwave and electrical potential sig-
nals are not mixed by the EMT. A dissection needle may be
used to locate the effective boundaries of the microwave
probe field (PF), since tiny motions of the needle act to
perturb the microwave resonance. The electrical potential
is not influenced by the presence of the needle unless the
needle electrically contacts the central conductor of the

probe tip.
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EMT PROBE

DISSECTION NEEDLE

Figure 4. A Method for Locating the Effective Boundary of
the EMT Probe Field.

The EMT simultaneously detects changes in the microwave
impedance and the electrical potential of samples placed in
the probe field. These two signals are not at all mixed in
the EMT, as can be demonstrated by perturbing the probe
field while not touching the tip of the coaxial cable.
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A second basic feature of the EMT probe is illustrated
in Figure 5. |If the EMT probe is immersed into any liquid
and a voltage is applied externally, no perturbation of the
microwave impedance is observed, whereas a variation of the
electrical potential is easily observed even for microvolts
of applied signal. The impedance of bulk-phase media is
wholly insensitive to variation by passage of electrical
current so that it is certain that the microwave impedance
of neural tissue will never vary because of stimulus arti-
facts or volume conducted fields, whereas these will be
readily exhibited in the variation of electrical potential.

By contrast, the microwave impedance of an interface
lying within the probe field can be altered by the applica-
tion of an external electric field. As illustrated in Fig-
ure 6, the saline/mineral oil interface can yield microwave
impedance changes when electrified by means of a signal
generator. If an alternating voltage of low frequency
(less than 10 Hz) is applied across the interface, a micro-
wave signal can be detected which appears as a rectified
version of the applied voltage. Application of a few volts
peak-to-peak shows that the interface is distorted slightly
but only for half of the cycle during which the voltage is
applied. If the applied signal is reduced in magnitude,
the periodic distortion of the interface becomes unobserv-
able visually, with changes in the microwave impedance still
readily detectable. Because of the inertia of the inter-

face, the microwave impedance change will not follow the
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Figure 5. A Method for Demonstrating That the Probe Field
Is Not Perturbed by Electrolysis in Bulk Phase.

The microwave impedance of bulk-phase media cannot be
caused to vary by application of an external voltage. This
is true for solutions of electrolytes as well as for
organic liquids. Consequently, it is certain that simulus
artifacts and volume-conducted fields will not generally be
detectable as microwave impedance changes.



Figure 6. A Method for Demonstrating That the Probe
Field May Be Perturbed by an Electrified
Interface.

The microwave impedance of certain interfacial systems
can be varied by application of an external voltage.
One such system is the saline/mineral oil interface,
which is distorted in a subtle fashion by the applica-
tion of a few volts across it. This distortion yields
an altered microwave impedance, which is readily
detectable using the EMT. The interface exhibits rec-
tification in that the distortion occurs during only
half of the cycle of an applied alternating voltage.
The inertia of the interface constrains the impedance
variations to frequencies of less than about ten
cycles per second. Application of frequencies higher
than this produces a steady distortion, which varies
only when the voltage is changed slowly in amplitude
or frequency.
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Figure 6. A Method for Demonstrating That the Probe
Field May Be Perturbed by an Electrified
Interface.
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applied frequency above about 10 Hz. Application of fre-
quencies higher than this produces a steady distortion of
the interface which varies only when the voltage is changed
slowly in amplitude or frequency. Consequently, the
saline/mineral oil interface provides microwave impedance
changes which are always slowly varying (i.e., 0 Hz to
10 Hz). A pulse of applied voltage elicits a response
which rises and falls exponentially with a time constant of
a few seconds in magnitude depending on the total area of
the interface. Pulse trains with repetition rates of a few
pulses per second will cause the individual responses to
summate exponentially.

Rapidly varying microwave impedance changes can be
produced by a method illustrated in Figure 7. The plasma
oscillations within a neon light bulb are readily detecta-
ble as changes of microwave impedance. When the plasma is
driven by frequencies as high as 20 KHz, the microwave
impedance changes can be observed easily on an oscillo-
scope, and the applied signal and the microwave response
are then seen to possess the same frequency. This result
shows that the frequency response of the EMT extends into
the kilohertz range. Of course, at these frequencies the
plasma appears motionless to the eye. As is well known
(18], the ionized gas within the bulb undergoes density
variations in response to the applied voltage. Also, it is
the plasma density which is responsible for determining the

magnitude of the microwave impedance. Consequently, the



Figure 7. A Method for Demonstrating that the Probe
Field May Be Perturbed by Plasma Oscilla-
tions.

Alternating current with a peak-to-peak voltage of
about fifty volts can be used to ignite a neon bulb,
which glows in the region of the ionized gas. The 10
ionized gas has a density in the neighborhood of 10
¢cm-3. Using basic physics, it can be shown that the
natural frequency of plasma oscillations for a plasma
of this density is in the gigahertz range. These
oscillations are of the longitudinal type, and no
microwave radiation is produced, as can be readily
demonstrated by placing a microwave detector diode

near the illuminated bulb. The plasma acts as a

medium which has a large microwave impedance, and this
impedance is directly related to the plasma density
through the plasma frequency. Because the plasma is
driven by an alternating current, the plasma density
varies at the same frequency. At kilohertz frequencies
the plasma appears motionless to the eye, yet the EMT
follows the oscillating microwave impedance easily.

In this manner, it is shown that the frequency

response of the EMT extends from zero cycles per sec-
ond well into the kilohertz range.
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Figure 7. A Method for Demonstrating That the Probe
Field May Be Perturbed by Plasma Oscillations.
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applied signal varies the microwave impedance and thus mod-

ulates the microwave probe field.

Another interesting feature of the neon plasma is that
it emits no detectable microwave radiation, as can be seen
by placing a microwave detector diode next to the bulb and
noting the absence of an offset voltage across its leads.
This is noteworthy since it shows that a system need not
emit microwave frequencies in order to possess a variable
microwave inpedance. Furthermore, if the amplitude of the
signal applied to the bulb is reduced, the modulation of
the microwave probe field is also reduced, and the modula-
tion ceases abruptly when the plasma is turned off. Rais-
ing the applied voltage from zero yields no modulation
until breakdown is suddenly reached and the plasma is
formed.

Figures 4-7 illustrate a number of fundamental facts
about the EMT and the principles of its operation. For the
sake of clarity, these can be listed as follows:

(a) The two channels of the EMT, denoted MW and EL, are
not mixed in the EMT. These signals represent changes
in microwave impedance and electrical potential,
respectively.

(b) The frequency response of both the MW and the EL chan-
nel is known to extend from zero frequency will into
the kilohertz region.

(c) The bulk-phase microwave impedance of materials is not

variable by the application of electric fields of
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ordinary strength. Even using step-up transformers
and studying a wide variety of liquids, no modulation
of any bulk-phase material has yet been observed with
the EMT.

(d) Interfacial microwave impedance can be varied by the
application of modest voltages (i.e., a few volts) in
some systems. The saline/mineral oil interface is
such a system, and structural changes at the interface
can be seen to occur in association with the microwave
impedance changes when the voltages are of sufficient
magnitude.

(e) Ionized gas of the proper density represents a system
which exhibits a large microwave impedance, and this

impedance can be readily modified by electrical means.

At this point, it is appropriate to consider Figure 8,
which shows the EMT probe in a configuration suitable to
detect simultaneously the changes in microwave impedance
and electrical potential of neural tissue. The ventral
nerve cord of the cockroach P. americana is shown surgi-
cally extirpated from the body wall and covered with physi-
ological saline suitable for cockroach tissue [19].

Figure 8 shows the EMT probe and the nerve cord drawn
approximately to scale as they would appear under the dis-
secting microscope. This is the basic configuration used
to record all of the data presented below. In practice,

the cockroach is pinned out on a wax block, and the EMT
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Figure 8. A Sketch of the Method for Recording Variations
of Electrical Potential and Microwave Reflec-
tance Associated with the Activity of the Cock-
roach Nerve Cord (VNC).
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probe is held in position using a micromanipulator. Thus,
this arrangement is similar to that used with conventional
neurophysiological recording techniques. In principle,
the arrangement is also not dissimilar to those used by
investigators who have recorded impedance changes of neu-
ral tissue in the kilohertz, infrared, and optical regimes.

Having now considered the history of impedance tech-
niques as applied to neurophysiological research and having
discussed a means of extending the impedance technique into
the microwave regime, it is now appropriate to present the
results of experiments performed on cockroach nerve cord
using the EMT. These results are presented in the next

chapter.



CHAPTER 2
DISCUSSION OF THE EXPERIMENTS

Appendix A gives a complete technical description of
the electronic circuitry incorporated into the EMT which
was used in the present study. The electrical potential
signal (EL) of the EMT was connected to one channel of a
Tektronix 5113 Dual Beam sotrage oscilloscope, and the
microwave impedance signal (MW) was connected to another
channel. Thus, both signals could be observed simultane-
ously on the oscilloscope. Both signals were also con-
nected to a Gilson 5/6 H Biophysical Recorder with IC-MP
plug-in modules. The EL signal was also fed into an audio
monitor consisting of a Kenwood KA 3700 amplifier and a
loudspeaker. The purpose of these connections was to
observe the microwave impedance changes and electrical
potential variations of active neural tissue in as complete
a manner as possible.

