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ABSTRACT* 

In this report, an outline will be given of the progress which has been 

made in the development of the focused microwave probe as a plasma 

diagnostics tool, and in the application of it to the study of ionization 

in hypersonic wakes. Since a major part of the development has been 

concerned with instrumentation, the theoretical analysis of the inter¬ 

action of the probe field with a plasma, data reduction, and interpre¬ 

tation of the results in terms of magnitudes and spatial variations of 

electron density and collision frequency, this report will deal with 

these topics in detail. Numerous results have been recorded and are 

now undergoing data reduction. These will be tabulated and samples 

will be given. Interpretation of these results in terms of their flow- 

field significance will be given in future reports. 

This research is part of Project DEFENDER, sponsored by the 
Advance Research Projects Agency, Department of Defense. 
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PARTI 
REVIEW OF INSTRUMENTATION 

SECTION I. INTRODUCTION 

A general review of microwave probe work will be given in this report. 

This review will not be comprehensive; instead, an attempt will be made 

to cover the various techniques in common use together with their 

disadvantages. Consideration of these disadvantages led to the concept 

and application of the focused microwave probe. The theoretical and 

experimental evaluation of the focused field and its interaction with a 

localized plasma near the focus will be described. Special circuitry 

which had to be developed in order that the confined nature of the field 

could be exploited to measure electron density and collision frequency, 

will be discussed. 

Emphasis will be placed on studies of the interaction of electromagnetic 

waves with various plasmas, since they are important in the reduction 

of probe data. In particular the underdense plasma approximation and 

its relation to the rigorous theory for uniform plasma slal¿ will be 

outlined. A numerical technique by which the scattering properties of 

a plasma slab, within which non-uniform ionization may exist, will be 

discussed. The relationship of these basic theories to the interpre¬ 

tation of the probe data in such a way that radial gradients in electron 

density and collision frequency may be deduced, will be dealt with in 

some detail. 

The achievements in the development of the focused probe and its po¬ 

tential in flow field studies will be summarized. 
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Results obtained with the use of such probes in the General Motors 

Defense Research Laboratories Flight Physics Range will be tabulated. 

The status of the data reduction will be summarized. In general, all 

data has been reduced to the point where phase shift and attenuation 

per beam information is available. The program by which this infor¬ 

mation can be converted into magnitude and spatial variation of electron 

density and collision frequency is now being formulated. Samples of 

data, to the extent that the reduction has been completed, will be pre¬ 

sented. 



SECTION II. GENERAL REVIEW OP MICROWAVE PROBES 

Ionization in hypersonic wakes has been studied with the aid of two gen¬ 

eral categories of microwave instrumentation, namely resonant cavities 

and free space probes. 

CLOSED CAVITIES 

The resonant cavity is usually a cylindrical metallic enclosure and, in 

this form, it is most suited to measurements made on a cylindrical 

plasma which is located along the axis. Under the right conditions, 

this technique can result in excellent sensitivity. For good operation, 

the diameter of the plasma should be small compared to both the wave¬ 

length and the cavity diameter. In addition the ends of the cavity should 

be closed in as much as possible. The results are difficult to interpret 

in the case that radial gradients of ionization exist, and, also, if axial 

gradients exist within the length of the cavity. In fact the spatial re¬ 

solution is no better than the cavity length. The cavity technique has 

been discussed in some detail elsewhere^1 ” 

In relation to hypersonic wakes, the technique has been thoroughly ex¬ 

ploited at the Lincoln Laboratories^. With the use of frequen- 
fi-7 

cies as low as 450 Me, electron densities as low at 10 e/cc have 

been measured. In summary, it appears that the main drawbacks are 

due to the obstruction of the flow field, the limited spatial resolution 

and the difficulty of resolving radial ionization gradients. 



-■¿«"'H1' li1 
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The obstruction of the flow field by the smaU openings in the cavity 

end-plates appears to be a serious objection. The main interference 

will arise due to reflections of the bow shock off the edges of the opening 
and subsequent recompression onto the axis of the wake. If this re¬ 

compression were sufficiently strong, significant perturbations of the 

wake ionization could result. There appears to be some evidence*4 & 5) 

that such reflections can cause measurable changes in wake ionization. 

It would certainly seem that definitive experiments ought to be carried 

out to establish whether the physical obstruction imposed by the cavity 

can produce measurable effects in terms of ionization changes or 

perhaps could cause a triggering of turbulence. 

The spatial resolution, which is determined by the length of the cavity, 

can be a severe limitation, especially in the near wake. The desirability 

of having single-mode operation and using low-frequencies (for the 

measurement of low electron densities) appears to require an axial 

length of about 6—12 in. The use of microwave cavities (say in 

X-band) which would provide adequate resolution, would require cav¬ 

ities so small that the cavity walls might interfere with the wake itself. 

In addition the holes in the end walls would be so large that losses would 

be too high to make the device useful as a cavity. 

If strong radial gradients of ionization exist in the wake, it is not pos¬ 

sible to deduce their presence from the cavity measurements alone. 

