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abstract 

Analytical and experimental studies are described of phenomena 

associated with the interaction of microwave radiation with the aerodynam- 

ically generated plasma surrounding a hemisphere-cylinder model in the 

CAL High Energy Shock Tunnel. The report is an interim report on 

continuing studies. 

The program consisted of three parts, namely, (1) measurements of 

the changes in antenna radiation patterns at C-band (4. 25 GHz), (2) an 

investigation of antenna breakdown, and nonlinear signal transmission effects, 

at S-band (2. 7 GHz), and (3) measurements of the coupling between two 

antennas at S-band. 

Nonequilibrium flow field calculations are discussed which describe 

the plasma properties in the vicinity of the antennas on the model. 

Analytical calculations have also included the computation of the complex 

transmission and reflection coefficients for microwave propagation through 

the inhomogeneous afterbody shock layer plasma. 

A Phase I series of experiments measured the effect of the hyper¬ 

velocity plasma on the radiation pattern of a C-band transmitting antenna 

located on the model cylindrical afterbody. Measurements of signal 

attenuation were made at four locations in the roll plane about the model 

at angular positions up to 90* from the normal to the waveguide antenna 

aperture. The measurements indicated an increase in the signal attenuation 

with angular departure of the receiving antenna from the aperture normal. 

A Phase II experimental program investigated nonlinear interaction 

effects due to propagation of variable high power S-band pulse radiation 

through the afterbody shock layer plasma. These latter tests also included 

measurements of the effect of the plasma on the coupling between two 

adjacent S-band antennas. While the coupling measurements were success¬ 

ful, no nonlinear interaction effects were observed at the Phase II antenna 

power levels, prunarily as a result of high power reflection due to plasma- 

induced antenna mismatch effects. Breakdown and coupling studies are to be 

continued at considerably higher power levels in a Phase III test program. 
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I, INTRODUCTION 

This is an interim report on continuing analytical and experimental 

stuaies of the interaction of microwave radiation with the aerodynamically 

generated pure-air plasma surrounding a hemisphere-cylinder model in the 

CAL High Energy Shock Tunnel. The intention in these studies is to provide 

further insight into microwave-plasma interaction phenomena which charac¬ 

terize electromagnetic radiation from simple waveguide antennas on a hyper¬ 

velocity vehicle. In particular, the phenomena investigated were changes in 

antenna radiation patterns, antenna reflection coefficient (magnitude only), 

mutual coupling between two antennas, and nonlinear plasma-microwave 
signal interaction effects. 

While laboratory gas discharge experiments can be designed to produce 

plasmas possessing electron number densities of interest and can yield 

useful results, the interaction phenomena mentioned are very dependent 

upon the thermodynamic state of the plasma, and experiments under high 

enthalpy flow conditions are necessary to ensure a reentry type flow environ¬ 

ment around the body - ;*n environment characterized by a high velocity of 

the plasma over the antenna. The reentry situation is further characterized 

by gradients in the electron number density and collision frequency both in 

the stream direction and in the direction normal to the body surface, and by 

the presence of a boundary layer growing along the body surface, which engulfs 

the high temperature (high electron density) streamlines which passed through 

the strongest portion of the bow shock wave. The engulfed entropy layer flow 

then contributes to heat transfer to the body surface at the expense of peak 

electron density level in the inviscid plasma flow. Ideally, all these factors 

must be present in an experimental plasma environment to best ensure a 

reasonable interpretation of actual flight microwave transmission behavior 

based on the results of facility experiments. It -’s reiterated, however, that 

the present studies were concerned with a pure-air plasma. The effects of 

ablation on microwave transmission were not included in the analysis and 

experiments. Actually, in the reentry case, ablation products may signif¬ 

icantly alter the microwave properties of the plasma and a more complete 
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understanding of transmission problems in the reentry case must eventually 

require the inclusion of such effects. 

The aims of the present program were first, to continue previous 

antenna radiation pattern studies under pure-air conditions (Reference 1) 

at C-band in the new High Energy Shock Tunnel, which provided a dielectric 

test section specially designed for the performance of microwave-plasma 

interaction studies, and secondly, to extend the interaction studies to higher 

power levels to investigate nonlinear propagation and breakdown phenomena. 

While not included in the original program plan, these latter studies were 

also extended to include measurements of the effect of the plasma on the 

coupling between two adjacent antennas. 

Theoretical studies included the computation of the effects of non¬ 

equilibrium in the tunnel freestream, nose region and afterbody flow fields, 

and of the complex transmission, reflection, and absorption coefficients for 

microwave propagation through the afterbody shock layer plasma. 

The theoretical studies are discussed in Section II, and the details of 

the test facility, microwave environment, and instrumented model are 

described in Section III. A description of the microwave instrumentation 

pertinent to the pattern shift and breakdown experiments is presented in 

Section IV along with the details of the actual experiments and the experi¬ 

mental results. 



II. THEORETICAL CALCULATIONS OF THE ENVIRONMENTAL FLOW 

FIELD AND ELECTROMAGNETIC INTERACTION EFFECTS 

2. 1 Introduction 

Basic to the understanding and interpretation of experimental 

measurements of microwave transmission effects in a plasma is the analytical 

description of the gasdynamic, chemical, and electrical properties of the 

flow in the region of interest. In essence, the important parameters in the 

present study are the shock layer electron number density and collision 

frequency profiles at the antenna locations on the model. However, in order 

to provide an accurate analytical description of these parameters in flows 

appropriate to experimental studies at high total enthalpy levels, calculations 

must include the consideration of nonequilibrium effects which arise as a 

result of shock-induced processes in the flow around the body as well as 

those which are peculiar to the test environment itself. Particularly, in the 

shock tunnel, since the relative motion between the body and the freestream 

is generated by the expansion of shock-processed test gas from an initial 

(reservoir) state wherein the gas is appreciably dissociated and partially 

ionized, the cumulative effects of nonequilibrium require that we consider 

the solution for the nonequilibrium state of the entire How from the moment 

the gas starts to expand into the nozzle, down to the model freestream, into 

the body nose flow region and through the expansion to the afterbody flow 

region in order to arrive at predictions for the electron number density and 

collision frequency in the vicinity of the antennas. Accordingly, a brief 

description is first given of the method of flow calculation in each of these 

regions prior to a discussion of the calculation of microwave propagation 
through the prescribed afterbody plasma. 

The required flow field solutions are accomplished by means of 

computer programs which have been developed at CAL2, 3’ 4 for the calcula¬ 

tion of internal and external flows undergoing coupled finite-rate chemical 

and ionization processes. In describing such nonequilibrium flows, an 

8-species air model, including only the NO+ ion, has been assumed with 
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adjustments between the species concentrations determined by 11 chemical 

reactions. The single reaction controlling the plasma electron concentration 

is the efficient binary process NO+ + e’^± N + O. The reaction kinetic data 
2 5 employed in the flow field calculations are presented in Table 1. ’ 

2. 2 Nonequilibrium Nozzle Flow 

The effect of chemical nonequilibrium on the inviscid one-dimensional 

expansion of the reservoir gas in a hypersonic nozzle is computed by 

numerical integration of the governing chemical and fluid flow equations. 

The rotational, vibrational, and electronic degrees of freedon are assumed 

to remain equilibrated throughout the expansion and only the interchange of 

chemical energy with the flow process is considered. The program requires 

the specification of the initial equilibrium reservoir state (temperature and 

pressure) for the chemical system and the prescribed local to throat area 

ratio vs. axial distance distribution for the particular nozzle. 

The theoretical species distributions for a pure airflow expansion 

in the hypersonic nozzle used for the work reported herein are shown in Fig. 1. 

