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FOREWORD 

This report is one of a series of related papers covering various 
aspects of a broad program to investigate the flow-field variables 
associated with hypersonic-velocity projectiles in free flight under 
controlled environmental conditions. This research is being conducted 

in the Flight Physics Range of General Motors Defense Research 
Laboratories, and is supported by the Advanced Research Projects 
Agency under Contract No. DA-04-495-ORD-3567 (Z). It is intended 

that this series of reports, when completed, shall form a background 

of knowledge of the phenomena involved in the basic study and thus 
aid in a better understanding of the data obtained in the investigation. 

The material in the present report was originally presented as a 
paper at the Millimeter and Submillimeter Wavelength Conference at 
Orlando, Florida in January 1963. The work described was partially 
supported by ARPA under the above contract, but related company- 
funded rcearch work conducted at GM Defense Research Laboratories 

is also described in this report. 
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ABSTRACT 

V 

Strongly focused microwave beams are being used as a plasma diag- 

nostics tool In the determination of the magnitude and spatial distri- 

bution of lonlzatlon behind projectiles fired at hypersonic velocities 

into the controlled atmosphere of a flight physics range. The impor- 

tance of millimeter wavelength techniques for this purpose is stressed. 

The design philosophy of focused plasma probes is outlined and specific 

details of 35 and 70 Gc probes are given, together with some typical 

results. The conversion of such a probe into a free-space resonator 

in which the resolution is preserved, but in which the sensitivity is 

greatly Improved, Is discussed and some preliminary results are 

given. 
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SECTION  I 

INTRODUCTION 

Wakes behind hypersonic-veloctty prcijectiles in various atmospheres 
are of interest for a number of reasons. In particular, the ionized 
wake is important in radar tracking of such vehicles, whereas the 
near wake is important in evaluating the performance of communica- 
tion systems which are operated through the rearward aspects. In 
any situation it is important to be able to predict the magnitude and 
spatial distribution of wake ionization, characterized by electron 
density and electron collision frequency. 

The Flight Physics Range of General Motors Defense Research Lab- 
oratories (GM DRL) is currently employed in the study erf flow-field 
observables associated with hypersonic-velocity projectiles in free 
flight under controlled environmental conditions. The observations 
include the measurement erf thermal radiation from the body flow 

field and wake throughout the infrared, visible and ultraviolet parts 
of the spectrum, as well as direct measurement of the ionization 
properties of the body flow Held and wake. Focused microwave probes, 
which are used to measure the wake ionization, will be described in 
this report. 

Following a general outline of the method of operation, special features 
will be dealt with in more detail. These include the relevant properties 
of focused antennas, such as the spatial resolution, spatial energy 

L 
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distribution near the focus, and off-axis scanning behavior; the aspects 
erf interaction of electromagnetic waves with plasma which are appli- 
cable to the focused probe; and the circuitry required to measure the 
ionization parameters, including special phase-locked calibration 

circuits. 
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SECTION  II 

THEORY OF THE FOCUSED PROBE 

BACKGROUND 

The application of closed microwave ^avities and non-focused free- 
space microwave probes to the diagnostics of ionized hypersonic 
wakes leads to a number of disadvantages which limit their useful- 
ness. ^ '   In general, it is difficult to interpret the results unless 
the radial distribution of ionization is known. Even then, the solution 
to a difficult electromagnetic scaUering problem has to be obtained 

(2) 
and computed. 

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 smallest possible physical dimensions in the neighborhood of the 

ionized wake. Two main benefits derive from the use of such a system, 
if it is properly designed. Firstly, the energy can be so well concen- 
trated that a negligible part of it will bypass the wake;   consequently 
the transmitted signal may be treated, with excellent accuracy, as 
having all passed through the region of ionization. Secondly, in the 
immediate neighborhood of the focal plane, the constant-pha   i con- 

tours are planes which are approximately parallel to the fo. al plane. 
Under these conditions the measured signal which is transmitted 
through the wake may be interpreted in a reasonably simple manner, 

* Numbers in parentheses refer to references given at the end of 
this report. 



I 
11 
[! 

D 
! 

I 
! 

I 
I 
r 
i: 

r. 
I! 

U 
li 
L 

P63-217C 

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 

dimensions of the plasma and on the magnitude of the ionization 

propertied. On one hand, wakes with small diameters have to be 

studied with wavelengths so short that diffraction errors can be 

ignored. On the other hand, the corresponding microwave frequency 

has to be within at least two orders of magnitude of t^e plasma fre- 

quency 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 requirements are compatible. 