Predictions have to be made, based on some assumed theoretical 

model, and then compared with the results. Since the best interpre¬ 

tation of cavity results requires that the wake diameter be very small 

compared with the wavelength it is not certain whether cavity measure¬ 

ments are sufficiently sensitive to discriminate various degrees of 

radial ionization gradients. 
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The above disadvantages do not rule out the successful application of 

cavities to baUistic ranges. To the contrary, they have in fact been 

used to obtain significant data concerning wake ionization. However 

these disadvantages do limit their utiUty and they have been a major 

factor in forcing investigations of other techniques. 

FREE SPACE TECHNIQUES 

Non-Focused Probes 

This title is used to describe a system in which the wake is ninmjnqtyd 

by a microwave antenna which is so located that the wake is in the far 

radiation field. If the latter condition is satisfied, even though the 

wake diameter may be some significant fraction of the beam size, it 

will be smaller than the beam and an appreciable amount of the incident 

energy will bypass the wake. This leakage energy can cause intolerable 

amounts of interference with the energy that passes directly through 

the wake. It is usual to measure the total forward scattered signal, 

since, in the ideal situation of plane wave incidence on an infinite, 

parallel-sided, plane, plasma slab, the interpretation of this signal in 

terms of the plasma properties is relatively straightforward. However 

in the situation described above, the results can only be correctly 

interpreted where they can be matched to predictions based on the case 

of incidence of a spherical wave upon an assumed cylindrical plasma 

with appropriate radial and axial ionization gradients. 

If the back-scatter signal is measured instead, the diffraction errors 

due to the leakage may be avoided, provided that efficient use is made 

of absorbing material, but two other difficulties are still encountered. 

One is the difficulty of interpreting the results in terms of an assumed 
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model, as for the forward scatter signal, and the other is inherent in 

the back-scatter technique. In particular the measured absolute phase 

of the back-scatter signal includes a phase component which is due to 

the electrical length between some datum point and the point at which 

the reflection occurs. Since, in general, the reflected wave has a 

phase associated with it which is a function of the plasma properties and 

since the point of reflection is not known, it is impossible to interpret 

the measured phase in terms of the plasma properties. Relative phase 

variations as a function of time may be significant if the distance be¬ 

tween the datum point and the point of reflection does not change, or al¬ 

ternatively, if the phase of the reflected wave does not change. These 

phase uncertainties do not arise in the case of the forward wave, since 

the reference length, which is the distance between the transmitter and 

receiver, remains constant. 

Due to the physical nature of this type of system, adequate spatial re¬ 

solution, which is determined by the antenna beamwidth, is a problem. 

Although it is usually better than for a cavity system, by virtue of the 

higher frequencies usually employed, it is always worse than the dia¬ 

meter of the wake. An immediate consequence is that the wake dia¬ 

meter cannot be deduced from the measurements. In addition the beam 

will illuminate a length of wake of the order of several wake diameters 

and any details in this length will not be resolved experimentally. 

Despite these disadvantages, a non-focused probe has been widely 

used with varying degrees of success. Systems in X and bands 

have been used at CARDE*6) and, within the resolution limits, use¬ 

ful data has been obtained on the growth and decay of ionized wakes 

behind projectiles. A far more intensive program has been pursued 

by the staff of the Lincoln Laboratories*^). Extensive data has been 
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obtained on a large number of different types of projectiles 
range of conditions ^866 also Ref- 4) 

over a wide 

Focused Probes 

Most of the disadvantages of the closed cavity and non-focused probe 

can be overcome If a free space system Is used In which the energy 

radiated from a microwave antenna is focused to produce a beam of the 

smaUest possible physical dimensions, In the neighborhood of the Ion- 

ised wake. Two main benefits derive from the use of such a system 

u it is properly designed, first, the energy can be so weU concen- ’ 

trated that a negligible part of it will bypass the wake. Consequently 

the transmitted signal may be treated, with exceUent accuracy, as hav¬ 

ing all passed through the region of ionization. Secondly, in the immedi 

ate neighborhood of the focal plane, the constant phase contours are 

planes which are approximately parallel to the focal plane. Under 

these conditions the measured signal which is transmitted through the 

wake may be interpreted in a reasonably simple manner, since the 

interpretation can be based on the idealized situation of a uniform plane 

wave incident normally on a plane, parallel-sided plasma slab. 

It is not always possible to design an efficient focused system for any 

given physical situation. The results will depend on the physical dim¬ 

ensions of the plasma and on the magnitude of the ionization properties. 

On one hand, wakes with small diameters have to be studied with wave¬ 

lengths so short that diffraction errors can be ignored. On the other 

hand the corresponding microwave frequency has to be at least within 

two orders of magnitude of the plasma frequency in order that plasma 

effects may be measurable. However, projectile sizes in ballistic ranges 



which are of practical interest are such that both of the previous re¬ 

quirements are compatable. 