Figure 9 shows a record of the microwave impedance
changes produced by electrical stimulation of the cockroach
ventral nerve cord. The EL signal from the EMT has been
omitted in this figure because the stimulus artifact swamps
the electrical response of the tissue. In this experiment,

cathodic voltage pulses of 10 msec duration and

22
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approximately one volt in amplitude were delivered to the
nerve cord with respect to the body wall. This was accom-
plished by using clean insect pins as electrodes, the
pulses being delivered from a Grass stimulator and stimulus
isolation unit. The pulses were delivered at a rate of one
per second. The MW response for each stimulus pulse is
clearly visible; the response consists of a biphasic excur-
sion of approximately 0.2 seconds duration. The MW signal
is clearly distinct from the baseline noise.

The duration of the response indicates that it is not
due to the unit action potential, for in the cockroach, the
spontaneous action potentials are only about one or two
milliseconds in duration. The duration is not an artifact
of the EMT amplifiers, as was shown by the method illus-
trated in Figure 7. Consequently, the duration of the
response is problematical and must be ascribed to some
process which varies more slowly than the unit action
potential. One possibility is that the MW response is due
to compound action potentials which have a broader envelope
and longer duration than unit action potentials. Another
possible explanation for the duration of the responses seen
in Figure 9 is that the stimulation has caused the nerve
cord to be slightly pulled, twisted, or in some way subtly
distorted in form so that the long duration of the response
is due to mechanical inertia as the nerve tissue relaxes.

Figure 9 illustrates a fundamental problem which has

plagued the present work since its inception: definite MW
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signals can be obtained from neural tissue, but the physi-
cal origin of these signals is unclear. The following
viewpoint will be adopted through the present work: MW
signals from neural tissue will be considered genuine when
they can be seen to be due to any physiological process
except the contraction of muscular elements attached to the
tissue surrounding the nerve cord. This viewpoint then
accepts electrical effects, chemical effects, thermal
effects, and any mechanical expressions of these effects as
possible mechanisms which could yield microwave impedance
changes as a result of neural activity. However, any MW
response which can be seen to be due to the contraction of
adjacent muscle fibers must be discarded from further con-
sideration. Thus, as long as a MW response from neural
tissue can be seen to occur in the absence of muscle activ-
ity, the response is considered genuine. In practice, this
is accomplished by visual inspection of the nerve cord, as
illustrated in Figure 8. The key criterion is not whether
any visible changes are seen in the vicinity of the nerve
cord but whether muscular effects are visible. This is an
important distinction, since a preparation viewed as in
Figure 8 will always exhibit microscopic activity due to
the diffusion and convection of particulate matter in the
bathing solution or to chromatic variations of light
reflected from the nerve cord or even to the vibration of
the laboratory bench upon which the experiment is con-

ducted. Near the limit of visual detectability, even a
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deceased preparation can exhibit a wealth of microscopic
motions.

Consequently, it can be said of Figure 9 that although
the MW response of the stimulated nerve cord may be due to
a complex electromechanical process of some kind, it is
apparently not due to muscular activity, and this indicates
that the phenomenon is due to processes occurring within
the neural tissue. This deduction is supported by the
observation that the response vanishes when the EMT probe
is removed from the nerve cord.

Figures 10 and 11 were obtained by the same means as
Figure 9, except that the EMT was connected to a DC ampli-
fier and a DC chart recorder. These figures illustrate
more clearly the extended time course of the MW response of
the stimulated nerve cord. In this case, the time course
of the response to a stimulus is seen to be approximately
exponential with a time constant in excess of two seconds.
The rapidly varying parts of the response seen clearly in
Figure 9 are lost by the recording method used in Figure
10. When pulse trains are delivered which have repetition
rates in excess of once per two seconds, the responses
overlap and exhibit summation. This is visible at B. of
Figure 10 and at A. of Figure 11. The rate of summation
increases with the stimulus pulse repetition rate.

Taken together, Figures 10 and 11 show that the micro-
wave impedance changes of stimulated nerve cord are primar-

ily slowly varying phenomena as compared with the unit
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action potential. The results shown in Figures 10 and 11
should be compared with the discussion of Figure 6, for the
microwave responses of the electrically stimulated nerve
cord are somewhat similar to the microwave responses of the
electrically stimulated saline/mineral oil interface. In
both cases, the MW signal is of much longer duration than
the stimulus, and the responses can summate and decay
exponentially. This similarity is discussed in more detail
below.

Figures 9, 10, and 11 are distinct from the other
recordings presented in this thesis: they are the only
examples where electrical stimulation was used to elicit a
response. The remaining figures show spontaneous activity,
in one case elicited by non-electrical means. This restric-
tion was applied to the experiments in order to ensure that
the preparations were totally immobilized while the record-
ings were taken. When electrical stimulation was used,
some visible changes could always be seen to occur, especi-
ally in the vicinity of the stimulating electrodes. Fig-
ures 9, 10, and 11 were obtained with great care so that
muscular causes of these responses could be ruled out.
Nevertheless, it was deemed important to exhibit MW
responses from a system in which even the possibility of
muscular activity was removed. Such a system is provided
by the spontaneous activity of the cockroach nerve cord.

In practice, the nerve cord is surgically stripped away

from the surrounding muscular and respiratory tissue, as in
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Figure 8. All nerve fibers leaving the cord to innervate
the body wall are cut. The thorax and head are removed,
which also removes all legs, wings, and associated muscula-
ture. The cerci and the cercal ganglion are usually kept
intact. Following this surgery, the nerve cord can be seen
to be motionless under the dissecting microscope. In par-
ticularly robust preparations, the EL signal will be sus-
tained for several hours, and MW signals can be detected
for nearly this long. The spontaneous activity provided by
such a preparation is certainly not the normal activity of
the intact animal, but it is non-muscular.

Figure 12 shows the simultaneously recorded EL and MW
signals from the nerve cord prepared as just described.
Figure 13 is an enlargement of a section of Figure 12.
Together, these figures show that the EL channel is capable
of detecting unit action potentials but that the MW channel
is not. The spontaneous units are discernable in the EL
signal, although they are somewhat indistinct. These
spikes are readily detectable using an audio monitor or an
oscilloscope. No evidence of unit spike activity can be
found in the MW signal when displayed on an oscilloscope.
As was shown above, this is not due to the limited fre-
quency response of the EMT.

Although the unit action potentials do not show up in
the MW signal, the density of spikes is exhibited somewhat
in the MW signal. In the EL signal, the clustering of

spikes yields a drop of the EL baseline. A similar
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baseline variation can be seen in certain parts of the MW
signal. The regions marked with an asterisk (*) indicate
moments during which an obvious similarity exists in the
baseline variations of the two signals.

Because unit action potentials do not show up in the
MW channel, it is convenient to filter the EL signal, since
this has the effect of integrating over the spikes and
smoothing the signal so that the MW and the filtered EL
signals become more readily comparable. 1In practice, the
EL signal is split into a raw electrical potential signal
(REL) and a filtered electrical signal. This filtered sig-
nal is easily obtained by setting the frequency limiter
switch of the IC-MP module to the low-pass mode (marked
"mean"). This mean electrical signal (MEL) is then
recorded.

Figure 14 shows that the comparison between the MW and
the EL signals is indeed facilitated by filtering the EL
signal. The raw EL (REL) signal is comprised of spikes
which contribute to a baseline variation of unclear struc-
ture. The filtered EL signal (MEL) appears much smoother
and is more easily compared with the MW signal. Both of
the records shown in Figure 14 are from the same prepara-
tion under identical circumstances, and they were recorded
only a few seconds apart.

Figure 15 shows the MW and the MEL signals from a sin-
gle preparation where a few minutes has elapsed between the

two recordings. Initially, the preparation is exhibiting
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rhythmic activity of a regular sort; the period is on the
order of two or three seconds. After a few minutes, the
activity has become more variable so that the periodicity
is compromised by relatively large variations of amplitude.
Consequently, the EMT appears capable of monitoring func-
tional changes occurring in the neural tissue. Again, an
easily discernible similarity of the MW and the MEL wave-
forms can be seen, and the similarity can be seen not only
in the regular periodicity but also in the variations of
amplitude.

Figure 16 shows a longer segment of signals recorded
from the same preparation studied in Figure 15, and Figure
17 shows a magnification of a section of Figure 16. Again,
it can be seen that the MW and the MEL signals exhibit
marked similarities of waveform. The two waveforms are not
identical, however. The waveforms show similar variations
in amplitude and rhythmicity, but the two signals differ in
details. For example, Figure 17 shows a magnification of
the prominent irregular feature in Figure 16. This feature
(arrow) is grossly present in both signals, but inspection
reveals that few, if any, of the excursions in the irrequ-
lar region of the MW signal match those in the MEL signal.
Certainly the two signals are not superimposable even
though the resemblance is strong.

Figure 18 shows typical EMT signals from the cockroach
nerve cord. The microwave impedance change (MW) is shown

simultaneously with the raw electrical potential change
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(REL) and the filtered electrical potential charge (MEL).
Note that the similarity between the MW signal and the MEL
signal is much more obvious than the similarity between
either of these and the REL signal. Again, the waveforms
show similar features but are certainly not superimposable.
The REL spike activity is almost homogeneous with faintly
observable spike density variations in the region of the
prominent MW excursions. This figure shows that it is not
the presence of spikes but rather the changes in the spike
density which appear to underly the microwave impedance
changes.