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

very little success has been reported in their application to plasma 

diagnostics. It is believed that they have been used at the Naval 

Research Laboratory and at the Applied Physics Laboratory of the 

John Hopkins University, although no published reference to this 

work is known to the authoi  . One-beam focused probes have been 

installed on the AVCO ballistics range but no results have been 
(3) reported.    ' More recently, interest in the focused probe has been 

shown among workers in the thermonuclear fusion plasma diagnostics 
(4) field. Extensive use of focused systems has been oroposed     but 

once again no results have yet been reported. Investigations of 

focused systems are now underway at Princeton and it has been 
(5) indicated      that large errors have been observed in the results 

obtained with the use of non-focused beams. 
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The present work on focused probes has been a continuous effort 

which started at the Defence Research Telecommunications Estab- 

lishment (DRTE), Ottawa, Canada, in 1958. Much of the early effort 

was devoted to detailed studies of the field distribution near the focus, 
(B) 

resolution properties, and transmission through a focused system. 

Although a great deal of theoretical and experimental work on focused 

antennas was available in the literature, the above investigations were 

needed since none of the publications covered apertures of unity focal 

ratio, which were adopted because of their possibilities for maximum 

resolution. This work culminated in a four-beam system which was 

placed in operation on one of the ballistic ranges at the Canadian 

Armament, Research and Development Establishment (CARDE), in 
(7) Canada.      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 analyzed and appeared to be excellent. 

The manner in which the focused probe is used in hypersonic wake 

diagnostics is illustrated in Figure 1. Dielectric lenses in the side 

walls of a two-foot-diameter section of the GM DRL Flight Physics 

Range are used to focus a microwave beam to the smallest possible 

dimensions on the flight axis. Two sets of lenses are used so that 

the transmission of the beam through the wake may be measuxcxv 

The magnitudes of electron density and collision frequency at any 

instant may be deduced from the measured amplitude and phase of 

the transmission coefficient. The axial variation of ionization is 

obtained as a consequence of the fact that the wake ionization is in 

motion past a stationary probe. The radial variation in ionization is 

obtained by using several adjacent, Independent beams   which lie In 
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a plane transverse to the flight axis. Each of these features will be 

discussed in more detail in subsequent sections of this report. 

FOCUSED ANTENNA 

The properties of the particular focused -ntennas which have been 

used at both DRTE and GM DRL have been descx ibv-u in >ome de- 
tail(l, 6,7 and 8)and only the main featurc^ wi1i be outlined here. 

Focused apertures with focal ratios of unity have yielded virtually 

theoretical performance in terms of spatial resolution. In practice, 

this means that most of the beam energy can be transmitted through 

a circular area in the focal plane, the diameter of which is about two 

wavelengths. Alternatively, two identical targets which are located 

in the focal plane may be resolved, p-c   'led that they are spaced 

one and a half to two wavelengths apart and that the illumination over 
(9) the primary aperture is suitably tapered. 

A theoretical analysis of the power flow between 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.   ' It is evident from the latter results, if interfer- 

ence 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 even when 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 
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beams through a single 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 interception of the ionized wake, and also to pro- 

vide information on radial variations of ionization. The CHRDE 
(7) system,v ' 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 GM DRL: one is a 35 Gc system 

which has seven staggered half-inch beams spaced one-quarter inch 

apart in the vertical direction; the other is a 70 Gc system which has 

seven adjacent quarter-inch beams, spaced one-quarter inch apart 

in the vertical direction (see Ref. 8). 

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. 

A great deal of the early plasma work was incomplete in that the 

measured data could not be resolved into the ionization parameters 

(electron density and collision frequency) without making many 

unjustified assumptions. For instance, many measurements have been 

and are being interpreted on the basis of a paper by Whitmer        in 

which it was shown that the average electron density can be derived 

from the measured phase of the transmitted signal and that the col- 

lision frequency can be obtained from a measurement of the attenu- 
(8) ation, provided that the plasma is extremely underdense.      It is 

also necessary to assume that the dimensions of the plasma are 

known and that the ionization is uniform. These assumptions are not 

L 
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(8) always valid, however, for it has been shown w that the underdense 

approximation has a much wider range of validity and, under these 

conditions, the plasma parameters may be derived from a measure- 

ment of the magnitude and phase of the transmitted wave. Conse- 

quently, in future discussions it will be assumed that a microwave 

ciröait, to be acceptable for use as a plasma probe, must at least 

have provisions for the measurement of both amplitude and phase of 
the transmitted signal. 

In reality, any circuit which can be used to measure both the ampli- 

tude and phase could be considered for plasma studies. Provision has 

to be made for the fact that, in ballistics range work, fast transient 

measurement and recording of the signals is required. 