Although focused antennas have been used for a number of purposes, 

very little success has been reported in their application to plasma 

diagnostics. The first known application is the Naval Research Labora¬ 

tories work in which a focused beam was used to probe the ionized wake 

of rocket exhausts' A great deal of the development work has been 

reported, but it is not known (to the author) what degree of success 

has been attained. From the known information it appears that the 

focused system was not used in the most efficient way. In particular 

the ’’depth of focus’’ appeared to be small compared to the diameter of 

the plasma, which would mean that the effective width of the beam 

would be much greater than in the focal plane. In addition strong radial 

gradients which probably exist would not be revealed, especially since 

no more than one beam appears to have been used. It is believed that 

focused microwave systems have been used at the Applied Physics 

Laboratories of John Hopkins University, although no reference to this 

work is known to the author. One beam focused probes have been in¬ 

stalled on the AVCO ballistic range, but no results were reported^. 

More recently, interest in the focused probe has been shown among 

workers in the thermo-nuclear fusion field. Extensive use of focused 

systems has been proposed^ at millimeter wavelengths, but no 

results have yet been reported. Investigations are now underway at 

Princeton^ on focused systems and it has been indicated^ that large 

errors have been observed in the results obtained with the use of non- 

focused beams. 

The present work on focused probes has been a continuous effort, which 

started at the Defence Research Telecommunications Establishment, 
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Ottawa, Canada, in 1956. Much of the early effort was devoted to de¬ 

tailed studies of the field distribution near the focu», resolution pro¬ 

perties and transmission through a focused system (Ref. 6) Although 

a great deal of theoretical and experimental work on focused antennas 

had been available the above investigations were needed since none of 

the publications covered apertures of unity focal ratio which were adopted 

because of their maximum resolution possibilities. This work culmina¬ 

ted in a four-beam system which was placed in operation on one of the 

ballistic ranges at the Canadian Armament Research and Development 

Establishment, in Canada (Ref. 10), The circuitry of this first probe 

was not sufficiently sophisticated to enable unambiguous interpretation 

of the data to be made. However if the wake were sufficiently underdense, 

the probe data could be analysed and appeared to be excellent. 

Further discussions of the probe development will be simplified, by 

breaking them down under the three headings to follow, which categor¬ 

ize the three major problem areas. 

THE FOCUSED ANTENNA 

The properties of the particular focused antennas which have been used 

at both DRTE and DRL have been described in some detail (Refs. 6 and 11) 

and it is worth recalling only the main features here. 

Focused apertures, with focal ratios of unity, have virtually yielded 

theoretical performance in terms of spatial resolution. In practice this 

means that most of the beam energy can be transmitted through a cir¬ 

cular area, the diameter of which is about two wavelengths in the focal 

plane. Alternatively two identical targets, which are located in the 
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focal plane may be resolved provided that they are spaced one and a 

half to two wavelengths apart. 

A theoretical analysis of the power flow betwéen two focused apertures 

was carried out for the purpose of estimating the amount of power which 

could be channeled through circular areas of finite size located in the 

focal plane. (Ref. 12) It is evident from the latter results, if interference 

effects which arise from energy leaking around the wake are to be kept 

within, say, three decibels, then focused beams have to be used and the 

illumination over the radiating aperture has to be quite strongly tapered. 

It has been found that good focusing is maintained where the antenna 

feed horns are moved as much as one inch off axis. This property has 

been used to provide a system of several independent beams through 

one lens system. In particular a vertical array of adjacent beams has 

been used to form a fence across the flight path in order to ensure inter¬ 

ception of the ionized wake and also to provide information on radial var¬ 

iations of ionization. The CARDE system (Ref. 10), which is believed 

to be still in use, has four 35 Gc beams. Each beam is approximately 

one half inch in diameter and the four beams cover a two inch strip in 

the direction normal to the flight axis. Two systems are currently in 

use at DRL, one, a 35 Gc system, which has seven staggered half 

inch beams, spaced one quarter inch apart in the vertical direction; the 

other, a 70 Gc system, which has seven, adjacent, quarter-inch beams, 

spaced a quarter-inch apart in the vertical direction. (Ref. 11) 

THE MICROWAVE CIRCUITRY 

The problems to be considered here are independent of the nature of the 

antenna field and are directly concerned with the type of circuitry that 

should be used to measure the desired signal parameters. 
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A great deal of the early plasma work was incomplete in that the mea¬ 

sured data could not be resolved into the ionization parameters (elec¬ 

tron density and collision frequency), without making many unjustified 

assumptions. For instance many measurements have and are being 

interpreted based on a paper by Whitmer(Ref. 13), in which it was shown 

that the average electron density can be derived from the measured 

phase of the transmitted signal and that the collision frequency can be 

obtained from a measurement of the attenuation, provided that the 

plasma is extremely underdense. (Ref. 11) It is also necessary to 

assume that the dimensions of the plasma are known and that the ion¬ 

ization is uniform. These assumptions are not always valid. However 

it has been shown that the underdense approximation has a much wider 

range of validity and, under these conditions, the plasma parameters 

may be derived from a measurement of the magnitude and phase of the 

transmitted wave. Consequently in future discussions it will be assumed 

that a microwave circuit, to be acceptable for use as a plasma probe, 

must at least have provisions for the measurement of both amplitude 

and a phase of the transmitted signal. 