The reservoir conditions assumed were those of the actual experiments to 

be described. The figure illustrates the considerable departure from compo¬ 

sition equilibrium in some species, including electrons, occurring in the 

nozzle freestream for conditions typical of high enthalpy shock tunnel opera¬ 

tion. While the dissociation energy of nitrogen is completely recovered in 

the expansion because of the fast nitric oxide shuffle reactions (Table I, 

reactions 8, 9), the O and NO concentrations freeze in the early portion of 

the nozzle expansion. In this case, however, the frozen static enthalpy only 

amounts to about 3. 5% of the total enthalpy of the flrw. The variation in gas 

density in the nozzle is shown in Fig. 2. Selected equivalent density altitudes 

of the hypervelocity freestream are also indicated on the figure. The present 

tests were performed at an equivalent density altitude of 155, 000 feet. 
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2. 3 Body Nose Region Flow 

The computation of the inviscid flow in the subsonic-transonic 

region about a blunt, axisymmetric body is performed by means of an inverse 

method calculation which can be iterated to yield a desired body shape. 4 

The fluid flow and chemical and vibrational rate equations are integrated 

numerically with the initial condition, imposed by the assumed shock shape 

and tunnel freestream (or flight) conditions. The calculation further include, 

the computation of the boundary layer growth around the real or desired body 

shape in such a manner that the vi.cous-invi.cid interaction problem is 

solved in a step by step fashion. This is accomplished by computation of 

the boundary layer edge coordinates and the mass flux in the boundary layer, 

and by the location of that point in the inviscid flow which ha. the same mass' 

flux (between it and the wall) a. that in the boundary layer. Difference, 

between the coordinate, of this inviscid point and those of the boundary layer 

edge are used to adjust the shock shape and the integration is repeated until 

overall consistency in the boundary layer and inviscid mass flow, is obtained 

or the desired body shape. The inclusion of the boundary layer in the 

stagnation region and afterbody flow field calculation, is necessary since the 

density levels corresponding to equivalent flight altitude, of interest,even 

behind the strong shocks of hypersonic flow, are so low that the boundary 

layer may represent a sizeable fraction of the shock layer. The boundary 

layer effectively alters the shape of the bod, and so affect, the pressure 

distribution, the shock shape, and all the other flow variables. 

aci V The parameters oi importance in investigations of microwave inte 
ti00 Phen0mena are ,he Plasma electron number density, , and the 

ollision frequency, , as well as their spatial distributions. Profiles 

of these parameters, along ray, normal to the bow shock wave in the nose 

region, are shown in Figs. 3 and 4, respectively, for several angular ray 

ocations over the hemispherical nose of the 12-inch diameter CRL hemi.pher 

cylinder model employed in the experimental studies. I„ ,he figures, the 

coordinate y is the distance along the ray normal to the shock, and the 

profile, shown extend over 98% of the distance to the body surface. Again, 
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the test conditions assumed correspond to those of the actual experiments. 

At the particular microwave frequencies of interest in this program, namely, 

2, 7 GHz and 4. 25 GHz, it is seen that the subsonic nose region plasma 

(0*20”) is at least an order of magnitude overdense to the microwave 

radiation. Microwave propagation calculations (Sec. 2. 5) have indicated, 

for example, that even for propagation through the shock layer in the region 

of the sonic line, the corresponding plasma properties (Figs. 3 and 4, 0= 21°) 

result in a signal transmission loss, according to simple plane wave theory, 

which varies from -50 dB to -50 dB in the frequency range from 2. 7 GHz 

to 4. 25 GHz. Owing to sensitivity limitations of the instrumentation, there¬ 

fore, no transmission measurements from the stagnation region antenna were 

included in these experiments. 

The collision frequencies of Fig. 4 were computed according to 

the relation0 

where $ is the Boltzmann constant and »1C is the electron mass; n; and Qj 

are, respectively, the number density and collision cross section of the 

species. In the above expression, which may be written 

* 7.3Z * io* t/* 2L n: Q- sec' 
j * 

the actual electron temperature, Te , is not known. Owing to the small frac¬ 

tional kinetic energy loss sustained by the electrons in a collision, the 

electrons may be largely energetically isolated from the rest of the flow 

during expansion in the hypersonic nozzle. As a result the electron tempera¬ 

ture in the hypervelocity freestream may be an appreciable fraction of the 

initial reservoir temperature. The nonequilibrium, heavy particle tempera¬ 

ture on the other hand is quite low (^330° K). In computing the electrical 

properties of the fiow corresponding to the X-band interferometer station in 

the nozzle, a somewhat arbitrary practice has been to freeze the electron 

temperature at the gas temperature where departure from chemical equilibrium 

in species concentrations becomes evident. For the conditions of tunnel 

operation pertinent to these studies, the above criterion resulted in an electron 
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temperature assumed to remain constant at 3600* K throughout the nozzle 

expansion. The temperature ^ - 3600#K was assumed in the calculation of 

the collision frequency profiles of Fig. 4. In addition, and solely as an 

illustration of the effect of the uncertainty in the electron temperature on 

the calculated collision frequencies, the profiles corresponding to the 

maximum ( 0= 44°) and minimum ( 0= 14*) angular ray locations in the 

nose region solution were also calculated assuming the electron temperature 

to be equal to the local nonequilibrium gas temperature in the shock layer. 

The corresponding collision frequency profiles are indicated by the dashed 

lines in the figure. The further effect of assuming an electron temperature 

equal to the cold free stream gas temperature ahead of the bow shock is also 

indicated for one profile case. It is seen that, apart from the unrealistic 

cold Te case, the collision frequency is not particularly sensitive to the 

present choice of electron temperature. It may be noted, parenthetically, 

that the above uncertainty in the magnitude of the collision frequency is 

aggravated also to some extent by the usual approximation, inherent in 

Eq. (1), in which the species crost. sections are assumed independent of the 

electron velocity. This overall uncertainty in the collision frequency is 

unfortunate in view of the important role of this parameter in electromagnetic 
interaction phenomena. 

2. 4 Axisymmetric Afterbody Flow 

The solution for the axisymmetric supersonic nose region and after¬ 

body flow field is accomplished by means of an adaptation of the method of char¬ 

acteristics which employs a mesh composed of streamlines and rays normal to 

the body. The conventional characteristics mesh is unsatisfactory in finite- 

rate flow field calculations owing to the large order of magnitude changes in 

the concentrations of some species across the shock layer. The necessary 

interpolation procedures along the characteristics can then lead to serious 

errors in the concentrations of these species. The nonequilibrium afterbody 

program is designed to accept the results of the nose region program as 

input data and consequently uses the same thermochemical model. A feature 

of the afterbody program is the inclusion of a boundary layer matching 
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procedure which computes the boundary layer step by step with the external 

flow and thus allows for all displacement interactions. 

By means of the nose region and afterbody programs, the entire flow 

field about the CRL 12-inch diameter hemisphere-cylinder model has been 

calculated. The free stream conditions selected for computation were those 

at which the actual experiments were conducted. The particular theoretical 

calculations described herein were, in fact, performed subsequent to the tests. 

Calculated distributions of the electron number density across the 
shock layer on the cylindrical afterbody of the model are shown in Fig. 5. 

The indicated profiles are along rays normal to the body surface and extend 

from the edge of the boundary layer to the shock wave. The selected rays 

correspond to the body shoulder position and to the center of each of the three 

antennas installed on the model cylindrical afterbody. The relative positions 

of these antennas are indicated schematically in Fig. 12. The peak electron 

number density is seen to fall off by a factor of 2 between the shoulder and 

the midpoint of the C-band antenna, located 4.75 inches downstream of the 

shoulder. These peak values are, in turn, considerably less than those 

existing over the hemispherical nose of the body (Fig. 3). This behavior 

results from the swallowing of the high-temperature entropy layer stream¬ 

lines into the boundary layer as the flow expands around the body. The after¬ 

body shock layer plasma is then essentially composed of streamlines which 

have passed through progressively weaker portions of the bow shock wave. 

The streamtube temperatures, and hence the peak electron number densities 

over a particular afterbody antenna location are, therefore, lower than 

those that would have existed over the antenna had more of the entropy layer 

flow persisted in the afterbody region. The corresponding calculated collision 

frequency profiles are shown in Fig. 6. For the purposes of the afterbody 

calculations, the electron temperature was assumed to remain constant along 

each streamline at about 90 percent of the initial streamline temperature 

immediately behind the bow shock. The electron temperature therefore 

decreases monotonically along the ray from the boundary layer edge to the 

shockwave. The gas density, however, and hence Z. n Q , increases 

monotonically along the ray. The net effect results in a minimum in the 
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profüe and an increase in ¿y,d)üb the shock is approached. The 

profiles of Figs, 5 and 6 then define the plasma properties for normal 

propagation of radiation from each of the antennas. 