A circuit which has been widely used in a variety of applications for 

the measurement of the magnitude and phase of the received signal 

is the so-called phase-quadrature circuit. The input signal in this 
circuit is split into two Identical channels, each of which includes a 

mixer crystal. The crystals are fed with Identical portions of the 

original transmitted signal, except that a 90° differential phase shift 

is introduced between them. This reference signal level is adjusted 

so that each crystal operates as a linear autodyne detector. Under 
these conditions, the mixer outputs are 

A sin <p   and   A cos <p 

where A is the change in signal amplitude and ^ is the change in sig- 

nal phase. It is evident that A and 9 can be determined from the above 
equations. 
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The sensitivity of the abowe circuit can be improved by the introduction 
o^ an offset IF frequency, but this requires the use of IF amplifiers 

with exceptional phase linearity. Because of this added complexity, 
the simpler circuit in which the input and reference signals have the 
same frequency was developed at GM DHL and is now operational. 
This circuit has given excellent performance and is believed to be one 
of 

(8) 

the simplest available. 

Since it was recognized from the beginning that the above circuit 
would require fairly extensive development work, it was decided to 
temporarily 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 extremely useful as a guide to the type of 
signal to be expected and might also shed some light on the ionization 
Phenomena. 

Oi\ß of the simplest such circuits is the one for amplitude measure- 
ments only. It has been widely used at DRTE (CARDER7'and at 
Gifl DHL.      Its greatest virtue is simplicity, in that only a single 
defector 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^' that attenuation 
is a function d both electron density and collision frequency, and they 
cannot be resolved separately without the use of additional information. 
Nevertheless, a great deal of data has been obtained concerning radial 
and axial variations of ionization. ^ ' 

Another simple circuit which has been widely used is the one described 
by Whitmer which was mentioned earlier. In this circuit a single-channel 

10 
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receiver detector is biased with a part of the transmitter signal. The 

output will then be of the form Asin ^ (the notation is the same as 

used in a previous paragraph) and, without additional information, 

A and v cannot be resolved. However, if it is assumed that there 

is no change in A (collision frequency neglected), then V may be inter- 

preted in terms of electron density. A separate amplitude measure- 

ment must be made in order to determine the collision frequency. 
(7) This circuit has been used in range work     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.      ' In the RCA 

circuit, fixed probes are inserted in the signal waveguide for the 

derivation of A sin vand A cos <p . These two signals are fed into the 

X-Y amplifiers of an oscilloscope to givfe 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 MIT's 

Lincoln Laboratories^ ' for several years. These systems appear to 

have excellent performance in ballistic range work, but in general 

they include an IF loop and consequently are that much more compli- 

cated than the GM DRL system. 

11 
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THEORY OF INTERACTION OF PLANE WAVES WITH PLASMAS 

The interaction of an electromagnetic wave with an ionized wake will 

be considered in three parts. First, the geometry of the situation will 

be taken into account to show that the wake may be considered, to a 

good approximation, as a plane parallel slab in the field of uniform 

plane waves. Second, the desired perturbation of the wave caused by 

the plasma, namely attenuation and phase shift without significant 

deformation of the wave front, will be discussed. Finally, undesired 

perturbations such as refractive effects which cause serious deform- 

ation of the incident wavefront will be dealt with. 

Plane Geometry Approximation 

Ac indicated previously, the phase fronts of the incident wave are 

approximately plane in the vicinity of the focus. Consequently the 

focused field may be treated as a plane wave, provided that the size 

of the wake is confined to the plane phase front region. Since the am- 

plitude distribution of the focused field in a plane of constant phase is 

non-uniform, the wavelength is longer than the free-space wavelength, 

which means that a correction would have to be applied if the focused 
(12,8) 

field were regarded as a uniform plane wave. Indications are 

that the average wavelength of the focused field is about 8% longer 

than the free-space value, and corrections should presumably be 

applied to the measured effective dielectric constant as in waveguide 

measurements of dielectric properties. However, a direct treatment 
(13) of the problem by Northover       has shown for an underdense plasma 

that the phase shift and attenuation of the focused wave after passage 

through a plane slab of plasma at the focus is identical to that which 

would be suffered by a uniform plane wave. 

12 
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Since most wakes of interest are cylindrical, this case should be 

considered. However, it has been indicated that with strong focusing 

the beam size can be made significantly smaller than the wake size; 

under these conditions the section of wake intersected by the beam 

can be treated as a plane slab. 