In reality any circuit which can be used to measure both the amplitude 

and phase, could be considered for plasma studies. Provision has to be 

made for the fact that in ballistics range work, fast transient measure¬ 

ment and recording of the signals is required. 

One of the first circuits which appeared to be suitable for the present 

purpose, was used at Stanford University to obtain the magnitude and 

phase of the signal back-scattered by meteor trails. This was done by 

measuring the in-phase and quadrature-phase components of the input 

signal in relation to a constant reference signal. The input signal was 

split into two channels, which were identical except for a 90° phase 



difference between them. The detectors, which operated as linear 

phase detectors, were each driven by equal amounts of a portion of the 

transmitter signal. The outputs of the detectors were 

Asin<jf) and A COS <f) 

where A is the change in signal amplitude and ¢) is the change in 

signal phase. It is evident that A and (j> can be determined from the 

above equations. 

The above circuit is basically quite simple and appeared to be well- 

suited to the ballistic range problem. It was in fact adopted at DRTE 

but was never made fully operational. A one-beam system at 70 Gc was 

set up. In order to obtain maximum sensitivity a superheterodyne 

technique was employed in which the IF was 60 mc/s and the quadrature 

signals were measured at 60 mc/s. It gave excellent performance and 

was used for many resolution experiments. However for multiple-beam 

operation it is complex in circuitry and in setup and operating procedures. 

For each beam, two IF amplifiers with precision phase characteristics 

are required. The LO klystron has to be phase-locked during pre-fire 

calibration and also during the firing. An alternative circuit which is 

similar in principle, but much simpler in terms of equipment and 

operation, has been developed at DHL and is now operational. (Ref. 11) 

In this, the IF is dispensed with and, instead, the signal in the wave¬ 

guide is split into two identical receiver channels. The detectors in 

each channel are driven by outputs from the transmitter, which are 

identical except that the 90° differential phase shift is inserted in one 

of these reference signal paths. A phase-locked oscillator is required 

for pre-fire calibration only. This circuit has given excellent per¬ 

formance and is believed to be one of the simplest available. 
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Since it was recognized from the beginning that the above circuit would 

require fairly extensive development work, it was decided to use circuits 

of lesser performance, even though it was realized that the data could 

not be fully interpreted. It was felt that such interim data would be ex¬ 

tremely useful as a guide to the type of signal to be expected and might 

also shed some light on the ionization phenomena. One of the simplest 

such circuits is the one for amplitude measurements only. It has been 

widely used at DRTE (CARDE)^* and at DRL (Ref. 11). Its greatest 

virtue is simplicity in that only a single detector is used for each beam. 

The only conclusion that can be drawn from the attenuation measurement 

is that the amount of attenuation is due to some degree of ionization. It 

can be shown (Ref. ll)that attenuation is a function both of electron 

density and collision frequency, and they cannot be resolved separately 

without the use of additional information. Neverless a great deal of data 

has been obtained concerning radial and axial variations in ionization 

(see Ref. 11 and Part II of this report). An additional simple circuit 

which has been widely used is the one described by Whitmer, which was 

mentioned earlier. In this a single-channel, receiver detector is 

biassed with a part of the transmitter signal. The output will then be of 

the form A sin ^ (the notation is the same as used in a previous para¬ 

graph) and, without additional information, A and 0 cannot be resolved. 

However if it is assumed that there is no change in A (collision frequency 

neglected), then ¢) may be interpreted in terms of electron density. A 

separate amplitude measurement must be made in order to determine the 

collision frequency. This circuit has been used in range work (Ref. 10) 

but in many cases the data appeared to be meaningless, no doubt due to 

ambiguities. 

A circuit, which is similar to the phase quadrature circuit in principle, 

has been developed at the RCA Victor Co, Montreal. (Ref. 14)Fixed 
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probes are inserted in the signal waveguide for the derivation of 

A sin ¢) and A cos <^) . These two signals are fed into the X-Y 

amplifiers of an oscilloscope to give a polar display. The probes 

become an increasingly difficult proposition as the wavelength is de¬ 

creased. It should also be noted that the polar coordinate display is 

not very suitable for range work, unless a reliable method of tracing 

the direction of the trace can be found, especially when several cycles 

of phase shift are experienced. 

Phase and amplitude measuring systems have been in use at Lincoln 

Laboratories (Ret 2) for several years. They appear to result in ex¬ 

cellent performance in ballistic range work, but in general they include 

an IF loop and consequently they are that much more complicated than 

the DRL system. 