Figures 19, 20, and 21 are intended to be studied as a
group. These figures illustrate typical EMT signals from
the nerve cord. These recordings were made under identical
conditions, as much as possible, on three different days,
each day using a fresh animal. These figures are presented
to show the consistency of the type of signals provided by
the EMT when cockroach nerve cord is investigated. Figure
19 shows again that it is the integrated spike activity,
not the raw spike activity, which usually correlates best
with the microwave impedance changes. Note that the great-
est variations in the raw electrical spike signal have few
or no correlates in either the MW or the MEL signals. Thus
it appears that a filter network with an appropriately long
time constant is capable of converting electrical potential
variations into signals which look strikingly similar to

the microwave impedance changes. This point will be
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reiterated below in a discussion of the mechanisms by which
neural activity may appear as a variation of microwave

impedance.



CHAPTER 3
DISCUSSION OF THE RESULTS

At this point, it is appropriate to review briefly the
information presented above so as to permit a unified dis-
cussion of the significance of the experimental data. In
the Introduction, a short history of the impedance tech-
niques used in neurophysiological investigations was pre-
sented, and it was indicated that frequencies higher and
lower than microwave have been used with some degree of
success to detect neural activity. As a consequence, a
means was sketched by which an instrument could function so
as to allow an investigator the possibility of detecting
neural activity as a microwave impedance variation. Such
an instrument has been constructed, and its basic operating
principles were outlined in the Introduction. This instru-
ment, the EMT, allows simultaneous monitoring of the micro-
wave impedance changes and changes in the electrical poten-
tial of small samples. The EMT was applied to bulk-phase
systems, to interfacial systems, to systems of ionized gas,
and also to the nerve cord of the cockroach.

The stated purpose of the present study is to provide
evidence to support the hypothesis that neural activity may

alter the microwave impedance of the tissue, and such

45
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evidence has been presented above. Thus, the primary issue
at present is not whether microwave can be perturbed by
neural activity in the general sense defined above but
whether the microwave impedance changes which are observed
can be explained or analyzed in terms of basic biophysical
principles. The biophysical principles in question are
illustrated in Figures 4 through 7. In Chapter 1, these
figures were presented to show what kinds of systems do and
do not yield microwave impedance changes. In the present
section, the changes occurring in these physical systems
are related to the changes observed in active neural tis-
sue, at least in a general way.

The first topic needing further discussion is the
basic mechanism by which the microwave impedance changes
are detected by the EMT, i.e., resonance perturbation.
Figure 4 shows the tiny motions of a needle yielding reson-
ance perturbations. The mechanism by which these perturba-
tions can arise is simply explained by basic electromag-
netic theory [20]. The needle surface represents a metal/
air boundary, and the microwave field is always constrained
to obey the boundary conditions that both the electric and
the magnetic vectors must have components parallel to the
interface which are identical on each side of the boundary.
As the needle moves, the position of the boundary changes,
and the microwave probe field is simultaneously distorted
in such a manner that the boundary conditions are always

satisfied. This distortion of the field lines within the
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microwave probe field alters the resonance of the standing
wave tube, and a MW signal is detected. Thus, Figure 4
shows that a moving, vibrating, or bending interface can
perturb microwave. If a smoothly cylindrical needle was
rotated about its long axis, little or no microwave pertur-
bation would appear, because even though the needle is mov-
ing as a rigid body, the metal/air interface is not
displaced with respect to the probe field.

Naturally, if the needle was made of plastic instead
of metal, the microwave perturbation would be greatly
reduced in amplitude since the strength of the interface
would be less: plastic is more similar to air than is
metal with respect to its electromagnetic properties. This
can be stated more rigorously by saying that any bulk
medium possesses a dielectric impedance which depends upon
the magnitude of the response of the material to an
impressed electromagnetic field of given frequency. When
two bulk media are joined by an interface, the dielectric
impedance is altered upon crossing the interface, and the
magnitude of the alteration depends upon the difference
between the bulk impedances. The strength of an interface
as a perturbative agency depends directly upon the change
in dielectric impedance seen in crossing the interface. If
both media are identical, the interface has no strength and
vanishes; if the bulk media are very different (as in Fig-
ure 6), then a well-defined interfacial region exists which

may perturb the probe field.
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Insight into this situation may be had by reconsider-
ing the boundary conditions obeyed by an electromagnetic
field at an interface. Equality of the field components
tangential to the interface, as discussed above, causes the
fields on each side of the interface to maintain a certain
formal continuity. Conversely, there is a definite formal
discontinuity in the field components normal to the inter-
face, and this discontinuity means that electrical charges
reside at the interface. Appendix B gives a simple mathe-
matical exposition, based on Maxwell's equations of electro-
magnetic theory, which support the following statements.
The discontinuity of the probe field on each side of the
interface is due to the presence of static and moving elec-
tric charges located in the interfacial region. The
charges at the interface form an electrical double layer
[21], which can be diffuse and complicated in its detailed
structure. Because charge separation occurs at the inter-
face, there is an associated interfacial electric field,
and this field acts to provide a force on the interfacial
charges tending to pull them together. This force can be
expressed per unit interfacial area, and is then equivalent
to an interfacial tension. This tension is determined by
the product of interfacial electric field and the density
of surface charge, but since the electric field is related
to the charge density, it is apparent that the interfacial
tension is ultimately dependent only upon the distribution

of charges across the interface. Consequently, the
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interfacial impedance can be changed ultimately by one
means alone, which is by the alteration of the interfacial
charge distribution, i.e., by alteration of the structure
of the double layer.

The above discussion shows why no MW response is
obtained from the system illustrated in Figure 5: there is
no double layer to be modified by the applied voltage. The
responses obtained from the system illustrated in Figure 6
are apparently due to the alteration of the double layer
across the saline/mineral oil interface in response to the
applied voltage. But to change the charge distribution at
the interface is to introduce subtle structural alterations
in the interfacial region. Such structural alterations are
responsible for a host of electromechanical effects [21]
including electrocapillarity, electroosmosis, electrostric-
tion, electroplating, electrophoresis, and other well-
known electrokinetic effects.

It is precisely because structural alterations at
interfaces can be studied as variations of interfacial
impedance that neurophysiologists have attempted to utilize
impedance techniques, for it is tacitly assumed in such
studies that the molecular basis underlying neural activity
may be elucidated by the analysis of the observed impedance
changes [22]. This point may be reiterated as follows:
whereas recordings of electrical potential changes are
readily available from neural tissue, these provide no

intrinsic information about the associated structural
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changes in the tissue. Volume conducted fields (e.g.,
stimulus artifacts) can be detected potentiometrically in
regions distant from their source. By contrast, impedance
techniques yield signals only when active tissue lies
within the boundaries of the probe field, and furthermore,
it is only the interfacial regions (i.e., membranes)
within this volume of tissue which will contribute to the
impedance signal. Impedance techniques can reveal mem-
brane structural variations which are associated with neu-
ral activity but not potentials or other effects of this
activity which are propagated into the bulk tissue or the
surrounding medium.

Naturally, the interfacial configuration of neural
tissue is more complex by far than the relatively simple
interface illustrated in Figure 6. The boundary of every
nerve cell represents an interface of complex shape, and
the cellular interior is far from homogeneous. Further-
more, the processes of adjacent cells can be bundled and
intertwined closely together so that even the extracellular
space is not filled with a simple bulk-phase. Yet cell
membranes are only of the order of 100 X in thickness so
that the degree to which neural tissue can be considered to
be either bulk-phase or interfacial is problematical. 1In
general, it can be said of neural tissue that it is some-
what like a colloidal system, with an enormous complexity
of relations between interfacial elements. This is sub-

stantiated by comparing the dielectric impedance of samples
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of neural tissue, other biological tissues, and suspensions
of biological molecules. Examining the impedance of these
over a wide frequency range, it is seen that in the kilo-
hertz range, the dielectric impedances of biological tissue
are higher than those of any other type of material, and
this is characteristic of the structure of cell complexes
[11]. Intact tissues have a higher impedance than do tis-
sue homogenates, and normal blood cells have a higher impe-
dence than do lysed blood cells. Consequently, as the
membrane structure is decreased in its integrity, the
dielectric impedance also drops. As another example of
this, myelin is observed to confer upon neural tissue an
increased dielectric constant primarily because myelin is
constructed from the orderly overlapping of glial cell mem-
branes. Thus, it is seen that even though neural tissue
can be considered as a bulk phase possessing a definite
dielectric impedance in the steady state, this impedance is
largely determined at radio frequencies by the interfacial
constitution of the tissue.

This situation can be further clarified by analogy
with the system illustrated in Figure 7. In this case, a
neon bulb is stimulated with a signal generator, and the
microwave impedance change is registered using the EMT.
Before the stimulus amplitude is sufficient to induce
breakdown of the gas, the neon possesses no electric charge
density and appears as a bulk phase (ignoring the glass

wall of the bulb), and there is no observable MW signal.
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Immediately upon breakdown, a MW signal appears at the same
frequency as the applied voltage. Thus, it can be said
that the non-ionized neon forms a bulk-phase background
which contains electric charges and that the microwave mod-
ulation is due to the motion of these charges. The density
of these charges is about 1070 per cubic centimeter [18] so
that within the probe field there will be considerably
fewer than a picomole of charges. Even so, the neon plasma
can provide very large percentages of modulation of
impressed microwave fields. Indeed, microwave impedance
techniques enjoy wide use in the field of plasma physics.