Interpretation of Transmission Coefficient 

The transmission of a plane wave through a plane slab can be char- 

acterized by the transmission coefficient, T.   If A   is the amplitude 

of the transmitted wave in the absence of a plasma slab and A is the 

corresponding amplitude in the presence of the slab, and if (p is the 

phase difference between these two waves, then 

T   =-4- expuv)') (1) 
Ao 

Equation (1) can be written in terms of the plasma properties and 

takes on a particularly simple form if the following approximation is 

made: 

("/")' 

1 - jd' /u.) J   c 

<<1 (2) 

Then, 

T = exp -5 — q   exp 
m     1 + (v /14    X c 0 

(U>   W) IT 

j     p    a -d 

1 + (v Ml    Ao 
(3) 

or 

T =  exp f-   adj.   expf j /3 d (4) 

13 
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where 

(5) 

ß = 
(y*)' 

u{vc/<4 2 (6) 

0) = 
p 

w = 

\ = 

electron collision frequency 

angular plasma frequency 

angular probe frequency 

free-space wavelength 

d    = plasma thickness 

From a comparison of Eqs.  (1) and (4), it follows that 

ad = l0«e IT e     o 

^d  = V 

(7) 

(8) 

These equations are particularly simple, since A/A and <p' are quan- 

tities that can be measured directly. The plasma parameters (<•»/«« 

and v /<*) may then be obtained in terms of the measured quantities, 

A, A   and«>.   For example. 

i        A 
l0ge^ c 

Substitution <äV/<* into (5) and (7) and into (6) and (8) will determine 

(*/«•*. 

14 
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Determination of Radial lonization Gra<ttents 

It was evident (from both 35 and 70 Gc focused-probe amplitude re- 

sults) that strong radial ionization gradients appeared to exist in the 

wakes of projectiles of interest and that steps would have to be taken 

to determine these gradients.   Two methods are being investigated. 
(8) In the first method, v ' the transmission results obtained with an ar- 

ray 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 

corresponds to the number of beams in the array, and with a suffi- 

cient number the ionization profile can be determined with adequate 
(14   ''S) accuracy.   In the second method,ZivanovicK    '     ' has attempted to 

solve this problem rigorously by assuming various electron density 

gradients with constant collision frequency in parametric form and 

then computing the transmission coefficient.   In the case of an expo- 
(15) nenüal gradient within a finite slab a rigorous solution was obtained,      ' 

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. 
(14) Instead, a numerical method was developed by Zivanovic x    ' for the 

purpose of computing the transmission coefficient.   Detailed compu- 

tations have been completed for parametric forms of both exponential 

and parabolic distributions of electron density within a finite slab. 

♦After this work was completed, a similar method'    'appeared in 
print.   Hüs 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 
coefficients, which are computed.   The description by matrix co- 
efficients permits a great deal of flexibility, since more complicated 
cases such as composite slabs can be treated by algebraic manipu- 
lation of the matrix coefficients (see Ref. 14). 
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By a process of trial and error the measured transmission coefficient 

of each beam could be matched to some particular parabolic distri- 

bution.   Computing programs are now being set up by which the 

radial distribution may be calculated from the measured transmission 

of each beam according to either method. 

Refractive Effects 

In the foregoing arguments it has been assumed that although a 

cylindrical ionized column is present in the focal region, it would not 

perturb the field distribution that would exist if the column were absent. 

These arguments have been concerned with minimization of diffraction 

errors and the idealization of the actual illumination in the vicinity 

of the plasma, all based on geometrical consideration.   However, a 

real plasma can result in major perturbatio» of the focused field. 

The main desired perturbation is in the transmission coefficient, 

from which the plasma parameters may be determined.   However, 

an undesired perturbation could be caused by refractive effects, which 

would result in deviative absorption, or de-focusing.   Since the latter 

effects would be extremely difficult to interpret, it is important to 

determine the conditions under which refraction would be negligible. 

With this in mind theoretical studies have been carried out. ^l3'      ' 

Two distinct cases have been examined.   In one case^    'a finite slab 

of uniform plasma is located about the focal plane.   It is found for an 

underdense plasma that the transmission coefficient is identical to 

that which would be obtained for uniform plane-wave incidence on the 

same slab.   This result is remarkable in that the non-uniform nature 

of the incident wave and the variation of wavelength are inherent in 

the analysis.   It is a straightforward justification ot the assumptioii 

16 
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asserted previously that the waves which propagate through the plasma 
(17) are plane waves.   In the second case,      ' the effect on the transmitted 

wave of a uniform cylindrical column with its axis in the focal plane 
is determined.   Closed-form solutions are obtained and can be 
interpreted fairly simply, either for very small cylinders or for 
large cylinders (say D> 10 A).   For small cylinders, the transmission 
coefficient can be related to the plasma properties, but not in the same 
way as for a slab.   For large cylinders (greater than 10 X) the results 
reduce to those for a slab.   For intermediate sizes die results are 
more complex, but they can be computed in any given case. 
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SECTION Ml 