THEORY OF INTERACTION OF PLANE WAVES WITH PLASMAS 

To a large extent the successful application of any microwave probe to 

plasma diagnostics will depend on the knowledge available of the inter¬ 

action of electromagnetic waves with plasmas. A considerable amount 

of work has been published on this subject but in a number of instances, 

critical problems have remained unsolved. Attention has been directed 

to these and to the application of other known solutions to the probe 

geometry. 

For many purposes, the idealized case of normal incidence of a uniform, 

plane, electromagnetic wave on a plane, parallel-sided slab of uniform 

plasma is of interest. The results (reflection and transmission coeffic¬ 

ients) are useful for order of magnitude estimates for any slab of plasma 

and in particular instances (focused probe for example), the results may 
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be directly applicable. The formal solution of this problem has, of 

course, been obtained and has been discussed by many authors (e. g. 

Ref. 15). However most of the available results were found to be in 

a form unsuitable for immediate use. Consequently Zivanovic(Ref. 16) 

has had the magnitude and phase of the transmission coefficient computed 

in terms of electron density collision frequency and slab length. For a 

given slab length, the transmission coefficient has been plotted in polar 

coordinates on an overlay of grids of constant electron density and col¬ 

lision frequency. If the slab length is known within a quarter of a 

wavelength, then these curves may be used to determine the electron 

density and collision frequency of a uniform slab from a measurement 

of the complex transmission coefficient. It is possible to apply this pro¬ 

cedure to results obtained with a hypersonic wake in order to make an 

order of magnitude estimate of the ionization. These results will be 

accurate to the extent that radial gradients are absent. 

It was evident (from both 35 and 70 Gc focused probe amplitude results) 

that strong radial ionization gradients appeared to exist in the wakes 

of projectiles of interest and that steps would have to be taken to de¬ 

termine these gradients. Two methods are being investigated. In the 

first method the transmission results obtained with an array of beams 

spaced in the radial direction are related to the electron density and 

collision frequency of a number of concentric uniform layers into which 

the wake is decomposed. The number of layers correspond to the 

number of beams in the array, and with a sufficient number the ion¬ 

ization profile can be determined with adequate accuracy. In the second 

method, Zivanovic(Ref. 17 and 18) has attempted to solve this problem 

rigorously by assuming various electron density gradients with constant 

collision frequency in parametric form and then computing the trans¬ 

mission coefficient. In the case of an exponential gradient within a 
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finite s!?1 b a rigorous solution was obtained (Ref. 18),but because of the 

higher order Bessel functions involved, which are not tabulated, and 

cannot yet be accurately computed in a reasonable period of time, the 

solution was found to be of little practical value. Instead a numerical 

method was developed by Zivanovic(Ref. 17) for the purpose of comput¬ 

ing the transmission coefficient. Detailed computations have been com¬ 

pleted for parametric forms of both exponential and parabolic distribu¬ 

tions of electron density within a finite slab (Ref. 18). These results 

have been plotted in a way similar to that for a uniform slab. By a 

process of trial and error the measured transmission coefficient of 

each beam could be matched to some particular parabolic distribution. 

Computing programs are now being set up by which the radial distribu¬ 

tion may be calculated from the measured transmission of each beam 

according to either method. Descriptions of these programs will be 

given in future publications. 
* 

In the discussion of the uniform slab a rigorous treatment was assumed. 

This theory is cumbersome and for many purposes the underdense 

approximation is used. This is valid where (see Ref. 11), 

<< i 

i <- /w)z 

and cOp = plasma frequency 

oo = microwave frequency 

♦After thiíFwork was completed, a similar method (Ref. 19) appeared 
in print. This latter method is a direct numerical computation of the 
differential equations whereas the Zivanovic method appears to be more 
general and flexible in that the plasma is described by matrix coeffici¬ 
ents, which are computed. The description by matrix coefficients per¬ 
mits a great deal of flexibility since more complicated cases, such as 
composite slabs, can be treated by algebraic manipulation of the matrix 
coefficients (see Ref. 17). 
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i) = collision frequency 
c 

This appears to result in an excellent approximation to the transmission 

coefficient, and calculations are now being performed to compare it to 

the rigorous value for various slab parameters (see Ref. 11). 

If the underdense approximation is satisfied, the complex transmission 

coefficient can be interpreted in terms of electron density and collision 

frequency in a comparatively simple way (Ref. 11). Furthermore if the 

plasma is assumed to be low loss i. e., / > then the phase 

of the transmission coefficient is simply proportional to the electron 

density and the attenuation coefficient is proportional to both collision 

frequency and electron density. At the present time the first of the two 

methods for determining the radial distribution of ionization is being 

programmed, based on the assumption that the transmission through 

each uniform layer can be interpreted according to the underdense 

approximation. 

In all of the foregoing it has been tacitly assumed that the plasma 

causes no refractive effects. If these do occur, additional attenuation 

(analogous to deviative absorption in the theory of the ionosphere) of the 

transmitted energy will result, and the interpretation of the transmission 

coefficient by the previous methods could result in serious errors. In 

order to investigate refractive effects, two idealized situations have 

been analysed. 