In the case of neural tissue, a bulk-phase impedance
can be visualized which is due to the average effect of all
non-interfacial constituents as well as those interfacial
constituents which are not subject to modification during
the time that the impedance change is being monitored.
Within this static background of essentially bulk-phase
material exists the complex matrix of active neural mem-
brane which is characteristic of the particular sample of
neural tissue. The activity of these membranes appears to
an impressed electromagnetic probe field as a complex
structure formed of spatially and temporally variable elec-
trical double layers. The double layers have a thickness
of about 100 X. At rest, the potential establishing the
double layer may be on the order of 100 mV. Consequently,
the trans-membrane electric field in the resting state may

approximate 107 volts per meter. This corresponds to a



53
charge density of about one picomole of charges distributed
over one square centimeter of membrane [2]. When membranes
are stacked, bundled, and folded together in the structure
of the neural tissue, the surface area within a volume
rises rapidly, as also does the charge density contributed
by the double layers. For example, a section of nerve meas-
uring 1 cm in length and containing 1000 fibers each meas-
uring 10 microns in diameter contributes in excess of 3 cm?
of membrane. Thus, neural tissue may be considered to pos-
sess an adequate number of electric charges per volume so
as to modulate an impressed microwave field, provided that
it is fair to compare neon plasma with neural tissue.

In fact, however, the charge distribution in a plasma
bears no formal similarity to the electrical structure of
neural tissue. Plasma is the simplest electrical medium
conceivable, for it is nothing else than a collection of
charged particles. On the other hand, neural tissue easily
ranks as one of the most complex media known, primarily
because of the extensive elaboration of neural processes.
The basic electrical structure of neural tissue is the
plasma membrane of neurons, and it is precisely the complex
organization of this membrane which is so distinctive of
neural tissue. It is therefore evident that even though
neural tissue may easily contain as great a charge density
as a neon bulb, it is not necessarily true that neural tis-
sue may be as efficacious as a neon plasma in producing

modulations of a microwave field. This is because the
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charges in a plasma are primarily free electrons whereas

the charges in neural tissue are bound in various ways to

the neuronal membranes, and the chemical species constitut-
ing the interfacial charges are of uncertain composition.

Thus, it is both an appropriate density of electrical

charge and an appropriate mobility of the charges which

will determine the competence of neural tissue for provid-

ing modulations of an impressed microwave field. As a

result of the above considerations, it is evident that the

question of whether or not neural tissue can modulate an
impressed microwave field cannot be settled by arguments
based on the responses of the physical systems illustrated
in Figures 4 through 7. This question must be settled by
resort to experiment, and the results of the appropriate
experiments have been given above. A microwave probe field
is indeed modulated by the activity of the cockroach nerve
cord, and at this point, it is appropriate to assess the
mechanisms by which this is possible. As indicated above,
two possible mechanisms exist:

(a) The tissue is mechanically distorted by some muscular
agency so that in effect the microwave modulation is
similar in kind to that depicted in Figure 4.

(b) The microwave modulation is effected by an electri-
cally induced alteration of the interfacial regions
(i.e., membranes) within the tissue, as illustrated in

Figure 6.
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It was stated in the Discussion of the Experiments
that the neural tissue investigated in this study was sur-
gically prepared in such a manner as to eliminate muscular
activity. To the degree that this is incorrect, the
results of this study may be in error. Assuming for the
moment that all muscular activity has indeed been removed,
the mechanism becomes apparent whereby a microwave field
can be modulated by neural activity, and this is electro-
mechanical structural alteration of the interfacial regions
as described at length above.

The discussion turns now to a difficult question,
i.e., the verification that all muscular activity has been
removed from the preparation. An obvious method is the use
of a dissecting microscope to view the preparation while
recording the signals. An alternative method is to pass a
small light beam over the nerve cord to register any dis-
placements of the tissue as a change in the output voltage
of a photodetector diode. In this study, both of these
methods were employed. It was rapidly determined, however,
that the transverse light beam technique suffered from a
number of faults, in particular that the sensitivity of
this technique as compared to the EMT technique was not
known as regards the detection of muscular activity. It
was found to be fairly easy to arrange things such that no
deflection of the light beam was seen when a definite MW
signal was detected. This is somewhat inconsequential,

however, since the light beam may not have been arranged
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optimally with respect to the tissue. And after all, vis-
ual inspection offers a superior detection of optical
deflections when compared with the response of a commercial
photodiode.

Consequently, the data presented above was inspected
visually using a dissecting microscope during recording.
These data were selected from a considerably larger number
of recordings obtained over a period of some months. The
preparations from which these signals were recorded were
inspected for visually detectable motions corresponding
with the recorded MW signal. In general, it appears to be
very easy to obtain MW signals from the nerve cord of the
cockroach if any muscular activity is present; however,
this type of signal does not necessarily yield similarities
in the waveforms of the MW and EL channels. This is a com-
pletely reasonable result, since muscular motions will gen-
erally arise from activity of the somatic musculature at a
point distant from the recording site along the nerve. The
neural activity initiating the muscular activity may be
originating at a distant locus and for that reason be
poorly represented in the EL signal. Therefore, gross
motions (i.e., due to muscular activity) of the nerve cord
cannot be expected to produce similar signals in the MW and
the EL channels in general, and this is verified experi-
mentally.

Although the gross motions of the nerve cord could

always be removed by surgery, it was frequently noted that
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microscopic motions in the region of the surface of the
nerve cord could still be observed. Usually these dynamic
characteristics of the tissue were detectable only as faint
modulations of reflected light or subtle distortions of the
surface of the cord. These phenomena could be compared
with the microwave signal by marking on the chart record
the occasions during which microscopic motions could be
seen, and it was often found that the more prominent MW
excursions occurred during the observation of some micro-
scopic activity in the vicinity of the EMT probe tip. As
this seemed to represent a source of error in the data,
great pains were taken to prepare nerve tissue which was
absolutely free of visible modulation as seen under the
microscope yet which was sufficiently functional as to
yield signals in the MW and EL channels. Figures 22
through 24 show the results which were obtained during such
time as it could be stated unequivocally that no visible
activity occurred in the vicinity of the EMT probe tip.
These can be compared readily with the preceding figures
since the overall result is quite similar. Again, MW sig-
nals can be obtained spontaneously or by stimulation of the
cerci (Figure 23), and again, these bear a striking simi-
larity to the filtered EL (MEL) signals.

Consequently, it seems fair to state that MW signals
are indeed detectable even when the nerve cord is subjected
to severe surgical manipulations to remove all visible

signs of activity. Of course, the surgery has deleterious
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effects on the tissue so that, for example, Figures 22 and
23 were obtained only after great persistence. In other
words, the same manipulations which yield no visible activ-
ity in the nerve cord also decrease the ability of the
nerve cord to modulate a microwave field. Even so, by
examining a sufficiently large number of preparations
i.e., a few dozen), it has been possible to record MW sig-
nals in the absence of visible changes. This means that
even if muscular contamination exists in some of the data
shown in this thesis, examples can be given where this
would definitely appear not to be the case, and these
examples are similar in appearance to the rest of the
examples shown above.

The most difficult experimental problem faced in the
work described above was that of obtaining recordings
which clearly illustrate positive correlation between the
MW and EL signals. The present thesis shows many examples
of such correlations, but these were chosen from a batch of
recordings, at least an order of magnitude more numerous,
which illustrated the correlations much less convincingly.
More numerous by another order of magnitude were the
recordings which showed no observable correlations at all,
even though these exhibited activity in the MW and the EL
channels. One simple reason why such signals fail to cor-
relate is that the EL signal may contain contributions from
action potentials which are occurring on neuronal processes

which lie outside of the probe field.
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The correlation between the MW and the EL signals was
enhanced substantially by one device only, i.e., the use of
a filter to convert the EL signal into a smoother, more
slowly varying waveform (MEL). The use of this filter,
which is a feature of the chart recorder used in this
study, was of much greater importance in obtaining convinc-
ing records than was any particular surgical method, choice
of physiological saline solution, selection of particular
animals, or any other factor. It is of some importance,
then, to understand the significance of this filtering
technique. The raw EL (REL) signal exhibits features hav-
ing frequencies in the kilohertz range (i.e., spikes). The
MW signal exhibits frequencies between 0.1 Hz and about 10
Hz. Consequently, direct comparison of these gives gen-
erally unconvincing results, i.e., a non-partisan observer
would often fail to notice any particular similarities
between the signals. By contrast, as shown above, the MEL
and MW signals can be'strongly similar in appearance. For-
mally, this is due to the fact that the filtered electrical
signal has frequency characteristics similar to the micro-
wave impedance signal.