EQUIPMENT DETAILS 

SELECTION OF OPERATING FREQUENCY 

The selection of frequencies Is governed to a large extent by the 
electron densities that are to be expected In the wakes of hypersonic 
projectiles, fired under conditions representative of those experienced 
during ICBM reentry. The maximum electron densities to be expected 
during reentry are of the order of 1016 "    e/cc, and the lowest of 

8   9 Interest are about 10  "  e/cc. The corresponding plasma frequencies 
8-9 

are of the order of hundreds of megacycles per second (10      e/cc) to 
frequencies which have free-space wavelengths well Into the sub- 

milllmeter band. 

Musal ^18^ has estimated electron densities In the far wake over a wide 
range of conditions, from which It Is possible to determine the effective- 
ness of a particular frequency In the measurement of wake electron 

densities. An example of such a calculation Is shown In Figure 2, In 
which the effectiveness of a 35 Gc probing frequency Is Illustrated. 
The maximum measurable density Is determined by the condition that 

13 the plasma frequency be 35 Gc, I. e. (N )   ♦ 1.5 x 10   e/cc. If the 
underdense approximation Is used, this density has to be reduced by a 
factor of 10. The mlnlmuif measurable density is a strong function of 
the sensitivity of the measuring device, and for the equipment to be 
described, It was found to be about 10   e/cc. Additional practical 
experience has shown successful probe operation into the far left of 

18 
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the diagram (Figure 2), which indicates that the estimates of wake 

densities in Reference 18 are too conservative. This is not too 

surprising in that Musal's analysis does not predict the diameter of 

the wake, nor the distance behind the projectile at which far wake 

conditions prevail. However, it is clear from Figure 2   that fre- 

quencies of the order of 35 Gc and higher would be extremely useful 

for wake studies. 

The choice of frequency is also governed by the spatial resolution 

required, which in turn is determined by the model size. For 3/4 

inch-diameter models, which are of current interest, resolutions of 

no more than 3/4 inch are desirable. The arguments outlined in 

Reference 8 lead to the conclusion that wavelengths In the millimeter 

range would be most useful in the production of beam dimensions of 

this order. For instance, a frequency of 35 Gc would result in 

achievable resolutions of about 1/2" to 3/4". A frequency of 70 Gc 

would increase these resolutions by a factor of two. 

A combination of these factors leads to a selection of frequencies of 

35 Gc and higher. At this time, systems have been developed at GM 

DRL which use 35 and 70 Gc, the precise values having been dictated 

by the availability of commercial equipment. Experience has shown 

that with this choice electron densities in the range 10    -10    e/cc 

can be measured with ease. Trail diameters for which ionization 

parameters can be measured accurately are: 

35 Gc : 

70 Gc : 

O.lSt DT< 4" 

0.38' ̂ <J^ < 2' 

20 
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The minimum figures are determined by the above considerations 

whereas the maximum values follow from "depth-of-focus" considera- 

tions.(8) 

FOCUSED ANTENNAS 

In the present instance, a focused microwave beam is produced by 

inserting in the path of radiation a plastic lens which has a spherical 

phase front. A small conical horn is used to illuminate the lens (see 

Figure 3). The lens is constructed of low-loss polystyrene and con- 

sists of two identical plano-convex sections. The function   of the 

curved surface opposite the feed horn is to convert the incident 

spherical wavefront into a plane wavefront. The second section of the 

lens is used to convert the plane wavefront into a spherical wavefront 

which converges towards the focal region. For simplicity in con- 

struction the feed distance and focal length are made to be equal, 

since this results in a symmetrical lens. 

The focal ratio of the lens is unity in order to produce the smallest 

focused-beam size. At the same time the illumination across the 

lens is tapered, so that maximum collimation of the energy in the 

focal region may be achieved. The optimum taper has been obtained 

by using a small conical feed horn with the correct aperture-to- 

length ratio. It should be noted that this does not result in an optimum- 

gain horn, since the antenna system does not have maximum gain for 

the aperture size chosen. However this disadvantage is more than 

offset by the optimum collimation available. 