In the first, a uniform plane slab of plasma is located in the focal plane 

of a focused system (Ref. 20). The transmission coefficient is evalu¬ 

ated as a function of the parameters of the loss-free dielectric constant. 

It is found under conditions analogous to the underdense plasma 
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conditions, that deviative absorption can be neglected. This work is not 

complete and will be extended to include losses in the plasma. 
t 

In the second case, a uniform cylinder is located with its axis in the 

focal plane (Ref. 21). For cylinders, the diameters of which are small 

compared to the beam size, closed form results have been obtained. It 

is difficult to interpret these formulae and computations will have to be 

carried out. For cylinders the diameters of which are larger than the 

beam size, the results are similar to those above for the plane slab i. e., 

deviative absorption may be ignored. This work will be extended to 

include losses in the plasma. 

There has been widespread interest shown in a resonance phenomena 

that had been observed experimentally. If a thin cylindrical plasma, such 

as is found in discharge tubes, is illuminated with microwave radiation, 

the polarization of which is normal to the cylinder axis, then several 

resonances (in reñection and transmission) occur as the discharge cur¬ 

rent is varied. Closer examination shows that the resonances are found 

in the region 0 - ^ - I. In case these might have proved troublesome 

in the functioning of the focused probe, and also since they might have 

provided a basis for a diagnostic technique, a theoretical investigation 

(Ref. 22) was carried out as follows. 

It has been established that the anomalous resonances are due to electron 

acoustic waves in the cylinder. A number of important additional con¬ 

clusions have been reached. 

1. The wavelength of the incident radiation has to be very much 
greater than the diameter of the cylinder. 

18 



2. The spacing between resonances depends on the radial electron 
density gradients within the cylinder. If the density is uniform, 
the resonances are tightly bunched in the neighborhood of the 
main plasma resonance. If a finite gradient is assumed then the 
resonances are spaced much more widely apart. 

3. In the analysis, the collision frequency was assumed to be zero. 
Although this has not been verified it is probable that these 
resonances will be severely damped, even in the presence of 
small loss. 

Because of (1) and (3) it is evident that these resonances would probably 

not be observed in the study of hypersonic wakes with focused probes. 

Because of (3) it is unlikely that these resonances could form the basis 

of a diagnostic technique, although at extreme altitudes where the colli¬ 

sion frequency is low, it is possible that they might be barely observable. 
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SECTION III.SUMMARY 

It appears to be worthwhile to summarize what has been achieved by the 

development of the focused probe instrumentation. 

1. One of the major achievements in the probe development is the 
confinement of the field in the neighborhood of the focus by which 
it has been possible to ensure tolerable diffraction errors in the 
measurement of transmission through wakes. 

2. The field in the neighborhood of the focus is a good approxima¬ 
tion to a plane wave which enables the interpretation of the data 
to be based on the idealized case of normal incidence of a uni¬ 
form plane wave on a plane, parallel, plasma slab. 

3. The use of several, adjacent independent beams, which is pos¬ 
sible owing to the field confinement, described in (1), enables 
the radial gradients of ionization to be determined. The 
measurement of the complex transmission coefficient of each 
beam has led to an accurate, unambiguous resolution of electron 
density, collision frequency and their spatial gradients, without 
any prior knowledge of these gradients or wake sizes. 

4. The use of probes at (at least) two frequencies has ensured 
adequate spatial resolution and a broad coverage of a range of 
ionization parameters. 

5. The focused probe has provided the basic configuration for the 
focused Fabry-Perot free-space resonator. This resonator has 
been demonstrated to have at least two orders of magnitude 
improvement in sensitivity over the focused probes. It is esti¬ 
mated that the focused resonator could be used to measure 
electron densities as low as l£)9e/cc, without any loss in reso¬ 
lution (see Ref. 23). 
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PART 11 
APPLICATION OF FOCUSED PROBE INSTRUMENTATION 

TO FLOW FIELD STUDIES 

The focused probe instrumentation is now virtually at the stage where 

detailed magnitude and spatial variations of ionization in the wakes of 

hypersonic projectiles can be made available on a routine basis. Some 

instrumentation improvements, which are mostly concerned with im¬ 

proving operating procedures and maintaining calibration accuracy, are 

now underway and are expected to be complete by the end of January 

1963. The 35 and 70 Gc probes have been used to observe a large num¬ 

ber of firings and most of this data has been processed to the stage 

where attenuation and phase for each beam, as a function of distance 

behind the body, is now available. The computer program by which the 

radial variation of ionization can be obtained is now being formulated 

and should be in operation in January 1963. The data that has been ob¬ 

tained will be tabulated together with comments concerning its quality 

and the status of data reduction. Some examples of each kind of data 

will be shown. 

35 Gc, FOUR BEAM, AMPLITUDE DATA 

Initial measurements were made with the above system. The investiga¬ 

tions were not systematic because most of these firings were for de¬ 

velopment purposes only. Consequently they will not be tabulated. 