The characteristics calculation for the pressure distribution over 
the model surface, normalized to the body stagnation point pressure, is 

shown in Fig, 7. The antenna locations on the afterbody are also indicated 

in this figure. Finally, the variation of the flow velocity, temperature, 

mass density and electron number density at the edge of the boundary layer 

on the cylindrical afterbody are shown as a function of the distance aft of 
the body shoulder in Fig. 8. 

2* 5 Microwave Propagation Calculations 

In order to aid in the analysis of microwave signal attenuation and 

antenna pattern distortion effects, a computer program ha. been developed 

at for the calculation of microwave propagation through plasmas of 

arbitrary properties. The program concept was evolved by CAL. under 

internal support, and the actual computer program was developed under 

Contract 4804, Suborder 3, from the Sandia Corporation. The program 

«ermines the complex transmission, reflection, and absorption coefficients 

of an inhomogeneous planar plasma slab having arbitrary electron number 

density and collision frequency profiles in the direction normal to the slab 

The distinguishing characteristic feature of the program is its extremely ’ 

igh computational speed, typically yielding transmission and reflection 

coefficient data, at one frequency and for one angle of incidence, for a 

plasma approximated by 75 homogeneous slabs, in about on. second of IBM 
7044 machine time. 

The original model of microwave transmission effects assumed that 

the plasma slab was bounded on either side by free space. It is recognized 

however, that the assumption of free space boundaries doe, not represent ’ 

the majority of real-life antenna problems. Since in many situations, 

including the present hypersonic tunnel experiments, the antenna is a wave¬ 

guide installed in the metallic surface of the body, the computer solution was 
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extended to provide for the calculation of microwave propagation through 

an inhomogeneous, lossy plasma slab from a source on an infinitely extended 

ground plane . Microwave propagation calculations in the present study 

included both the free space and the ground plane solutions. 

Propagation is analyzed by representing the plasma by several 

adjacent, homogeneous slabs which approximate the true variation in plasma 

characteristics. The electrical properties of each slab are characterized by an 

ABCD matrix for the purposes of analysis. The complex transmission and 

reflection coefficients of the composite plasma are determined by computing 

an overall ABCD matrix which relates the amplitude of the transverse 

electric field and amplitude of the transverse magnetic field on one side of the 

plasma to the corresponding quantities on the other side in terms of the 

product of the individual matrices. Both TE and TM modes of propagation 

(i. e., both polarizations) at arbitrary angles of incidence can be readily 

analyzed with this program. The fact that plane wave transmission coefficients 

I can be so readily generated as a function of angle of incidence is important in 

solving problems concerning plasma-produced distortion of antenna radiation 

patterns by Fourier analysis techniques. 

The profiles obtained from the flow field solutions, shown in Figs. 5 

and 6, were used to compute the propagation of the incident antenna radiation 

through the shock layer plasma at each of the two signal frequencies employed 

in the program, at the appropriate antenna locations. The transmission and 

reflection coefficients calculated for 4. ?.5 GHz and 2. 7 GHz for plasma 

conditions normal to the body surface are shown in Figs. 9 and 10. The 

figures show the free-space and ground-plane solutions. In both cases, the 

ground plane result indicates a 2 to 3 dB increase in signal attenuation over 

the free-space result. The results also indicate that the C-band signal 

strength should sustain a 3 to 4 dB loss on propagation through the shock 

layer and that the S-band signal attenuation should be of the order of 5 to 8 dB. 

While the theoretical signal attenuations indicated above are within the 

measurement capability of the receiving equipment, the signal attenuations 

$¡c 
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actually measured at these test conditions (Secs. 4. 2. 4 and 4. 3. 3) were 
found to be considerably larger than the predicted values. 

2,6 Qualifying Comments on the Theoretical Solutions 

In view of the apparent discrepancies between experimental and 
theoretically predicted signal attenuations, it is necessary at this stage, 
following the presentation of the several theoretical methods employed to 

complement the experimental investigation, to comment on some possible 
inadequacies or uncertainties in the theoretical solutions. 

While the solution for the afterbody flow field is, in itself, exact, 
the local magnitude of the plasma electrical properties is obviously dependent 
on the rate constant assigned to the NO+ recombination reaction. The rate 
indicated in Table I is that almost universally used. The reaction rate, 

however, was actually measured for the ionization process, N + 0-*NO+ + e", 
and the reverse rate computed by means of the equilibrium constant WhUe 
an overall uncertainty of perhaps a factor of 5 is possible for this reaction, 
the effect of such a rate change on the present computed results has not beln 
determined. Another point concerning the flow field calculations is the 
calculation of the boundary layer thickness. The necessity for including the 
boundary layer growth along the body surface ha. already been mentioned. 
The actual thickness of the local boundary layer, however, determines the 
amount of swallowing of the high entropy streamlines which in turn directly 
affects the peak magnitude of the electron number density profile in the 
inviscid shock layer. The present calculations have employed a locally 
similar, ideal gas calculation, including pressure gradient, for the computa¬ 
tion of boundary layer thickness. It is noted, however, that the reacting 
boundary layer thickness will be somewhat thinner than the ideal gas result. 
Studies are, in fact, continuing at the present time to determine the effect 
of finite reaction rates on the boundary layer thickness in axisymmetric 

body flows. The calculations herein may, therefore, tend to underestimate 
the peak of the electron number density profile and hence the estimated loss 
in signal strength. This latter possibility is particularly significant in view 
of the critical dependence of the transmission coefficient on the peak electron 
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number density. It was shown, for example, in some of the initial calcula- 

tions performed during the planning of this program, where the assumed 

test conditions rendered the peak rte just critical for 4. 25 GHz radiation, 

that a 20% change in the peak n* produced a 40% dB change in attenuation. 

Several remarks should also be made concerning the microwave 

propagation calculations. In this respect it is noted that the effect of gradients 

in the electrical properties of the flow transverse to the direction of propa¬ 

gation are not accounted for in the present program formulation. Furthermore, 

in both the ground-plane and free-space solutions, the plasma slab is assumed 

to be infinitely extended whereas in the present case, the model has a curved 

surface geometry of finite extent. In other words, the plane wave model may 

not adequately account for actual transmission effects. In addition, and 

probably first in importance, is the fact that since all the reflected waves 

are re-reflected by the ground plane, the effect of power reflection back into 

a finite-size slot aperture has not been taken into account in the ground-plane 

solution, a fact which could result in an appreciable underestimation of the 

overall signal attenuation for plasma conditions where appreciable power 

reflection occurs. 

These discussions serve to emphasize the need for independent 

measurements of the plasma conditions at the antenna location, which would 

make it possible to determine if the discrepancy between predicted and measured 

effects is due to significant errors in flow field calculations, or electro¬ 

magnetic calculations, or both. 
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in. experimental environment 

3. 1 Hypersonic Shock Tunnel 

The experiments to be described were performed in the CAL High 

Energy Shock Tunnel under conditions which generated a hypervelocity flow 

of pure air at 14, 000 ft/sec at an equivalent density altitude of 155, 000 ft 

ThegeneralarrangernentoftheshocktunnelisshowninFig.il, The 
tunnel employs a chambered shock tube to shock process the air to the 

desired reservoir state prior to expansion to the test section through a 

selected axisymmetric nozzle. Hydrogen is used as the driver gas at 

pressures up to 25, 000 psi and initial temperatures up to 750* F In the 

presen, program a 10-1/2- half-angle conical nozzle was used having an 

exit diameter of 3 ft. The steel nozzle was equipped with a 15-inch-long 

mylat frustum section to permit nozzle freestream measurements to be 

made with an X-band interferometer. The nozzle exited into a special 

cylindrical dielectric tes, section, 4 feet in internal diameter and 10 feet 

ong, located between the conical nozzle and the 8-foot diameter receiver 
tank. 

a, ,h a , The hemUphere-cVlind” was installed in the shock tunnel 
the end of a sting which positioned the model antennas at about the axial 

midpoint of the dielectric tes, section. A sketch of the installation arrange- 
ment is shown in Fig. 12. 