Because the dimensions of the focal region are comparable to those of 

available pick-up antennas, the measurement of the properties of the 

21 
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focal field Is an extremely difficult task, and will not be dealt with 
in detail here. In brief, the field distribution in the focal region was 
obtained by measuring the backscatter    from metallic spheres, very 

much smaller than the wavelength (about 1/5   X), which were made 
to traverse the focal region. An example of the measured field 
distribution in the focal plane is shown in Figures 4 (amplitude) and 
5 (phase). The resolution of the lens was determined by passing two 
identical small spheres through the focal plane for various spacings 
between the spheres. The results are shown in Figure 6. Where the 
spheres are separated by more than a beamwidth, the field distribution 
in the focal plane is traced out by each sphere. As the spheres are 
placed closer together the two patterns ultimately overlap. An 
arbitrary criterion for resolution Is taken to be the condition that two 
Identical objects In the focal plane produce field patterns which overlap 
at the 3 db points. It can be seen, for the 70 Gc results shown, that 
the resolution Is about 1/4", which is in good agreement with pre- 
dictions based on the theoretical antenna pattern. 

The manner In which the lens system shown In   Figure 3 Is utilized to 
construct a plasma probe is depicted In Figure 1. Identical lenses and 
feed horns are used for both transmission and reception. Each lens 
Is mounted In the side of the two-foot-diameter section of the Flight 
Physics Range and forms an airtight seal with the range. The physical 
advantage of using a horn-lens combination rather than, say, an 

elliptical reflector Is evident from this diagram. 

The power transmission through the system Is specified In terms of 
the Insertion loss. When the feed horn Is located on axis, the Insertion 
loss has been found to be about 10 db, or 5 db per lens system, at 

23 
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Figure 6   70 Oc Probe Resolution Measurements 
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both 35 L ,d 70 Gc. The loss can be reduced to about 3 db per lens by 

matching each curved surface. The residual loss (3 db per lens) is 

inherent in the lens-feed system and cannot be reduced without interfering 
with the collimating properties. 

If single on-axis feed horns are used, the resulting focused beam will 

intercept some part of the flow field. In order to cover the major part 

of the flow field in the radial direction and also to allow for some 

dispersion in firing, it has been necessary to employ several adjacent 

beams, provided for by separate off-axis feed horns.   The off-axis 

scanning properties of the system were investigated by a measurement 

of the transmission of a single beam, where the feed horns (trans- 

mitter and receiver) were moved in unison in a direction transverse 

to the axis. It was found that the horns could be moved about one 

inch off axis without any appreciable decrease in transmission (see 

Figure 7). Consequently, separate beams could be produced by 

locating additional pairs of feed horns, one on the transmitter side 

and the other on the receiver side, anywhere within a one-inch-radius 

circle, centered on axis. In general, the spacing between feed horns 

is made equal to the spatial resolution. Feed horns are stacked in a 

vertical plane normal to the flight path, and the polarization of 

adjacent channels is alternated in order to minimize cross-coupling 

between channels. The present disposition of the 35 and 70 Gc system 
beams in the focal plane is shown in Figure 8. 

OVERALL SYSTEM DESCRIPTION 

Seven-beam 35 and 70 Gc probe systems are now in use. The *»•'• horns 

are arranged to produce the disposition of beams in the focal plane as 

27 
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shown in Figure 8. Since both systems are Identical in all essential 
details, the following description will be of one system only, namely 
the 35 Gc probe. 

A schematic of the circuitry associated with one beam in the 35 Gc 

probe is shown in Figure 9. Tart of the transmitter signal is beamed 
through the lens system to the receiver circuitry, while part of the signal 
is fed directly through a waveguide to the receiver as a reference 

signal. The level of the reference signal is very much greater than the 
signal transmitted through the lens system and this causes the receiver 
diodes to be biased so that they may be operated as autodyne mixers. 
The signal in each transmitter beam is split into two branches and 
is combined with the reference signal in the mixer diodes. By 
shifting the phase of thp reference signal in one of the branches by 
90 , two quadrature coni; - xnts of the transmitted signaJ are 
obtained. The absolute phase, that is the angle between the signal and 
reference phasers, is set to the desired initial value by adjusting the 
phase shifter In the common reference line. With the correct initial 
conditions, the demodulated output can be expressed as A(t)sinv(t) 
and A(t)cosp(t), where A(t) and <p(t) are the time-varying amplitude 
and phase respectively of the transmitted signal. The amplitude and 
phase can now be derived explicitly, the former as the square root 
of the sums of squares of the output and the latter as the arc tangent 
of their ratio. The desired initial conditions are set accurately before 
each firing with a special calibration method, described in the 
following section. 
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CALIBRATION 

The essential requirement of calibration is to set the initial phase 
and amplitude conditions to give a suitable display which can be 
readily analyzed.   The relative phase of the signals in the branches 
of a given channel must be set in quadrature to obtain the sine and 
cosine components of the output signal; also, the sine and cosine 
components in all the channels must have the same phase relation- 
ship with respect to the reference signal.   The absolute phase <p0, 
that is, the arbitrary phase between the transmitted signal vector 

and the reference vector, must be set to some convenient value 
which we choose to be (2n-l) t radians. The amplitude A   must also 
be set for all channels to give a known deflection on the oscilloscope. 