However extremely interesting phenomena were observed and two ex¬ 

amples will be given (see also Ref. 24). 



In Fig. 1, the attenuation of the axial beam is shown in relation to the 

projectile. Two peaks of attenuation are evident. The first is due to 

the interruption of the microwave beam by the projectile which cut it off 

almost completely. The second was postulated to be due to high elec¬ 

tron density in the recompression zone. Later observations have con¬ 

firmed this to be correct, and it is believed that this is the first re¬ 

ported microwave observation of the existence of the recompression 

zone. It is worth noting that the upper trace represents the attenuation 

of a beam one inch off axis. The rapid radial decay of ionization is 

evident. The firing conditions for Fig. 1 are given in Fig. 2d. 

The existence of the so-called hollow-wake was noted in results ob¬ 

tained with this equipment. Examples are shown in Fig. 2. In all 

cases beam 3 (denoted by channel 3) intercepted the flow field along the 

axis. In Fig. 2a it should be noted that there is virtually no signal be¬ 

hind the projectile on beam 3. However, on beams 2 and 4, a small, 

but noticeable attenuation can be seen. One explanation of this observ¬ 

ation is that a hollow wake forms immediately behind the body. If the 

pressure is held constant and the velocity is increased this phenome- 

nom disappears and the recompression pulse can be seen again, as in 

Fig. 2b. These observations were repeated at different pressure and 

velocity conditions as shown in Figs. 2c and 2d. Careful inspection of 

Fig. 2d shows that the two peaks on beams 2, 3 and 4 are differently 

spaced. If these spacings are translated into distance and located on 

a shadowgraph of the model, the results shown in Fig. 3 are obtained. 

Here the X's indicate positions of peak attenuation on each beam. At 

that time, the wake shock was not visible and the lines indicating the 

recompression shock have been drawn through the X's. This would 

indicate an increase in ionization across the wake shock. 

0 
! 
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Figure 1 Attenuation of 35 Gc Beam by Hypersonic Wake
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Evidence for a hollow wake has also been obtained in two other different 

types of observation and will be briefly noted here. 

An open shutter photograph is taken of each firing, with the camera 

looking down range. An example is shown in Fig. 4, in which the firing 

conditions are similar to those in Fig. 2a. It is evident that the wake 

appears to be hollow. 

Image converterphotographs have been taken by STL. An example is 

shown in Fig. 5. The appearance of what looks like a hollow wake 

should be noted. 

In all of the firings noted above, the models were blunt-nosed cylinders 

made of plastic (HDPE) and undoubtedly ablated during flight. 

It is suggested that the hollow wake is simply due to ablation products 

pouring off the sides of the body into the wake. 

It is planned to investigate this phenomena further by comparing the 

data obtained from both non-ablating spheres and ablating bodies. 

70 Gc, SEVEN BEAM , AMPLITUDE DATA 

This data was collected by measuring the attenuation in each beam, 

after passage through the wake, of a seven beam, 70 Gc system. 

Each beam was roughly one quarter-inch in diameter and the beams 

were spaced one quarter-inch apart in the plane transverse to the 

flight axis. Once again no systematic investigations were carried out 

and consequently random examples of data will be given. 
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Figure 5 Image Converter Photograph of Model in Flight



It was of immediate interest to compare the resolution of this system 

with that of the 35 Gc probe. A typical result is shown in Fig. 6. 

In this case details of the flow field are visible in the shadowgraph and 

it can be seen that the second attenuation peak occurs very near the 

recompression zone. It should be noted that the recompression zone 

is quite clearly resolved, compared to that in the 35 Gc data (see 

Fig. 1). 

An unexpected feature of the recompression zone, which was revealed 

by this data, is its minute size. In many cases it was noted that 

where a recompression peak is noted on the axial beam, virtually no 

sign of it could be seen on adjacent beams, which are only one quarter- 

inch off axis (see Fig. 7). Additionally it was noted that where the 

model had an angle of attack, the recompression zone appeared to re¬ 

main on the axis of the model, rather than on the flight axis, exactly 

as though it were a tail attached to the body. However the transverse 

extent of the zone does appear to spread as a function of angle attack. 

These features can be seen in Fig. 8. 

35 Gc, FOUR BEAM, AMPUTUDE AND PHASE DATA 

This data, which is the first significant systematic data in that some 

meaningful interpretations can be made in terms of electron density 

and collision frequency, was obtained with a four-beam system. Each 

beam is approximately one-half inch in diameter and the beams are 

spaced one-half inch apart in the plane transverse to the flight direction 

The data has not been reduced to yield distributions, because it was 

felt that the four beams would not give an adequate number of data 

points in the radial direction. At a later stage three interlacing beams 

were added so that up to seven radial data points could be obtained. 
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ATTENUATION

♦
TIME

Transverse Microwave Probe: 
Results with 70-Gc/s System;
V=16,100 ft/sec, P = 106mmHg-Air 

Figure 6 Attenuation of 70 Gc Beam by Hypersonic Wake
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Bottom Trace: On axis
Top Trace: One quarter inch off axis
Sweep rate: 5 ^sec/cm
Round 405
10 mm Hg pressure
16, 500 fps velocity

Figure 7 Attenuation of Adjacent 70 Gc Beams by Hypersonic Wake
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Traces are for two adjacent beams one quarter inch apart.
Sweep rate; lO^sec/cm
Round 398
10 mm Hg pressure
14,000 t'ps velocity

Figure 8 Attenuation of Adjacent 70 Gc Beams by Hypersonic Wake 
Model with Angle of Attack



However even with the four beams tt was possible to obtain a good es¬ 

timate of radial ionization distributions and wake diameters. 