3- 2 Dielectric Test Section 

3. 2. 1 Description and Design 

In order to provide a suitable environment for the conduct 

° ^1111 r°w ave-plasma interaction studies in the shock tunnel, a unique low- 

reflectance dielectric test section was designed by CAE and fabricated by a 

contractor to our specifications. The design, construction, and checkout of 

e dielectric test section, as well as the other effort described in this 
section, were supported internally by CAL. 
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The test section consists of 10 layers of nylon phenolic honeycomb and 11 

layers of fiberglass cloth in a sandwich-type construction giving a total wall 

thickness of approximately 4 inches. This construction provides adequate 

mechanical strength and vacuum integrity. The internal diameter of the 

test section is 4 ft. and its 10-ft. length permits measurements of antenna 

radiation patterns of plasma covered models and propagation path attenuation 

over a wide range of model viewing angles. 

The extremely wideband microv/ave transmission properties 

were obtained from an intensive parametric investigation using the computer 

program for the computation of electromagnetic propagation in layered media 

(Sec. 2.5). With this approach, a laminated, low-reflectance dielectric wall 

was designed having a low power reflection coefficient which at no point 

exceeded 0. 01 at normal incidence, as shown in Fig. 13, over the full decade 

frequency range from 1.0 GHz to 10 GHz. The reflection coefficients for 

angles of incidence in the range 0’ - 88' were also computed with favorable 

results in that the peak reflection coefficient for TM mode propagation 

remained less than -20 dB, over the full decade, for angles of incidence up 

to 65°, whereas that for TE mode propagation remained better than -20 dB 

down for incidence angles up to 35*. Reflection coefficients were deter¬ 

mined, experimentally, during-the design phase with microwave measure¬ 

ments on a planar sample of the sandwich dielectric material and very good 

agreement was obtained between the predicted and measured values, the 

measured values actually lying about 2 - 3 dB below the computed result. 

In addition to the above effort to minimize microwave reflec¬ 

tion off the dielectric test section, theoretical and experimental investigations 

were made in order to determine an optimum test section length. While the 

test section should be much longer than its diameter in order to minimize 

diffraction and multipath effects resulting from the proximity of the metallic 

sections at the ends of the test section, aerodynamic requirements establish 
an upper bound io the useable length. 

The limiting aerodynamic factors are test time and allowable 

flow expansion. The test time available is short, less than 1 millisecond, 

and an excessive test section length would increase the time required for 
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Starting the flow at the expense of test time. The conical nozzle terminates 

at the entrance to the dielectric test section. However, since the conical 

expansion nozzle generates a source flow, the gas continues to expand in the 

stream direction further decreasing the density. Another aerodynamic 

restraint, therefore, is the necessity for testing at moderate hypersonic 

Mach numbers ,8 - 10) in order to avoid expanding the flow to too low gaseous 

densities which would result in low electron number densities in the flow 
about the body. 

Electromagnetic factors include diffraction and multipath 

e ecu, which were investigated with a scaled model of the shock tunnel 
tunnel dimensions were scaled sn tha* 

scaiecl 80 tha* measurements at 35 GHz could be 

Zr ZIT, e<ieZ atl-5 CHZ- MiCrOWaVe iieW “'~"8«he were measured 

illuminated b ^ ^ ^ ^ SeCtion with the tank edges 
illuminated by an antenna in ,he scaled test section and the measurements 

were compared with similar measurements with the tanks removed By 

varying the test section length, a minimum length was selected which yielded 

an acceptably small perturbation of the antenna radiation patterns. 

co -H • In additi0n t0 the above considerations, cost and mechanical 
considerations made i, desirable to limit the length of the dielectric tes, 

sectmn. A length of ,0 ft. was selected as being the best compromise of all 

,. S' As a «suit of the tests with the scaled model, i, was determined 

a most of the 10-ft. length is acceptable on electromagnetic grounds 

without significant distortion of the antenna radiation pattern. 

3.2.2 Electrical Performance 

The present program was the first experimental program to 

employ the new dielectric test section. Prior to the tests, therefore the 

«ZZ7ZTCtÍ°n and tranSmUsi0n 'he tes, section'were 
measured at frequencies from S- to X-band. « 

Supported internally by CAL 
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Reflection Measurements 

A diagram of the experimental microwave set-up for the 

reflection measurements is shown in Fig. 14. A horn antenna was placed 

5 ft. inside the test section and radiated outward perpendicular to the test 

section wall as indicated in the figure. A directional coupler and calibrated 

attenuator were used to measure reflected power. The horn antenna was 

matched to free space (zero reflected power) with the slide screw tuner 

before it was inserted inside the test section. 

The reflection coefficient in dB relative to the power 

transmitted by the horn as a function of the horn to test section wall spacing 

T, at 2.7 GHz is shown in Fig. 15. The increase in reflection coefficient 

as T increased from 20 to 24 inches is due to the focusing effect of the 

cylindrical walls. The cause of the ripple on the curve is uncertain- it may 

be due to environment reflections or inhomogeneity in the test section wall 

In any event, the error in measuring the voltage reflection coefficient of an 

antenna in a shock tunnel model will be less than ±0. 02 (-35 dB reflection 
coefficient). 

Next, the spacing T was fixed and the test section was rolled 

about its cylindrical axis. If the dielectric was uniform in the circumferen¬ 

tial direction, there would be no change in the reflection coefficient. With 

two trial values of T (1/2 and 24 inches), the reflection coefficient varied 

between 25 dB and -32 dB for the 1/2-inch spacing, and between -36 dB 

and -38 dB for the 24-inch spacing as the test section was rolled. The test 
frequency was 2. 7 GHz. 

Transmission Measurements 

For the transmission coefficient measurements, a trans- 

mitter horn was placed inside the test section (Fig. 14) and a receiver horn 

was placed outside about 10 to 22 inches away from the outside wall. Only 

normal incidence transmission as a function of test section roll angle, at 

T . 1/2 inch and 24 inches (see Fig. 14). was investigated. The results are 
shown in Table 2 below. 
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Table 2 

TRANSMISSION FLUCTUATION FOR TEST SECTION 

(Roll Angle 0 - 360*) 

Frequency (GHz) T = 1/2" T = 24" 

2.7 

3.95 

10. 0 

±0. 3 dB ±0. 4 dB 

±0. 6 dB ±0. 5 dB 

±1.7 dB 

The variation in transmission as a function of roll angle is 

probably due to the nonhomogeneous test section distorting the wavefront, 

and is not believed to represent a change of dissipation loss. For shock 

tunnel antenna pattern measurements, changes of pattern with and without 

plasma are of interest. Therefore, the error in measurement of plasma- 

induced effects should be considerably less than the fluctuations tabulated 

above. At all three of the above frequencies, the transmission loss varied 

less than ±0. 5 dB as transmitter-receiver horn spacing was varied. 

The electrical tests have shown that microwave reflection 

and transmission vary somewhat because the shock tunnel test section is 

circumferentially nonhomogeneous. Nevertheless, the error in measuring 

voltage reflection coefficient and pattern for a shock tunnel model antenna 

is estimated at less than ±0. 02 and ±0. 5 dB, respectively. These errors 

are negligible for purposes of the present experimental investigation. 

3.3 Preparations for Microwave Tests 

Careful consideration was given to the area external to the tunnel in 

the vicinity of the dielectric test section, so that the placement of the neces¬ 

sary equipment would offer minimum interference to microwave-plasma 

interaction tests. A wooden arch was constructed to serve as a support for 

the receiving antennas. The antennas themselves were mounted at the ends 

of wooden poles which could be easily moved so as to position the antennas 

at any desired distance and angular displacement from the slot antennas on 
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the model. Microwave absorber material was installed on the arch to 

minimize roof and vail reflections, and additional absorber material was 

also placed on the floor under the dielectric test section. General views 

of the prepared tunnel area are shown in Figs. 16 and 17. Specifically, 

Fig. 16 shows the four-receiver arrangement for the pattern tests, while 

Fig. 17 shows the two-antenna arrangement employed in the breakdown 

studies. 

The actual dielectric test section is hidden in these photographs by 

the translucent polyethylene bag extending from the nozzle to the large steel 

receiver tank. The presence of the polyethylene bag is a safety feature, its 

purpose being to maintain an inert, nitrogen-helium atmosphere around the 

outside of the dielectric test section. In the event of possible accidental 

puncture of the test section wall from within, by a ricochetting metallic 

diaphragm fragment, for example, the influx of external inert gas to the 

predominantly hydrogen atmosphere existing in the shock tunnel following 

a run would not present an explosion hazard as it would in the case of an 

influx of air. The bag itself, upon collapsing following a puncture, would 

also provide a temporary seal while the normal post-run tunnel purging 

procedure is continuing. The presence of the bag has been shown not to be 

detrimental to the conduct of microwave experiments. 