The quadrature phase and amplitudes are set by the use of a cali- 
brator signal source which is phase coherent but offset in frequency 
from the transmitter source by a small amount, say 1 Mc.   When 
this calibrator signal, which is set to the same power level, is 
substituted for the transmitter signal going to the feed horns while 
part of the transmitter signal source is still used for the phase 
reference signal, the output is a simulated pure phase shift which 
is changing linearly with time.   This CW signal is readily displayed 
and permits adjustment of the peak-to-peak deflection (2 A ) and 

the quadrature phase. 

The absolute phase <p   is set by periodically cutting off the transmitter 
signal to the feed horns.   The outputs on the sine ami cosine displays 
are rectangular pulses whose amplitudes depend on the value of a . 
For ^ = n f radians, the magnitude of deflection is zero in the sine 
component and is A   in the cosine component.   <p   is set at (2n-l)ff 
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radians by observing the polarity of the deflection In the cosine channel, 
A ferrlte modulator having a high on-off ratio, placed In the common 
line to the transmitter feed horns, Is used to amplitude-modulate the 

transmitter signal. 

Description of Calibrator 

The generation of the calibrator signal is based on the use of another 
klystron which is phase-coherent to the transmitter klystron but 

(8) offset from it by a small difference frequency. 

The operation of the circuitry is best described by referring to 
Figure 10.   A reference signal from the transmitter klystron is used 
to generate a single sideband signal.   As 30 Mc IF amplification is 
used In the phase-locking loop, the sideband modulator is set at 30 
Mc + Af, where Af is the desired difference frequency between the 
transmitter and calibrator klystrons.   For the 35 Gc system, the 
upper sideband (35 Gc -i- (30 Mc + Af) } is mixed with the output of 
the calibrator klystron in a balanced mixer.   When the frequency of 
the calibrator klystron is at 35 Gc + Af, the mixer output is 30 Mc. 
The amplified 30 Mc signal is compared with a 30 M^ reference 
signal in a phase detector.   The output voltage from the phase detec- 
tor is applied to the repeller of the calibrator klystron to keep it 
phase-locked at 35   Gc  + A f.   As the modulator which drives the 
single sideband generator can be varied in frequency, Af can be 
varied from 0 to 10 Mc.   This feature makes it possible to make a 
rapid and accurate overall check of the frequency response of the 
receiver and recording equipment. 
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RANGE INSTALLATION OF FOCUSED PROBE 

Each probe is constructed as a module.   The lenses are mounted in 

the sides of a two-foot-diameter, removable section of the Flight 

Physics Range.  All associated waveguide is rigidly mounted on the 

module.   This form of construction has permitted the entire probe 

unit to be assembled and tested in the laboratory.   The completed 

unit is then installed on the range. 

The 70 Gc module is shown in Figure 11, and the 35 and 70 Gc probes 

are shown installed on the Flight Physics Range in Figure 12. 

RESULTS OBTAINED WITH FOCUSED PROBES 

Many firings have been observed with the equipment described above. 

The analysis of the reduced data from the firings will be published 

elsewhere, however it may be instructive to include here some data 

which is indicative of what may be obtained with the use d these 

probes. 

Attenuation of a 35 Gc beam through a particular wake is shown in 

Figure 13.   The first peak of attenuation is due to the passage of 

the projectile through the beam.   The second peak is due to intense 

ionization in the flow-recompression zone immediately behind the 

projectile.   A similar result is shown in Figure 14 for a 70 Gc beam. 

Here the improved resolution which results from the use of the 

higher frequency is evident.   These two figures are examples cf 

what are believed to be the first microwave measurements which 

have confirmed the existence of intense ionization in the recompres- 

sion zone behind blunt hypersonic projectiles. 
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An indication of the radial variation of Ionisation behind hypersonic 
projectiles is given in Figures 15 and 16, in which are shown 

attenuation and phase shift of each beam in the seven-beam 70 Gc 
probe.   It will be recalled that adjacent beams are only 1/4" apart 
in the radial direction. 
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SECTION IV 

FOCUSED RESONANT PROBES 

The measurement (rf low electron densities in hypersonic wakes in 

free flight ranges has been a difficult problem.   The use of appro- 
priate low frequencies, which has been widely exploited, has pro- 
vided adequate sensitivity but has resulted in very poor spatial 
resolution.   For many experimental observations, the best resolu- 
tion available is inadequate.   In any case the resolution applies to 
axial variations in density only.   To date no demonstrated method 
of measuring radial density gradients with low-frequency techniques 
has been demonstrated.   Low frequencies imply wavelengths much 

greater than the effective diameter of the wake. 