In Fig. 9, an example is shown in which extremely strong radial grad¬ 

ients are evident in the near wake. In Fig. 10, an example is given of 

the attenuation and electron density of an axial beam. The very different 

decay rate (compared to Fig. 9) should be noted. A further Interesting 

feature in Fig. 10, is that in the vicinity of the recompression zone 

the ampUtude of the transmitted wave Increases above unity. The only 

way that this can occur is for the dimensions of the zone to be appre¬ 

ciably smaUer than the beam size, which is consistent with data ob- 

tained with the 70 Gc system (see Fig. 6). 

A systematic study was carried out using copper-capped plastic models. 

The purpose was to investigate the radar absorption effect (Ref. 11) 

and because the velocities were low and were varied over a wide range 

at a fixed pressure, advantage was taken of these firings to investigate 

the onset of ionization and to determine the maximum useful sensitivity 

of the equipment. The results are shown in Figs. 11 and 12. In Fig. ll, 

trail length is shown as a function of velocity for two fixed pressures. 

At 10 mm Hg it is believed that the model was barely ablating, whilst 

at 100 mm Hg pressure it was most certainly ablating (it showed defi¬ 

nite signs of breaking up at the higher velocities). The 10 mm data 

shows a great deal of internal consistency. The onset of ionization (at 

an arbitrary electron density level) is accurately defined and two sets 

of data taken at widely different times agree quite well. This data is 

plotted in a different way in Fig. 12, to show the electron density de¬ 

cay along the axis. Corrections have been made to allow for the vari¬ 

ations in wake diameter as determined from the four beams. It will 

be noted that the data is quite consistent as a function of velocity. It 
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A EARLY FIRINGS 

0 RECENT FIRINGS 

10 MM PRESSURE 

• 100 MM PRESSURE 

VELOCITY (KFT/SEC) 

Figure 11 Onset of Ionization Behind Copper-Capped Models 
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Figure 12 Electron Density Decay in Hypersonic Wakes 
Behind Copper-Capped Models 

36 



is also worth noting that electron densities of the order of 10*°e/cc 

can be measured consistently. A number of inconsistencies can be seen 

in the 100 mm. data, which are undoubtedly due to uneven ablation of 

the model (see Fig. 11). 

35 Gc and 70 Gc, SEVEN BEAM, AMPLITUDE AND PHASE DATA 

Two seven-beam systems, in which the amplitude and phase shift of 

each beam is measured, are now fully operational. The ideal dispo¬ 

sition of the beams in the focal plane in relation to a hypersonic wake 

is shown in Fig. 13. The centers of the beams in one system intersect 

at the same radial positions as do the beam centers in the other system. 

The data obtained with the use of these probes has been tabulated in 

Table I. Rounds are listed in order of firing. The quality of the data 

and the status of the data reduction is noted alongside of each round. 

It will be noted that most of the data is reduced to the point where 

attenuation and phase per beam are available. The next step will be 

the reduction to yield radial and axial electron density and collision 

frequency gradients. 

The table has been broken down further into tables which are classified 

according to model type as follows: 

Table n Non-ablating copper sphere. 15 mm diameter. 

Table m Copper-Capped Standard Model. Nose radius 13 mm. 

Table IV Plastic Standard Model. Nose radius 13 mm. 

The rounds are listed in order of velocity for fixed pressures. 
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Samples of the partially reduced data will be shown to give some 

indication of the amount of detail revealed by the probes. 

The phase and amplitude changes on each beam in a typical 70 Gc 

observation are shown in Fig. 14a and b. The model and flow field 

are shown to scale as well as the position of the model in relation 

to the curves and the position and sizes of the beams in relation to 

the model. In this special case a number of noteworthy features 

are self-evident. Signal peaks on adjacent channels appear at 

different axial positions. This is undoubtedly due to the fine beams 

intersecting the ionized shock front at different times. For instance 

there is almost a model-length delay between beam 5 (axial beam) 

and beam 3 which barely intercepts the model. The radial varia¬ 

tion of ionization in the near wake is evident. An extremely inter¬ 

esting feature of this firing is that there appears to be definite 

evidence of precursor ionization (see Fig. 14b, beam 5). 

Additional examples of data are given in Figs. 15a and b and 

Figs. 16a and b. These figures are included to indicate the agree¬ 

ment obtained between the two systems on a given firing. 
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