More significant, however, is the fact that the filter
indicates a mechanism by which the electrical activity of
the tissue yields a microwave impedance change. The opera-
tion of a low-pass filter depends upon the existence of a
large capacitance to provide an electrical inertia, i.e.,

the response time of the circuit is slowed. When spikes
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are passed through such a filter, the spikes are integrated
to yield a signal proportional to the spike density, and
the MEL signal thus represents variations of the spike den-
sity. But this tendency of the tissue to integrate elec-
trical activity in the generation of a microwave impedance
change has been demonstrated several times above, in par-
ticular in Figures 9, 10, 11, and 18. Furthermore, this
same kind of slowly varying MW response is exhibited by the
system illustrated in Figure 6. The principal feature of
the MW signal, when compared with the raw electrical record-
ing, is its apparent inertia.

The origin of this inertia can be traced to the fact
that the interfacial regions, i.e., those regions responsi-
ble for yielding impedance changes as a result of electri-
cal activity, consist largely of bound charges (polarization
charges). In the motion of bound charges, there is an
implied structural change in the interfacial region, and
this structural change must occur more slowly than a
rearrangement of free charges (e.g., as in a neon plasma).
A structural change in an interfacial region is an electro-
mechanical effect, and thus it is to be anticipated that
any electrically produced impedance variation has mechani-
cal components which restrict its frequency response. This
is important when it is recalled that often the MW signal
could be observed to occur during the time when faintly
visible microscopic motions were present in the surface of

the nerve cord, even though all muscular components to this
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motion were removed. Consequently, it must be reiterated
that the microwave impedance changes documented in this
thesis, although apparently not due to muscular activity,
may well be due to mechanical deformations or strains which
result from alterations of interfacial structures in the
neural tissue. Thus, the EMT may ultimately prove to be a
tool capable of exhibiting on chart paper effects which
could conceivably be detected by sufficiently acute visual
inspection, although because these effects are so slowly
varying and subtle, they might well be difficult to study
without the use of the EMT.



CHAPTER 4
SUMMARY AND CONCLUSIONS

The purpose of the present thesis was to determine
whether neural activity can appear as an impedance varia-
tion at microwave frequencies. This is of some interest
because structural information about active neural tissue
has been gained by investigators using kilohertz, infrared,
and visible radiation. In the present study, a resonance
perturbation technique was employed, and a single section
of coaxial cable was used as a probe of electrical activity
and microwave impedance. The results of the present study
show that impedance variations are observed in the ventral
nerve cord of the cockroach, and these signals bear a
striking resemblance to the electrical activity especially
when the electrical activity is filtered. Thus, the micro-
wave impedance changes are more slowly varying than are the
associated electrical signals. It appears that changes in
spike density are required for detectable microwave impe-
dence variations, i.e., clusters of spikes are detectable
but the spikes themselves are not. This leads to the con-
clusion that spike density variations may have dynamic con-
sequences which are qualitatively different than the

effects of single spikes.

65
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Visible changes in the neural tissue have been by far
the greatest source of disconcert as this study was carried
out, and the employment of impedance techniques at any fre-
quency will always be hampered by the existence of these
microscopic phenomena. As long as it is certian that these
are not due to muscular activity, such changes are not nec-
essarily a problem, for it is certain that the impedance of
the tissue can be altered by electrical activity only in so
far as structural changes occur in the electrical double
layer configuration within the tissue, and these structural
changes may well have visible effects. To the degree that
such visible changes are electromechanical (but non-
muscular) in origin, new information about neural activity
is indeed available using impedance techniques. For in
this case, an instrument similar to the EMT could be used
to record these faintly visible phenomena on chart paper
simultaneously with the electrical activity. To the degree
that such visible changes are of muscular origin, the impe-
dence techniques are of considerably less utility, except,
of course, in studies of muscular activity.

That electromechanical effects at interfaces can eas-
ily yield large microwave impedance changes while exhibit-
ing only faint and indistinct visible changes was shown in
the case of the saline/mineral oil interface. 1In this
case, the interfacial 1inertia limits the frequency to less
than 10 Hz. This same type of response can be obtained

from a variety of electrified interfaces (in particular,
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the saline/mercury interface which figures so prominently
in the electrochemical literature). And this same type of
response is characteristic of the neural signals presented
in this thesis. Responses of the neural tissue as viewed
in the microwave impedance signal invariably appear slow
compared to the simultaneous unfiltered electrical activ-
ity. Filtering the electrical signal yields a wave form
which often bears striking similarity to the associated
microwave signal, even if this is not evident by inspection
of the raw electrical record.

The relatively slow response of the impedance signal
is due to an inertial property. Such an inertia can be
introduced into an electrical circuit using a large capaci-
tance, and this is exactly what is required to introduce
visually obvious similarities in the electrical signal when
compared with the microwave signal. But all interfaces are
composed of electrical double layers and in this sense are
like capacitors. Interfacial capacitance differs from the
capacitance of ordinary capacitors as used in electrical
circuits primarily in that the width between the double
layers is not fixed. When this distance can be altered, an
electromechanical effect is introduced, and this will have
a natural response time which is limited by the inertia of
the charges comprising the double layers. Interfacial
capacitance is thus a non-linear and highly complex phenom-
ena, since the capacitance is not constant when the applied

field strength is varied. Increased field strength alters
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the interfacial structure, and this introduces a relaxation
process limited in its characteristic frequency by the
inertia of the charged species.

At this point, it is appropriate to express the dif-
ferences in the viewpoints of the physical nature of neural
activity, as suggested by potentiometric studies versus
impedance studies. Potential variations of neural activity
are characterized by spikes (action potentials) which are
recorded without fear of contamination by slight mechanical
displacements. Consequently, the spikes and spike densi-
ties are conventionally viewed as counting events without
dynamic consequence. This is also true of field potentials.
Neurophysiologists often speak of information encoded in
these signals as if these signals had no other effect than
the expression of digital information. On the other hand,
these signals produce no impedance variations, at least not
at microwave frequencies. In order for the impedance of
the tissue to be altered, neural activity must be envi-
sioned to possess the possibility of dynamic consequences.
Unless structural alterations of charged layers occur, no
impedance variation is detectable. Whether these varia-
tions are visible or not is of secondary importance; these
variations must be present in order to obtain an impedance
signal, and presumably, any impedance signal observed at
any frequency is still electromechanical in nature, even if

it is difficult to see the deformations visually. One
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cannot have structural alterations in a condensed medium

without mechanical strains.
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APPENDIX A

SCHEMATIC DIAGRAMS FOR THE EMT
Figures A-1 through A-5 provide complete specifica-

tions for the construction of an EMT. This same design was
used in the construction of the EMT used in this study.

The particular features of this design include: stability
and low noise in the power supply output; separate regula-
tion of the voltage feeding the two amplifiers; a separate
regulation of the voltage feeding the Gunn diode; AC
coupled physiological amplifier with a gain of one thousand
and a frequency response extending from 0.1 Hz to at least
5 KHz; and AC coupled amplifier for the standing wave tube
in the EMT with a gain of 30 and a frequency response

extending from 0.1 Hz to at least 5 KHz.
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APPENDIX B

BASIC ELECTRICAL STRUCTURE OF INTERFACES
Consider a planar interfacial region separating two
bulk phases. The direction normal to the interface will
be denoted as n, and this is the only direction in which

spatial variations can exist. From Maxwell's equations we

have:
oE . \
3n - p/e, (Poisson's Law) (B-1)
%% + 9p/dt = 0 (Conservation of charge) (B-2)

Here, E is the elctric field intensity, J is the current
density, e is the permittivity of free space, and p is the
charge density contributed by the molecules forming the
medium.

Consider first the polarization charges which arise
from the orientation of molecular dipoles. It is then cor-

rect to write:

3
P =p = 35" (8-3)

where P is the polarization field acting to reduce the
electric field within the medium. For a linear dielectric,

the polarization is proportional to the electric field:

P ==¢ (e -1)E (B-4)
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where € is the dielectric constant of the medium and is
defined so that when € = 1, the polarization vanishes and
the E field is the same as in free space. Consequently,

there results:
8 (eE) =0 B-5
s (€E) = (8-5)

which implies that the product e¢eE = D, where D, is a dis-
placement field constant everywhere in the two media.

Thus:

ek = D, (B-6)

) 1

p = Pb = gD, an (g) (8-7)

These relations show that in bulk phase, E is constant
and the polarization charge density is zero. But wherever
the dielectric constant varies spatially there is a charge
density present.

Consider next the conducted charges which are associ-
ated with the finite conductivity of the medium. Ohm's law

gives:
J. = oF (B-8)

Therefore, from (B-1) and (B-2):

— -0 (B-9)
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Thus, the conducted charge density will exponentially
decay to zero almost instantaneously unless there exists a
gradient of the conductivity. A bulk phase will therefore
exhibit neither polarization charges nor conduction
charges. Spatial inhomogeneities in the conductivity and/
or dielectric constant are required for the existence of a
non-vanishing charge density.

All media will generally possess both a finite polari-
zability and conductivity. The above equations then gener-

alize as follows:

% (6E) +0p./0t = 0 (B-10)
2 (¢E) = p /e (B-11)
an c'"°

Thus, conduction charges must appear at the interface
or else o and € would have to be proportional everywhere in
all media.