The freestream nozzle flow was monitored during the tests by means 

of an X-bana interferometer, located at about the 15-inch diameter station 

of the nozzle. The interferometer hardware on the transmitting side is 

shown in Figs. 16 and 17. While the precise interpretation of microwave 

interferometer data in terms of electron concentration requires the use of 

assumptions which have not yet been adequately justified, the use of the 

interferometer here was primarily to give assurance that the test flow was 

free of contamination rather than to provide a demonstration of the closeness 

of accord between interferometer measurements in the present tunnel plasma 

geometry and theoretical predictions. Theoretical estimates of the amount 

of X-band phase shift were made using the computed flow conditions at the 

interferometer station (Figs. 1 and 2). The freestream was considered a 

pure uncontaminated airflow provided the measured shift was in reasonable 
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agreement with this result, in view of the effects of uncertainties in reaction 

rates, effective plasma path length, plasma boundary curvature, boundary 

layer electron concentration gradients, etc. It may be noted that the free- 

space interferometer technique is usually considered favorable when the 

dimensions of the plasma are greater than the beam width and wavelength 

of the electromagnetic radiation and the measurements are essentially 

limited to frequencies greater than the plasma frequency, i. e. , the approxi¬ 

mate analysis usually invoked for the interferometer technique is most 
nearly correct when 

U)* ? 

> (c/o)* 

where C is the speed of light and 0 is the characteristic dimension 

(diameter) of the plasma. The firs, condition permits a convenient 

simplification by viewing the plasma dielectric properties as a small 

local per,ur..,ion to a free-space system and the second is essentially 

a diffraction condition which permits reducing the problem of propagation 

to a ray.,racing problem with a plane-wave model as a fins, approximation 

ypical tunnel operating conditions herein, where the interferometer was 

used, were such tha, ^,-250 and 3250 for 0~ 30 cms. The use 

o an interferometer seems reasonable under these circumstances, 

3. 4 Test Model 

■ The model employed in the experimental studies was a 12-inch 

ad! cmAtfohr‘Thercapped cyiinder wwch has been used in PW 
CAL for the Air Force Cambridge Research Laboratories. * A schematic 

diagram of the model installation in the shock tunnel is shown in Fig. 12. 

3. 4. 1 Antennas 

The m0del ‘S with X-band waveguide antenna, 
one C-band waveguide antenna, and three S-band waveguide antennas. The 

Under Contract AF 19(604)-8494. 
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long dimensions of the X- and C-band slots are oriented axially and located 

on opposite sides of the model, each slot centered 4. 75 inches aft of the model 

shoulder. Two of the S-band antennas are located on the cylindrical after¬ 

body, the slots positioned one behind the other with their short dimensions 

parallel to the flow direction (transverse orientation) and with their centers 

2.5 inches apart. The center of the upstream S-band antenna aperture is 

6. 4 inches aft of the model shoulder. The third S-band antenna is located 

at the nose of the hemisphere-cylinder model. In the experimental studies 

to be discussed, neither the X-band antenna nor the nose region S-band 

antenna was employed. 

3.4.2 Pressure and Heat Transfer Instrumentation 

In order to verify the test conditions during the experi¬ 

ments, the hemisphere-cylinder model was instrumented both surface heat 

transfer and pressure measurements. Heat transfer to the model stagnation 

point is proportional to H0 ^ftT^ and its calculation, based upon the 

measured stagnation point pressure, , provides a check on the total 

enthalpy, H0 , of the flow. Similarly, since the measurement 

of pressure and heat transfer at the stagnation point affords a check on the 

local density, , of the freestream flow. The location of the surface 

instrumentation is indicated in the accompanying Table 3. Both the angular 

(6) and surface distance (S) locations of the hemispherical nose instrumen¬ 

tation are indicated, the latter distance being normalized by the nose radius 
^=6 inches. 

1 able 3 

CRL MODEL INSTRUMENTATION 

Pressure Heat Transfer 

0 0 
22.5 .392 
37.5 .654 
67.5 1.178 
90.0 1.570 

1.924 
2. 924 
3.924 
4. 924 

S/Rb 

15° .244 
30 .524 
45 .786 
60 1.048 
75 1.310 

1.800 
2. 426 
3. 426 
4. 426 
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3.4.3 Electrostatic Probes 

In addition to the surface pressure and heat transfer instru¬ 

mentation, several electrostatic probes were also located on the model. It 

should be noted that the presence of the probes was a consequence of a 

continuing CAL supported program on the development of electrostatic probes 

for flow field diagnostics. They cannot yet be used to pinpoint inaccuracies 

either in the computed flow field or in the results of microwave measurements. 

The problem of the local or point measurement of parameters pertinent to 

hypervelocity ionized airflows is a very demanding one. Diagnostic techniques 

have been borrowed from other disciplines and have often been applied to 

regions in which the assumptions of the original theory are no longer true. 

A justification, perhaps, is that even though the theory is strained, it may 

at least indicate trends. This is indicative of the problem for the flow 

conditions of interest here. There is at present no diagnostic technique that 

can furnish unambiguous and accurate data on the point ion number density 

in a high mass motion continuum plasma, as typified by the shock layer and 

large regions of the boundary layer on a hypervelocity-vehicle. At present, 

qualitative results have to suffice. The CRL model geometry and the high ’ 

enthalpy flow conditions represented a satisfactory checkout environment 

for probe techniques and is typical of flow situations wherein point measure¬ 

ments of plasma properties are desired. The intention is to similarly record 

probe data on all high enthalpy shock tunnel programs and to revise the 

interpretation of such data in pace with the development of suitable 
theoretical treatments. 

One probe was installed ilush with the surface at the nose 

of the model and two probes were located diametrically opposite one another 

at the plane of the midpoint of the C-band antenna aperture. The probes were 

90° from the antenna position. The stagnation point probe consisted of a 

0.025-inch diameter collecting surface with a concentric reference electrode 

0.125-inch inside diameter and 0. 250-inch outside diameter. Both electrodes 

were copper and the insulation was Teflon. The side probes were 0. 005- inch 

diameter copper wire, 5 mms long, and extended, therefore, only into the 

boundary layer on the model. Each probe was insulated by means of 0. 125-inch 
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diameter Teflon plugs from the model wall which served as the reference 

electrode. All probes were DC biased to collect the positive ion saturation 

current. 

Additional electrostatic probe instrumentation was provided 

by the use of a rake consisting of 5 small probes of 0. 004-inch tungsten wire, 

each mounted in an insulating quartz holder. The probes were of similar 
Q 

design to those employed by French7 and were installed in a sharp wedge of 

2.5-inch span, 1/4-inch thick. The probe spacing was 1/2 inch with the 

probe tip 1 inch out from the sharp leading edge of the wedge. The quartz 

was fused onto the tungsten wire near the tip leaving about .1/4 inch of the 

wire exposed and the resultant cylindrical wire surfaces were aligned 

parallel with the flow. The rake was mounted in a vertical position over the 

model cylindrical afterbody with the nearest probe two inches above the 

model surface. The plane of the probe tips was 8. 5 inches aft of the model 

shoulder. All :he probes were operated at +6V to collect ^ectron satura¬ 

tion current. Again, as with the model mounted probe ■ aim was to 

acquire additional experience in the use of electrostati • o* oes for flow field 

diagnostics. The probe measurements were, in fact, piggyback experiments 

which took advantage of the plasma test environment provided by the current 
tests. 



IV. EXPERIMENTAL PROGRAMS 

4. 1 Aerodynamic and Environment Calibration and Purity 
of Airflow 

At the outset of the entire program, a preliminary determination 

of the test conditions for the experiments was made, based upon the results of 

flow field microwave propagation calculations of the type described in Section II. 