The use of millimeter wavelengths has provided adequate spatial 
resolution both radially and axiaily, but sensitivity is limited.  For 
instance, with maximum gain the 35 Gc probe can be used without 
difficulty to measure electron densities as low as I010e/cc.   It was 
indicated in the previous section that this is adequate for many 
studies.   However, additional sensitivity is essential for some wake 

measurements, especially at extreme altitudes. 

Investigations have been made to examine techniques which preserve 
the resolution of the 35 and 70 Gc probes but which are orders of 
magnitude more sensitive.   Results of some preliminary experiments 
on a focused resonator which offer a significant improvement in 

sensitivity are now discussed. 
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In the simple focused probe the minimum electron density that can 
be measured Is determined by the smallest measurable phase shift. 
If the wave could be made to pass through the trail many times, then 
the resultant phase shift would be many times that of the direct phase 
shift.   An effective way of achieving this is to locate the trail at the 
focal point of a focused, free-space resonator.   The proposed 
resonator is shown in Figure 17.   The configuration is essentially 
that of the transverse probe except that two thin, perforated, spherical, 
metallic plates which have very high reflectivity have been added. 
It was argued that, by analogy with the classical parallel-plate 
Fabry-Perot resonator, this device would resonate for some crit- 
ical frequency and plate spacing.   The Q was expected to be very 
high and the resolution in the focal plane was expected to be better 
than for the nonresonant probe.   Such a system, in which the mechan- 
ical tolerances are extremely severe, has been constructed and 
tested with satisfactory results. 

While construction was 't oceeding, a simple alternate form of the 
resonator was operated successfully.   This is shown in schematic 
form in Figure 18.   Two flat, perforated, metallic plates are 
located between the two halves of each focusing lens in an existing 
focused probe.  It was realized that the inside sections at each 
dielectric lens would be inside the cavity and this would cause a 
serious deterioration of Q.   However, since the cavity was able 
tobe assembled from available equipment, it was studied.   The 
frequency of the incident wave is varied linearly and both reflection 
and transmission were measured.   Resonance was easily detected, 
and a typical example is shown in Figure 19.   For these conditions 
it was found that the Q was about 5,000.   Of more importance, it 

44 



0 
0 
i: 
i 
i 
i 
i 
i; 

i 
D 
r 
i 

i 

i, 

i: 

(_ 

TR63-217C 

tfHMICAl f AMY MiOT PlATIt 
FOCUSING LENS -7     (TMIM PMrOiATIO MITAUIC FOCUSING LENS 

Figure 17    Proposed Focused Resonator 
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Figure 18    Alternate Form of Focused Resonator 
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was found by experimenting with polyfoam that dielectric constants 
equivalent to electron densities of about 109e/cc could be measured. 

In the above method of measuring dielectric constant, the shift in 
resonance frequency due to the presence of the dielectric is detected. 
The shift corresponding to 109e/cc is about 0.5 Mc.   More sensitive 
techniques of measuring dielectric constants with this cavity are 
available and are being investigated.   It is anticipated that in con- 
junction with one of these methods the first form at resonator shown 
will provide a sensitivity approaching 108e/cc. 

Preliminary results on the spherical resonator show that Q's of 

about 100,000 can be achieved at 70 Gc, with the reflectors located 
on a ten-inch-diameter circle.   A typical result is shown in Figure 
20.   The transmission curve is seen to be much "cleaner" than that 
shown in Figure 19, which may indicate that spurious resonant 
modes are virtually absent. 

Details of the reflector plates mounted in a focused-probe module 
are shown in Figure 21. 
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a. Top Trace. 
Reflection:     Fabry-Perot mode superimposed on mode of 

cavity with a Q  of 1300. 
Time base.   500 >i sec/cm. or 22. 4 a sec/Mc 

b. Transmission through Fabry-Perot as a Function of Frequency. 
Time base.   10 ^ sec/cm or 22. 4 u sec/Mc. 

Note:   Vertical scale not linear.   Q was measured at half-power points using 
an attenuator and was found to be about 100, 000. 

Figure 20    Focused Resonator. Typical Results 
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