When pe 1S eliminated between (B-10) and (B-11), there

results:

d d

T cE + o3t (eE)) =0 (B-12)
so that everywhere we have:

of + €, 3"? (eE) = 4, (B-13)
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To first order in spatial variations, (B-13) can be

integrated to give:
I, = 44+ 2 (cv B-14
o"R""'aT(C) (')

which is the familiar expression for the total current
which flows through a parallel RC circuit when the capaci-
tance is not necessarily constant. Thus, every interface
between two media looks electrically like a parallel RC
circuit where the resistance is due to conduction charge
effects and the capacitance is due to polarization charge

effects. These results are illustrated in Figure B-1.
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Figure B-1. An Illustration of Electric Field
and Charge Distribution at the
Interface.
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APPENDIX C

AN ELECTROMAGNETIC FORMALISM PERTINENT TO THE
ANALYSIS OF MEDIA BY MICROWAVE REFLECTANCE

The Maxwell equations are differential relations
between the electric and magnetic fields produced by speci-
fied distributions of current and charge densities. As

functions of space and time, these read:

VoeE(rt) = - (nD)esv cdnt) + F (t) =0 (C-ta)
V ¢ H(y,t) = 0 (C-1b)
v ox E(v,t) = - ugzp H(v,t) (C-1c)
Vox H(v,t) = + eoqzx E(v,t) + J(v,t) (C-1d)

The two equations (A-1a) are equivalent because of equation
(C-1d). Note that in the absence of sources (i.e., J(v,t)
= 0 and p(v,t) = 0) the field exists in free space; conse-
quently, all effects of matter upon the electric and mag-
netic fields enter the equations through J(v,t) and ep(v,t).
The separation-of-variables technique in cartesian
coordinates leads to the result that each component of the
electric, magnetic, current density, and charge density

fields can be written in the form:

F(Y,t) =0 F(Kuw el (Kv¥ot) qyqy (C-2)
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Thus, each component of the fields and sources appears as a
superposition of harmonic modes with characteristic mode
weights which are functions only of a wavevector K and an
angular frequency w. In general, K,w and f(K,w) are com-
plex quantities.
Consequently, Maxwell's equations determine the com-

plex mode weights according to the vector algebraic rules:

K« E(K,0) = -i 2~p(K,0)e=>K = J(K,u) +up(K,0) = 0 (C-3a)

K » H(K,0) = 0 (C-3b)

K x E(K,w) = -pow H(K, w) (C-3c)

K x H(K,0) = +eo0 E(K,0) - iJ(K,w) (C-3d)
Algebra gives:

[KeK - poeoa? ] E(Kyw) = -ilmow J(K,w) + :—op(K,m)] (C-4a)

[KeK - 1o e ] H(K,w) = +i[Kxd(K,0)] (C-4b)

As a result of the above manipulations, when J(v,t)

and p(v,t) are known in the form:

o(1.t) = Sio(K,w) el (KoY +0t) 4y 4, (C-5a)

J(v.t) = SrI(K,w) el (Kev +0t) 4 4y (C-5b)

then E(v,t) and H(v,t) are specified:
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E(v.t) = SPE(K,w) el (KT + 0t) g 4 (C-6a)

H(T,t) = SPH(K,0) el (KoY + 0t) 4y 4, (C-6b)

where E(K,w) and H(K,w) are given by (C-4a) and (C-4b)
above.

For typographical convenience and clarity, the argu-
ments of space and time dependent quantities will be given
explicitly, whereas the arguments of quantities dependent
upon K and w will be deleted. Thus, A(K,w) will be denoted

simply as A. Consequently, the mode amplitudes are pre-

scribed by:
K« E = -i p/lege==>K = J + wp =0 (C-7a)
K+*H=0 (C-7b)
K x E = -u,wH (C-7c)
K x H= +uowE - idJ (C-7d)

(K * K - uogow? JE

~ifnowd + é: el (C-8a)

[K = K - uwpegow?]JH = +i[K x J] (C-8b)

In the following development, certain combinations of
E, H, J and p play a major role. These are denoted as

follows:
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Q=zE - J complex power density
L=y, H « H-¢,E - E complex Lagrangian density
S= E x H complex energy flux

F=pE + uJ x H complex force density

Note that the above complex quadratic quantities are
similar in form to the real (space and time dependent)
power density, Langrangian density, Poynting vector, and
Lorentz force density, respectively. However, the above
quantities are in fact the generalized Fourier transforms
of convolutions over the respective space and time depen-
dent quantities according to the theorems:

1

'(—2!_)4 [SAA(Y' ,t') B(y-v',t-t') dy'dt'] e-i(K"Y +wt) dvdt

= A(K,w) B(K,w) (C-9a)

JITSA(K' ,w') B(K-K',w-w') dK'dw'] e+i(K.7 +wt) dKdw
= A(v,t) B(¥,t) (C-9b)

Consequently, the simple manipulations in K,wspace
which follow represent very complicated relationships
between the corresponding quantities in real space and
time. However, the goal of the following derivation is a
dispersion relation in K,w space, whereas the corresponding

relations in real space and time are of lesser importance
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at present. Systematic scalar multiplication (i.e., forma-

tion of dot products) of equations (C-7) by E, H, and J

yields:
E-H=E-+«S=H:S5S=20 (C-10)
KeH=Je+«H=F - «H=0 (C-11)

Therefore, the complex vectors E, H, and S form an ortho-
gonal triad in K,w space, and the vectors K, J, and F lie
perpendicular to H (i.e., in the E,S plane). Scalar multi-

plication also reveals that:

K «S =1iQ - we,E =« E = -wp, H - H (C-12)
sOo that:
Q = iwL = iw(ugH « H -¢, E - E) (C-13)

Cross multiplication of (C-7b) by E gives:
id x E =1 p/egH = K x S (C-14)

Finally, crossing (C-7c) with E, and (A-7d) with H

yields:
~Mg €S = Ke,BE°E + 1 p/eyg= Kyg HeH - iy, IJxH (C-15)
so that the important result is derived:

F = -iLK = -QK (C'16)
w
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As a result of the above, the geometry of the complex

field vectors in K,w space can be sketched to illustrate

the following important points:

(a)

(b)

(c)

(e)

(f)

K, J, and F lie in the E, S plane and are always per-
pendicular to H.

When p = 0 and J 0, the force density vanishes, and

K is parallel to S.

When p = 0 and J # 0, both the force density and K are
parallel to S, and J is parallel to E.

When o # 0 and J = 0, the field is electrostatic and
H=0. 1In this case, K and F are parallel to E, and

S = 0.

When p # 0 and J # 0, K is not parallel to S, and J is
not parallel to E.

In all cases, F is parallel to K.

For present purposes, attention will be restricted to

two cases only:

(i)

(11)

p =0 and J # 0 so that J is parallel to E. In such a
case, the most general allowed relation between J and
E is J = oE, where o is the complex conducivity. Such a
medium obeys Ohm's law and is called "Ohmic." From
(C-14), we find that J = oF implies p = 0 and that

p =0 implies J = oE.

p# 0 and J # 0 so that J cannot be parallel to E but
must still lie in the E,S plane. In such a case, the
most general allowed relation between J and E is

Jd = E + % S, where o is a complex potential. Such a
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Figure C-1. Complex field configurations in K, space.
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These special cases are named as follows: (a) electro-
static; (b) free-space; (c¢) Ohmic; and (d) non-Ohmic.
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medium will be called "non-Ohmic," because in addition
to the Ohmic current, there also exists a drift cur-

rent (Hall current) in the direction of S.

Note that in either case, Q = E - J = oE - E. Also,
from (C-14) there follows:

Qp = eoE ) E (C-17)

Consequently, the most general relation between J and E can

be written as:
J = ofE+ 2 % s] (C-18)

which correctly reduces to Ohm's law when p = 0.
At this point in the development, we return to equa-

tions (C-8) and find by scalar multiplication:

(KK - v oot ) & E°E = ~icp 1o uQ - o p? (C-19a)
(KK - meow ) Q = iy J-J-:sz) (C-19b)
(KK - poegw?) o HeH = -igguouwQ - uy Jed (C-19c¢)

For present purposes, (C-19a) is most convenient for
obtaining the desired dispersion relation. Dividing by

g E<E gives:

2 -
K« K= ppew? - ipywo - g- e, E+ EI™" (C-20)

[}
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which can also be written:

. i 2
K« K= peqw’® - ipowol1 - m—%%] (C-21)

Finally, use of (C-19b) to eliminate Q gives:

qu-J-g-p=
0 ] (C-22)

K « K= peggw? - ipywol T TS
WJ'J';P (1"50—m

Note that (C-21) and/or (C-22) show that when o = 0,
there results the free space dispersion relation, since in
this case, J = 0 by (C-18) and hence also p = 0 by (C-7a).
When o # 0 but p = 0, there results the Ohmic disperison

relation:
K« K= pego0® - ipwo (C-23)

The Ohmic dispersion is independent of the field strength.
The dispersion relation of a non-Ohmic medium (i.e., p # 0)
is, however, manifestly field strength dependent. This
dependence can be expressed in terms of p and one other
parameter (either E « E, E « J, or J « J in (C-20), (C-21),
or (C-22), respectively). Equations (C-21) and (C-22) show
that this field strength dependence is formally equivalent
to introducing a field strength dependence in the conduc-
tivity. For a medium characterized by potential variations

(e.g., neural tissue), a convenient dispersion relation is:

K « K= ppeguw? - ipwo - & = (C-24)
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where ¢ is defined in (C-17). Note that no divergence
occurs as & - 0, since by (C-17) and (C-7a) this condition
is equivalent to p - 0.