A test condition was assumed, typical of high-enthalpy tunnel operation, such 

that the corresponding theoretical estimates for the loss in transmitted signal 

strength for propagation through the afterbody shock layer were appreciable, 

i. e., of order -15 to -20 dB or so, yet within the -25 dB range of the receiving 

equipment. Accordingly, an incident shock Mach number, M¿ = 9.3, was 

proposed with the resultant reservoir gas, at 10,000 psi pressure, expanded 

into the test section through a 1,36-inch diameter nozzle throat. ^ 

Prior to the commencement of the pattern tests (Phase I) and the 

breakdown tests (Phase II), the quality of the freestream flow with respect to 

flow uniformity, core size, cleanliness, etc. was investigated in a preliminary 

program of experiments. The tunnel conditions were those assumed above for 

the initial theoretical investigations. The aerodynamic calibration was per¬ 

formed using a 4-ft. diameter steel test section in place of the dielectric test 

section, and the airflow calibration consisted of pitot pressure profile measure¬ 

ments at several axial locations in the test section. The results indicated good 

quality freestream conditions. Typical pitot pressure surveys from this cal¬ 

ibration are shown in Figs. 18 and 19 for pitot rake positions 4 ft. and 6 ft, 

respectively, downstream of the 3-ft. diameter exit plane of the conical nozzle. 

The inviscid core diameter is seen to be approximately 32 inches and 28 inches, 

respectively, at these two stations. The higher pressures measured by the 

As it developed, however, the above tunnel conditions in actual experiment 
were found to result in complete blackout of the transmitted 4.25 GHz CW 
8i\8?u \uThe teSt conditions were la*er modified to achieve transmission and 
ail the theoretical calculations were subsequently repeated for the actual 
conditions of the tests. These repeat calculations are those described 
previously in Section II. 
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outer gauges on the pitot rake at the 6-ft station (Fig. 19) indicate the detec¬ 

tions of the oblique shock wave which is a part of the wave system establishing 

the flow in the cylindrical test section. When installed in the shock tunnel, 

the nose of the CRL model was at the 4-ft. station in the test section and 

remote freestream wave phenomena did not affect the local flow over the 

model. Subsequent use of a smaller nozzle throat for the microwave tests 

than the 1.36-inch diameter throat used in the airflow calibrations would not 

reduce the test core diameter by more than about 6 inches. 

The purity of the freestream plasma flow was inferred from meas¬ 

urements made by means of an X-band interferometer centered at the 15-inch 

diameter nozzle station. A simplified block diagram of the microwave inter¬ 

ferometer, with which transmitted and received signals are compared in 

amplitude and phase, is shown in Fig. 20. The signal from the klystron 

oscillator is fed to the transmitting horn antenna through standard X-band 

waveguide, and a portion of this signal is diverted by the 10 dB directional 

coupler and added to the received signal in the 3 dB coupler. The detected 

, where 2 is the reference signal and b 
is proportional to the received signal. The bridge is initially balanced (without 

plasma present) by adjustment of amplitude of b with the precision attenuator 

and phase of a. with the calibrated phase shifter to yield a»-jb , or zero 

signal amplitude at (¿) . If the signal attenuation through the plasma is insig¬ 

nificant, the voltage at (?) provides a measure of the phase shift through the 

plasma. Signal attenuation was checked by measurement of output voltage at 

which is proportional to the received signal. The bridge frequency is 

measured at © and any reflected signal is detected at 0 . 

Initial experience with the interferometer on the monitoring of 

high-enthalpy tunnel flows, well prior to the current program, indicated that 

the freestream electron number density at the interferometer station was much 

higher than predicted from corresponding nozzle solutions which assumed a 

pure airflow. The high electron density was believed to be the result of 

ionization of impurities of unknown source or nature in the air. The contami¬ 

nation was, in fact, sufficient to cause apparent blackout (i.e., attenuation 

signal at 0 is equal to | 
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greater than 20 dB) of the 9 GHz bridge frequency in nozzle flows of pure 

nitrogen. Fig. 21 shows amplitude-phase ( ©, Fig. 20) interferometer 

records in both nitrogen and air flows at an incident shock Mach number 

of 9.5. The smooth plateau in the traces represents complete attenuation 

(i.e., attenuation > 20 dB) of the incident signal. The peak in the traces 

which occurs just prior to the plateau represents phase shift at incomplete 

attenuation. The signal attenuation rises rapidly during the initiation of flow 

in the nozzle, but provided some signal traverses the plasma, a change in 

phase from the reference signa! can be recorded. When the signal attenuation 

later decreases sufficiently to again allow some propagation through the plasma 

phase shift may then be recorded which again results in a peak in the profile 

as the attenuation falls off. On observation of similar behavior in the abrupt 

onset of transmission cutoff in direct attenuation measurements, Talbot10 

concluded that this indicated little refractions of the incident radiation through 

the less dense (boundary layer) regions of the flow. 

A rigorous program of cleaning was instituted to reduce the con¬ 

tamination problem. The driven tube was cleaned by pulling many passes of 

a tight-fitting lint-free cloth swab through the tube, using both absolute alcohol 

and perchlorethylene as the cleaning agents. The throat station was also 

thoroughly cleaned, following its actual removal from the tunnel for this purpose. 

This careful cleaning of the driven tube and throat assembly was accomplished 

before each run. The possible effects on flow contamination of such variables 

as the amount of cleaning, level of driven-tube evacuation pressure, use of brass 

versus mylar throat diaphragm, presence of the centerbody plug assembly, pressure, 

shock speed and throat size were all investigated. The centerbody assembly 

houses a plug which closes the tunnel throat after the reflected shock-processed, 

or reservoir, gas has entered the nozzle and prevents the passage of any frag- ’ 

ments of the main metal diaphragms from entering the nozzle. While the air¬ 

flow was cleaned to an extent which indicated freedom from contamination, the 

program was not carried to a stage permitting a specific quantitative deter¬ 

mination of the net effect of each of the above variables. The results indicated, 

however, that the use of the centerbody does not contribute to flow contamination 

nor, most probably, does the use of a mylar throat diaphragm. The careful 

cleaning of the driven tube and throat assembly prior to each run is probably 

the most important operation to ensure the maintenance of adequate purity 
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airflow. Adherence to the above cleaning procedure rendered the nozzle 

freestream flow apparently free from the effects of contamination. Measuie- 

ments of the phase shift,from interferometer records of the type shown 

in Fig. 22 were found to be in very good agreement with values calculated at 

the interferometer station from the corresponding nozzle flow solution 

^meaa. =12°' ^calc. =8,>- 

4. 2 Antenn«* Pattern Studies 

The antenna pattern studies were conducted at a frequency of 

4.25 GHz. The model was sting mounted in the dielectric test section (Fig. 12) 

and rotated so that the normal to the C-band antenna aperture was parallel 

to the floor. The antenna normal was taken as the roll plane 08 reference 

position for the external antennas as indicated in the accompanying sketch. 

Four dipole receiver antennas were mounted on the wooden arch at angular 

positions O’, 45°, 908 and 1358. A general view of the equipment arrange- 

ment for the pattern tests is shown in Fig. 16. 

77777777777777777 

4.2. 1 Microwave Instrumentation for the Pattern Tests 

A block diagram of the microwave instrumentation used to 

study plasma-induced distortion of antenna radiation patterns is shown 

in Fig. 23. The instrumentation consisted of a C-band transmitter and four 

receivers, which enabled measurement of microwave signal attenuation at 

four arbitrary locations exterior to the dielectric test section. The C-band 

transmitting antenna was mounted on the model and provision was made for 

recording the antenna voltage standing-wave ratio (VSWR) during the tests. 
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The microwave power requirement for the experiments was 

estimated by summing the power losses between the TWT amplifier output and 

receiver input and by subtracting receiver sensitivity. Losses, excluding signal 

spreading loss, are tabulated in Table 4. Note that, in the estimate, a 30 dB 

allowance is made for signal attenuation. The receiver technique relies upon 

measurement of the average received signal power; therefore, a 3 dB allowance 

should be made to account for the difference between peak and average power 

of the 50% duty factor modulation. 

Table 4 

TABULATION OF MICROWAVE LOSSES 

Insertion Loss 
in dB 

Coaxial cables and connectors 5.0 

Isolator J g 

Dual directional coupler 1.0' 

Transmitting antenna .4.0 

Receiving antenna _4. q 

Maximum signal attenuation 30.0 

Modulation loss 3.0 

32. 0 

A spreading loss, A"/ (Yrrft* 0( 49 dB was computed by 

assuming atypical maximum transmitter-receiver antenna separation, R , 

of 5 feet and a frequency of 4. 25 GHz. Addition of this spreading loss to the 

32 dB loss calculated above yields a total signal loss of 81 dB. A receiver 

sensitivity of -43 dBm was assumed, which therefore resulted in a microwave 

power requirement of 6. 3 watts. 