At this point, it is pertinent to demonstrate that a
necessary and sufficient condition for a medium to be non-
Ohmic and hence to possess a field dependent dispersion
relation is that the measurable conductivity be a tensor of
rank higher than zero (i.e., have direction dependence).

That is, if we write:
J=g -E (C-25)

where & is a matrix which is not a scalar multiple of the
unit matrix, then J will not be parallel to E, and by
(C-14), p will not vanish. Conversely, if the medium is
non-Ohmic, then by definition, p is non-zero and J is not
parallel to E, i.e., the conductivity has tensor character.
As a corollary, all systems composed of interfaces (mem-
branes) are somewhat non-Ohmic, since the measurable con-
ductivity is different across and along the interface.
Consequently, as is well known, all interfaces possess some
degree of non-vanishing charge density with concommitant
non-Ohmic behavior.

The formulas developed in this section are applied in

the following Appendices.
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APPENDIX D

MICROWAVE REFLECTANCE FROM OHMIC MEDIA
In general, E(v,t) and H(v,t) must have continuous
components tangential to any interface. This requirement
leads directly to the result that the interface will yield

a reflected field related to the incident field as:

E(v,t)refl = R E(‘r,t)inc (D-1)
where the complex reflection coefficient has the form:

K - K!
R = x=x (D-2)

where K 1is the wavevector in the medium supporting the
incident and reflected fields, and K' is the wavevector in
the medium supporting the transmitted fields. Note that
the reflected field vanishes when K = K', i.e., when the
interface vanishes.

It is precisely because the reflection coefficient
depends on the dispersion relations in the adjoining media
only, and not explicitly on the field magnitudes, that so
much attention was devoted to developing dispersion rela-
tions in Appendix C.

For the remainder of the present section, the follow-
ing conditions are assumed:

(a) The reflected and transmitted waves are of the trans-

verse electromagnetic type in a medium behaving as
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free space. Such a condition is met when a lossless
section of coaxial cable is operated in the dominant
mode and is terminated by a free end (i.e., probe
tip) cut transversely to the axis.

(b) The transmitted wave is supported by an Ohmic medium
(i.e., J(K,w) = o(K,0) E(K,w)).

(c) The probe tip is in perfect contact with the Ohmic
medium.

Consequently, by (C-23), we have the dispersion relations:
K+ K = p,eow? Inside coax (D-3a)
K'* K'= pgeqw? - ipgwo inside Ohmic medium (D-3b)

In the present case, K has only one component which
will be denoted K and is measured along the axis. Also, K'
has but one component at the interface, which is parallel
to K and will be denoted K'. Both K and K' are complex.
Consequently, combining (D-3a) and (D-3b) gives:

K'? = K2 - iy, wo (D-4)

so that the following is obtained:

SRR U . (-5

+ €o W

Equations (D-5) provide a complete description of the
Ohmic reflectance. Note that R is independent of field
strength. This means that reflectance from an Ohmic medium

(physiological saline, for example) will never reveal the
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existence of externally applied currents flowing by volume
conduction through the medium. Such currents may be
detectable, however, when the applied voltage is sufficient
to cause electrolysis, since in this case the medium con-
tains free charges and is no longer Ohmic. Of course, the
reflectance will change when o is varied, for example, by
chemical means or by varying the temperature.

The experiments described in this thesis make no
direct use of the temporal phase information contained in
the complex reflection coefficient, i.e., the magnitude
alone is monitored. Before deriving the form of this mag-

nitude, it is convenient to make the substitution:

6 = o, + lo; = 0o

+ i(er-1) €o W (D-6)

.
so that (B-3b) assumes the standard form:

K' = ygeqw?e, -~ ip,wo, (D-7)

where e 1 - 0;/eqw is the real dielectric constant, and

o, is the real conductivity. Then:

Ro Lo KUK
=Tvx/k %

T (D-8)

Letting R = R, + iR; and separating real and imaginary

r

parts gives:

_ 1 - ¢ - d?
R = ey v (D-9a)




where c?

Cl

dl

where a

IRI?
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(1+c3?d+ ds (D-9b)
- d* = ¢ and 2cd = -0, /e,w SO that there results:
%[vaT + b’ + al (D-10a)
%[va¥ + bT - a] (D-10b)
e, and b = o /e;w. Finally:

1 - va? +b* (D-11a)

1 + Va7 + 07 + V293 + b2 +a
AR (b11b)

1+ var + b7 + VZWa b +a
= R ? + R ? - (D-12)

r 1

In general, no simplifying approximations are possible

when X-band radiation is used since in this case

eow = %(MKS units), and for physiological systems, e

r and o,

may have comparable numerical values.
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APPENDIX E

MICROWAVE REFLECTANCE FROM NON-OHMIC MEDIA
Whereas the dispersion relation, and hence the reflec-
tion coefficient, of an Ohmic medium depends on a single

constitutive parameter (i.e., the complex conductivity o),

the dispersion relation and reflection coefficient of a

non-Ohmic medium depends upon the conductivity (o), the

charge density (p), and one field intensity (either E or

J). Consequently, the non-Ohmic dispersion is specified

uniquely only when the details of the system and the means

used to measure the reflection coefficient are specified.

For the remainder of the present section, the following

conditions are assumed:

(a) The reflected and incident fields are of the trans-
verse electromagnetic type in a medium behaving as
free space (i.e., transversely cut end of a lossless
coaxial cable).

(b) The transmitted fields are supported by a non-Ohmic
medium (i.e., p # 0).

(c) The probe tip is in perfect contact with the medium.
In general, a non-0Ohmic medium will be embedded in an

Ohmic medium. For example, the free charge in a partially

ionized gas is embedded in a neutral gas medium; the free

charge forming the electrical double layers of living cell
membranes exists against a saline medium. Thus, the

reflection coefficient will have the same form as (D-2)
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but will depend upon the non-Ohmic dispersion relation.

Consider the following dispersion relations:

K2 = pyeow? (free space) (E-1a)

K'?= y,eqw? - ippuwo (Ohmic) (E-1b)

K"2= pgeow? - iuomo-i 1 (non-0hmic) (E-1c)
€o EoE°

Consequently, there results:

K“
1 -
= K . Y ; O 1 p? 1
Prn e ¢ & T LaEE (02

If the relation Q = oE<E is inserted in (E-2), a simplifi-

cation results:

so that the formulas of Appendix D become applicable to the
non-0hmic case when the following substitution is made:
i P w

0"0[1-m°—wr;c (E-4)

In order to proceed further, specific non-Ohmic sys-
tems must be examined. The first, and simplest, such sys-
tem to be considered is the partially ionized gas. Micro-
wave reflectance is a well-known tool in the field of
plasma diagnostics, and various types of glow discharge

tubes are used in the calibration of the microwave devices
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used in biophysical investigations (especially the Standing
Wave Tube and Electromagnetrode). A general discussion of
non-Ohmic plasma behavior is therefore pertinent to the
present exposition. For simplicity, a one-fluid model will
be adopted.

Before the electromagnetic formalism of Appendix C can
be applied to a plasma, a momentum transport equation, con-
sistent with Maxwell's equations, must be proposed. Logi-
cally, this is because Maxwell's equations describe the
behavior of the electromagnetic field for prescribed source
distributions, and the momentum equation describes the
behavior of the sources in the presence of an electromag-
netic field; thus, a close system of equations results. In

real space and time, we have the Langevin equation:

£ P(r.t) +w(r.t) = p(r.t) E(v.t) +

(E-5)
Ho J(v,t) x H(v,t)

where P(y,t) is the momentum density, and v is a phenomeno-
logical damping frequency. The momentum density can be

written:
P(v,t) = m(v,t) V(v,t) (E-6)

where V(v,t) is a velocity field of the kind studied in
fluid dynamics. The mass density m(y¥,t) is proportional to
the charge density p(y,t) by the factor £, which is the

charge to mass ratio of the particles comprising the
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fluid plasma:

p (Y t) = %& = constant (E-7)

£ =

b
’

:

Consequently, (E-6) is equivalent to:

where J(v,t) and p(v,t) are related by (C-1a). Thus,
Maxwell's equations require conservation of charge, and

this, by (E-7), requires a conservation of mass:
e ert) + 7 d(r,t) = 0 = b mlr,t) + V- Ply,t) (E-9)

Mass conservation allows the total derivative of momentum
density in (E-5) to be evaluated using a lengthy sequence

of standard vector calculus operations:

£ = Pt) = m(r,t) & V(r.t) (E-10)
F Vt) = 2 V(r,t) + V(x,t)  WV(r,t) (E-11)

V(v,t) = VV(v,t) = BVY(V(v,t) * V(v,t)) + a(y,t)x V(v,t) (E-12)

where the vector symbol Q(v,t) =V x V(v,t) has been used
for the fluid rotation.