Special microwave compression receivers were loaned to the 

program for the radiation pattern measurements. The receivers were designed 

and fabricated by CAL under Contract 4804, Suborder 7 with the Sandia Corpor¬ 

ation and, together with the associated oscilloscope displays, provided an 

experimentally measured dynamic range capability in excess of 30 dB for the 

tests. The large dynamic range capability was deliberately designed into the 

instrumentation to account for possible wide variations of test conditions from 

27 



test to test and for a priori uncertainty in conditions during a given test. The 

receivers have a bandwidth of 100 KHz and can respond to very rapid signal 

fluctuations during the test. 

A block diagram of the compression receiver is shown in 

Fig. 24. The 2 MHz modulation is detected and amplified in several bandpass 

amplifier stages. Signal saturation occurs in successive stages, beginning with 

the last stage first, as the input signal level is increased. Output voltages of 

each stage are detected, filtered, and summed, providing a DC voltage level 

which is a nonlinear function of the amplitude of the microwave signal at the 

receiver input. A plot of DC voltage at the receiver output as a function of the 

microwave signal level at receiver input for a typical receiver is showninFig. 25. 

4. 2. 2 Evaluation of the Dielectric Test Section for Pattern 
Measurements 

The electrical properties of the dielectric test section and 

environmental reflections will modify the antenna-model free space radiation 

pattern. Thus, it is of particular inlerubi to compare radiation patterns taken 

under the following conditions: 1) outdoor antenna range, 2) measurements 

made in situ in the shock tunnel with the dielectric test section removed, 

3) measurements made in situ with the test section in place in the tunnel. 

Radiation patterns taken in the roll plane under the above 

conditions are shown in Fig. 26. The dashed curve shows the pattern taken on 

the outdoor antenna range and the circles correspond to the case of the model 

sting mounted in the shock tunnel, but with the dielectric test section removed. 

The solid curve is the pattern taken under similar conditions with the dielectric 

test section reinstalled in the tunnel. From these patterns, it is concluded that 

nearly all the measurement error is due to the dielectric test section and that 

negligible error is contributed by external environmental reflections. The 

results show, moreover, that radiation patterns measured about a model 

antenna do not differ from the free space pattern by more than 1 dB for roll 

angles up to 80a, disregarding any additional effects due to plasma. 

Also, a lateral movement of the model ±1 inch was found to 

change the pattern by ±1. 5 dB or less under the above conditions. In summary, 

28 



■ 1 ' ■ • ' 

the errors in measurement resulting from test section and environmental 

e ects are small enough to be ignored for the investigation, of this program. 

4.2.3 Experiments 

,, Thei,rSteXperimen,8™C-band (4.25 GHa) transmission 

e Uh, h H K °dy ShOCk layer Were Peri0rmed « th' enthalpy level 
estabhshed by an meiden, shock Mach number of M. = ,. 3. This condition was 

PrOPOSed 38 a reSUl, OÍ the theoretical estimates for the magnitude of 
transmission loss as discussed in Section 4.1. Under these conditions, however 

was found that no receiver response was observed and that the inciden, radi- ' 

ZrlZlr1 rPUtely refleCted back ^ antenna. 
Several additional runs were made a, successively reduced levels of total 

en ha py corresponding, specifically, to inciden, shock Mach numbers of 

an, u aU Ca8eS' n° 8Í8nal a* a11 WaS reCeived »y the dipole 
antennas at the ,0- and 135 • positions, in addition, the run a, M. = 8 balso 

resulted in no measurable signal a, the 0" and 45 • receiving anteîina. The 

incident and reflected power oscilloscope records for this latter case are 

t'heT '«‘and 90^ re“ÍVed tor 
follow! tb Ver anten"a8- The »¡«nal level immediately 
following he starting shock in these records (i.e.. after 1.5 msec) is a, least 

sianal d'd at,Ve ‘a the Pre'ah°Ck IeVel- Momentary recovery of the microwave 
signal did occur during the test flow, however, a, the 0* and 45" antenna, in 

lo* r ? Mi = 8' 2 and Mi = 7> 7- The received signals at these two antenna 
ca ions or the M. = 7. 7 run are shown in Fig. 28. The signals are seen to 

be quite widely fluctuating during the test flow. The approximate mean lev.U 

the signal, represen, a change in signal attenuation of order -14 dB and 

-20 dB respectively, for the 0' and 45» antenna positions. The X-band inter- 

th:::r;r,r tha—a— 

about 2 4 to ? f. The U8efUl te9‘ £1°W °Ver the m°del COmmen«8- consistently, 

records' a d af'er Stan 8W«P oscilloscope 
records and continue, for about 0. 5 to 0. 6 msec. Characteristically, in all 

microwave records, an immediate loss, or even complete attenuation, of the 

29 



transmitted signal strength occurs as the nozzle starting shock moves over 

the antenna. This occurs about 1.5 msec after the start of the trace in the 

oscilloscope records. The starting shock moves through the test section in 

advance of the quasi-steady test slug of gas and is separated from it by other 

wave phenomena responsible for the matching of conditions between the test 

gas and the nonsteady post-starting shock conditions. During this interval, 

the apparent electron number density may be quite high. In some cases, the 

receiving antennas may indicate an apparent blackout condition existing from 

the arrival of the starting shock right up until the arrival of the test slug. The 

term "blackout" has been used herein to describe the situation where, within 

the sensitivity of the receiving equipment, the receiver response does not 

indicate any transmitted radiation. In other cases, partial or complete recovery 

of the free space level signal may occur prior to arrival of the useful test gas. 

The reason for the apparent high electron number density in the starting shock 

processed, very low pressure nozzle gas is unknown. It is, however, a char¬ 

acteristic feature of shock tunnel testing, evidenced by the responses of electro¬ 

static probes, microwave interferometers, and the microwave transmission 
experiments. 

During these initial runs on the pattern studies, severe erosion 

damage occurred to the model nose heat-transfer instrumentation which rendered 

the gauges inoperative after the first hundred microseconds of flow. The source 

of the bombardment was considered to be particles from the diaphragm initially 

located at the nozzle throat station. In the tests thus far, this diaphragm was 

a thin sheet (0.001 inch) of brass shim. The erosion damage to the heat-transfer 

instrumentation was therefore considered to have been due to the presence of 

brass in the core stream flow, either in liquid or solid form. It was possible, 

therefore, that the reflection properties of the model plasma were adversely 

affected by the presence of this metal. At this point in the program, the pat¬ 

tern tests were interrupted for an additional series of diagnostic tunnel tests, 

the purpose of which was to investigate the effect of using nonmetallic throat 

diaphragms, throat size, and off-axis mounting of the model on the signal 

reflection properties and transmission loss behavior of the model plasma. 
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Fourteen diagnostic tunnel runs were made, during which it 

was determined that, while the instrumentation erosion problem was circum¬ 

vented by mounting the model off the centerline when a brass shim throat 

diaphragm was used, off-axis mounting wt.s unnecessary when mylar was 

used as the throat diaphragm, provided alsa that the shock-tube cleaning 

procedure was extended, at reasonable run intervals, to include the interior 

surfaces of the nozzle and dielectric test section. However, in spite of the 

removal of instrumentation-damaging particles from the immediate model 

freestream at a particular tunnel operating condition, the indicated attenua¬ 

tion of the incident signal strength through the afterbody shock layer remained 

considerably higher than predicted. 