Combining (E-10), (E-11), and (E-12) gives:



99

é%- P(v,t) = m(v,t) é% V(v,t) + Bm(v,t) V(V(Y,t)- V(7,t))

+ a(y,t) x P(v,t) (E-13)

which can be written:

4 P(.t) = & P(nt) +a(nt) x P(nt) + wp(wt) -
(E-14)

P(v,t) m,:T)-:—tm(v,t) -p(v.t) m,’i’ﬂ-vmh,t)

where p(v,t) = %tm(v,t) V(v,t) - V(v,t) is the kinetic
energy density or pressure. The total derivative of the
momentum density is thus:

d _ 9
a"t‘ P(‘Y,t) = a—t P(Y:t) +0(1’t) x P(79t) +Vp(7,t) (E'15)
where the last two terms on the right hand side of (E-14)
have been neglected since they are proportional to the tem-
poral and spatial rates of change of the logarithm of the
mass density, which are always much smaller than the tem-
poral and spatial rates of change of the mass density

proper. Consequently, a one-fluid Langevin equation con-

sistent with Maxwell's euqations is:
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:_t J(v,t) + vd(v,t) + a(v,t) = J(v,t)
(E-16)

= Elp(v,t) E(v,t) + nod(v,t) x H(v,t) - vp(v,t)]

where the relation &€P(v,t) = J(v,t) has been used. Equa-
tion (E-16) can be transformed to K,w space using (C-2) and

(C-9b):
(iw +v) J(K,w) + i€ p(K,w) K (E-17)
= SJEp(K',u') E(K - K',w - w') + J(K',w') x
[@(K - K',u - w') + o €H(K - K',0o - 0w')] dK'dw'

Equation (E-17) is obviously quite complicated and
shows, among other things, that the various harmonic modes
of the current density tend to be coupled by convolution
integrals so that momentum can be exchanged between modes
in an infinite variety of ways. Thus, although the plasma
currents must be continuous with continuous first deriva-
tives, the plasma is inherently unstable in the general
case and exhibits a marked tendency toward turbulent behav-
ior (e.g., the flickering of flames, flourescent tubes,
etc.). The sifting property of the delta function allows
(E-17) to be written as the momentum transfer selection

rule:
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[(iw +v) J(K',0') + i€ (K',0')K']J6(K - K',0 - ')

= J(K',w') x [@(K - K',0 - w') + o EH(K - K',0 - w')] +
Ep(K',w') E(K - K',0 - 0') (E-18)

The principal utility of equation (E-18) is that a
selection rule for the complex power density can be

obtained by scalar multiplication by J(K',w'):
[(iw + v) J(K',0') « J(K',0') + i€ p(K',w')
K' « J(K',w')] 6(K - K', v - w')
=& (K',o') J(K',0') « E(K - K',0 - w0'") (E-19)

In the simplest case, a single K and w are allowed so
the plasma sustains monochromatic oscillations. Then
E(K - K',w -w') = E(K',wu') 6(K - K',u -w') and (E-19)

simplifies to:
(iw +v) Jd+ J = Qp + ipEwp (E-20)

where the (K,w) arguments have been suppressed as in
Appendix C and relation (C-7a) has been used. Substitution

in (C-19b) gives:

J-+ J - 1 p?
K-+ K - uegow? = -ip, €p Fo o (E-21)
(i +5) d - J- igpp

which can be simplified using (C-22) to eliminate J « J.
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Algebraic manipulation yields a "warm plasma" dispersion

relation:

2
iuo Ep[P (KK - pyequ?) + %'][K’K - Mo €o w? + il-la'-"o]
0

5) KoK - o eoudl(i + 2 (KK - wyeoud) + ium€p]  (E-22)

= fe’_:{u

€

This relation is quadratic in K - K, but simplifies in
the "cold plasma" approximation, 1i.e., when p and v are
zero. Such a case corresponds to sufficiently low density
such that collisions are negligible and the plasma is

driven in synchrony with the fields. In this case, we have:

iwnd « J + Q&p (E-23)
. 2 _ p? Ep

K K - ugegow?= - y,Ep+ e T3 (E-24)

K« K - pyoegu?= -ipwoll - ﬁ%%] (E-25)

where (E-23) and (E-24) are obtained from (E-20) and (E-21)
respectively, and (E-25) is the same as (C-21). Taken

together, these give:

1 Ep

: B Eq W
K+« K - pypegow? = -luowo[—.qo—] (E-26)
1 - leow

Equation (E-26) is the non-Ohmic dispersion relation
for a medium characterized by a complex conductivity o and
a free charge density of sufficiently small magnitude that

thermal gradients are unimportant. Although the derivation
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leading to (E-26) above is long and involved, the result
(E-26) follows directly from (C-19a) and (C-19b) when the
Langvin equation is used in its K,w space representation.
A less rigorous derivation is also possible by simply pos-

tulating a K,w space force equation:
F = iwP + iw x P (E-27)

which is the "cold" analogue of (E-18). Then using EP = J
and (C-16), we have directly:

- ek = 1wd 4 dw ox d (E-28)

which gives (E-23) immediately when dot multiplied by J.
Although (E-27) is simply postulated as a plausible force
equation, it is based on the Langevin equation which is
also postulated. Either way, one still obtains the non-
Ohmic dispersion (E-26). Note that the quantity (E%{p)%

is the plasma angular frequency, so:

mp‘E = Ep (E-27)
, L (SR)

K « K = ppegow? - iuowc[-——-.—wo] (E-28)
1 -1 .

Thus, for example, microwave reflectance can be
observed for neon glow discharges, and this reflectance can
be modulated by variation of m; which is directly propor-
tional to the charge density. Such density variations can

be produced by application of an external electric field



104
(for example, at audio frequencies so that (E-28) indicates
that the microwave reflectance will be modulated at the
corresponding audio frequency). Such "intermodulation" is
not possible without a non-Ohmic dispersion relation.

At this point, we may consider a non-Ohmic model of
nerve tissue in order to demonstrate the possibility of
modulation of microwave reflectance by neural activity,
i.e., depolarization of neural membranes. The primary dis-
tinction between the non-Ohmic response of a plasma and
that of neural tissue is that the charge density within
neural tissue is bound to the membrane in various ways.
Bound charges and their associated currents can be

described in coordinate space and time as:

P, (T,t) = - v« P(y,t) (E-29a)

Jy (v, t)

+2 P(v,t) (E-29Db)

where P(v,t) is the polarization field. Fourier transforma-

tion gives:

p. = -iK - P (E-30a)
b

+iwP (E-30Db)

3,

Consequently, the description of a non-Ohmic medium con-
sisting of polarization charges within a medium of finite

conductivity is given by:
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(K2 - moeqwd) E = -i(pwd + gL.K) (E-31)
o

p = -iK + P (E-32a)

J = oF + iwP (E-32b)

Now since J » H =0 and E-H =0, it follows that P
must lie in the E,S plane as described in Appendix C.

Therefore, we can write:
P="P + P (E-33)

where PE . PS = 0. For a linear material, the polariza-

tion in the direction of E can be written:

P = e (e - 1) E (E-34)
so that we have:

Jd = [0 + ¢ (e - 1)iw] E + imPs (E-35)

Consequently, the polarization field parallel to E does not
contribute to a charge density as seen by the field, for if
Py = 0, then J is parallel to E and p = 0 by (C-14). The
effects of PE are embodied in the dielectric constant €.
(E-31) becomes:

(K' - M Eowe+ i wo)E =-%ﬂ K + 0w P (E-36)

)]
This relation shows again that it is the polarization

in the direction of S which is the cause of non-0Ohmic
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effects. If Ps = 0, then E is parallel to K, and no elec-
tromagnetic field can exist unless p = 0 and the dispersion

relation becomes independent of the field strength:
K2 = poeow?e - ippwo (E-37)

This is merely an Ohmic dispersion relation in a
medium characterized by a dielectric constant and a conduc-
tivity. The dielectric constant differs from unity when

PE # 0. When PS # 0, the dispersion becomes, from (E-36):

K2 = ypegow?e - ipywo - ;Lz e, E - E]I7" (E-38)

o

From (C-17), we have:
0p = e, E « E (E-39)

so that the general dispersion relation for a non-Ohmic

medium imbedded within an Ohmic medium becomes:

K2 = poeowie - igowo - 020 (E-40)

Consequently, there will exist potential variations within
a non-Ohmic medium, and these potentials will be related to
the charge density via a parameter which has the units of
capacitance density. That is, the capacitance is defined
as the ratio of charge to voltage of a system. The capaci-

tance density is then:

C =op/0 (E-41)
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For a parallel plate capacitor, the capacitance can be
obtained from Poisson's Law (B-11):

EA = 9 (E-42)

€0 €

so that C = % = 5555, where A is the plate area and X the

plate separation. The capacitance density is:
_ C _ e € _
T = K = i@— (E-43)

so that for such a capacitor, the dispersion relation

becomes:
K2 = ypeouw?e - ipowo - Xe,- (E-44)

Thus, the wavevector can be directly varied in a man-
ner proportional to the inverse of the separation bétween
the plates. Equation (E-44) shows that the wavevector in
general depends on a capacitative parameter (e), a conduc-
tivity parameter (o), and a parameter which ultimately
depends on the geometrical distribution of interfaces (C).

Consequently, non-Ohmic effects due to free charges
are embodied in the charge density, as in (E-28), whereas
effects due to bound charges are embodied in a capacitance
density. For interfacial systems where the charges are
largely bound, the non-Ohmic effects appear due to changes
in the spacing between the double layers. Thus, the non-

Ohmic behavior, whereby interfacial systems can modulate
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an impressed electromagnetic field, is associated with a

physical change at the interfacial region.
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