Further tunnel runs were made at an incident shock Mach 

number of order 8.5 employing smaller nozzle throat diameters in order to 

reduce the freestream density level and, hence, the electron number density 

in the body flow field. Also, at this stage in the experiments, the model was 

rotated 90°, so that the normal to the model antenna aperture was perpendicular 

to the floor. The external receivers, however, were left in their original posi¬ 

tions. The angular observation of the antenna field was thereby reduced from 

135° to 90°. The reason for the change was two-fold: first, the new receiver 

positions at +45° and -45° provided a check on the uniformity of the flow and, 

secondly, the demonstrated influence of the dielectric test section in perturbing 

the free space pattern at roll angles larger than 80° to 90° (by up to 5 dB at 

150 ) would make it difficult to interpret, unambiguously, the data recorded by 

a receiver antenna 135° from the transmitting slot. Following this change, 

however, it was found necessary to reduce the initial 1. 36-inch throat diameter 

by about half before satisfactory signal attenuation measurements could be 

obtained. At a throat diameter of 0. 964 inches, in fact, the afterbody plasma 

still resulted in almost complete blackout of the incident radiation. At throat 

diameters of 0. 66 inch and 0. 5 inch, however, the body generated plasma con¬ 

dition was such that useful records were obtained of the signals received by all 

four of the external antennas. The Phase I pattern tests were concluded by 

performing repeat runs at each of these two throat diameters. 

The recorded response of the receiver antennas during two 

repeat shock-tunnel runs at an incident shock Mach number of 8. 5 are shown 
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in Figs. 29 and 30. In both cases, the throat diameter was 0. 66 inch. The 

corresponding incident and reflected power records measured at the model 

C-band transmitting antenna are shown in Fig. 31. The second series of 

theoretical calculations, which are those discussed in detail in Section II, 

were performed for this test condition. The receiver signals recorded during 

two repeat runs with a 0. 5-inch throat are shown in Figs. 32 and 33. The 

oscilloscope recording the 90° antenna signal triggered again later on in the 

flow in Fig. 32, which accounts for the double trace. The corresponding 

incident and reflected power measurements recorded at the transmitting 

antenna during these two runs are shown in Fig. 34. The incident shock 

Mach number for these 0. 5-inch diameter throat runs was also 8. 5. 

The signal (channel 18) appearing on the bottom of the record 

for the « = -45” antenna in Fig. 29 is the model surface pressure in the vicinity 

of the stagnation point which was included in these records to indicate the 

establishment of quasi-steady test flow over the model. 

4.2.4 Experimental Results and Discussion 

4. 2. 4. 1 Pattern Studies 

The results of the Phase I pattern studies are 

determined from measurements of the experimental records of Figs. 29 to 34. 

By way of introduction, several general remarks are appropriate, however. The 

received signals obviously fluctuate quite rapidly with time from the moment the 

starting shock moves over the antenna. The reason for these fluctuations is not 

clear. The pressure and heat-transfer measurements, while reflecting a lower 

frequency response capability, do not indicate any appreciable variation in the 

steadiness of the local flow. These rapid fluctuations do not then allow more 

than an indication of an average effect of the plasma on signal transmission 

during the test portion of the overall tunnel flow. As mentioned previously, 

the useful or steady-pressure test flow is established about 1 msec after the 

starting shock moves over the model, or about 2.4 to 2.6 msec after the start 

of the trace in the oscilloscope records. Reference may be made here to the 

pressure records accompanying the external receiver signals of Figs 29 32 
and 33. ’ ’ ' 
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The corresponding receiver records of Figs. 29 

and 30 taken during the two 0.66-inch throat runs appear very similar and indi¬ 

cate quite good reproducibility of the test conditions. When the signal trace 

excursions are interpreted according to the indicated calibration levels, however, 

where 0 dB corresponds to the no-plasma case measured with the model in the 

dielectric test section (Fig. 26), the signal attenuations for the records of 

Fig. 29 are seen to be about 4 dB greater than those of Fig. 30. There is 

some evidence also of local plasma nonuniformity around the model when the 

±45° antenna position records are compared in Fig. 29. It is not possible to 

estimate, however, to what extent the inhomogeneities in the test section wall, 

discussed earlier, contribute to the slight difference in the mean signal level 

for these two antennas. During both these runs, the power reflected back into 

the antenna aperture remained high for almost the entire duration of recorded 

flow over the model, following the starting shock. The percentage power reflec¬ 

tion during the test has been estimated from the records of Figs. 31 and 34 by 

taking the ratio of the peak-to-peak amplitude to the maximum amplitude, 

observed during the time of complete signal attenuation, which was taken to 

represent the condition of maximum power reflection. The brief instances of 

reduced power reflection evident in the records correlate exactly'with the peaks 

(signal recovery) in the receiver antenna records (e.g., Fig. 29, 9- 0°; and 

Fig. 31, M. = 8.52). 

The signals received by the four receiver antennas 

during the two 0. 5-inch throat diameter runs are shown in Figs. 32 and 33, where 

the indicated calibrations are referred to 0 dB for the no-plasma case. These 

records, also, indicate a slightly lesser reduction in the transmitted 4. 25 GHz 

signal strength for one of the runs, namely those of Fig. 33. The differences 

in the mean received signal level of corresponding antennas in these two figures 

is quite distinct and amounts to about 5 dB. The reflected power measurements 

are also consistent with the observed differences in signal attenuation for these 

two runs. Fig. 34 shows that little power is reflected from the plasma during 

the M. = 8. 53 run of Fig. 32 throughout the entire period of the useful test flow, 

actually, from 0. 7 msec to 1.5 msec following the arrival of the starting 
shock. 
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These differences in the mean received signal 

levels must be taken as indicative of the overall repeatability of the plasma envi¬ 

ronment generated about a body in the shock tunnel. The initial shock tube pres¬ 

sure conditions set prior to a run may be repeated to good accuracy for each run. 

In the present program, for example, the initial hydrogen driver tube pressure 

was within 20 psi of the nominal 14, 300 psi pressure and the initial driven tube 

air pressure was set to 16 ±0.05 psi for all the experimental runs. Such occur¬ 

rences, however, as variations in the diaphragm rupturing process from run 

to run result in the measured slight variations in incident shock Mach number. 

These, in turn, may cause a 1% to 3% variation in the reflected shock, or reser¬ 

voir, pressure and hence in the local gas and electron number density in the 

model flow field. 

The plasma attenuation, given by the difference 

between the receiver response with and without plasma about the model, as 

recorded by the four external receivers during the 4. 25 GHz pattern experiments, 

is summarized in the polar plots of Figs. 35 to 38. The mean level of signal 

attenuation during the test flow is indicated by the filled-in symbol on the plots. 

The no-plasma antenna pattern, measured with the model in place in the dielec¬ 

tric test section (Fig. 26), is also indicated in these figures. The theoretically 

predicted signal attenuation for the 0° antenna position in the 0.66-inch throat 

runs, taken from Fig. 9, is also shown in Figs. 35 and 36. Both the free space 

and approximate ground plane calculations are given. 

The microwave measurements show that, in all 

cases, the signal attenuation increases with angular departure of the external 

receiver from the transmitting antenna aperture normal or 0° position. In the 

0. 66-inch throat tests, Figs. 35 and 36 indicate that the 4. 25 GHz signal attenua¬ 

tions measured, respectively, at the 0°, 45°, and 90° receiving antenna positions 

vary from 11 - 15 dB, 20 -23 dB, and 25 - 28 dB below the no-plasma values. 

Furthermore, the signal attenuation for normal propagation is seen to be about 

7 - 11 dB greater than that predicted by the approximate ground plane solution. 

As discussed earlier in Section 2.6, however, the analytical model employed 

in the propagation calculations is an approximate one, and one of the approx¬ 

imations is that the change in antenna impedance due to the plasma has not been 

34 



taken into account. The resulting mismatch, in the real case, causes an in¬ 

crease in the amount of power reflected and hence a reduction in the transmitted 

power. For example, the theoretical reflection coefficient at the C-band trans¬ 

mitting antenna location for the free space-plasma propagation calculation is 

shown in Fig. 9 to be -10 dB, i.e. , only one-tenth of the incident power is 

reflected from the plasma. Although satisfactorily detailed reflection calibration 

curves were not obtained, the approximations discussed earlier were used to 

evaluate the experimental measurements of Fig. 31. This evaluation indicates 

that upwards of 80% of the incident power is reflected back into the antenna. The 

measured reflected power may be used to indicate a rough correction for the 

discrepancy between the theoretical and experimental loss in signal strength 

at the 0° position in Figs. 35 and 36. Since of the order of 80% of the antenna, 

or source, power is reflected, only 20% of the antenna power actually gets into 

the plasma, i.e., the power measured at the receiver output is already 7 dB 

down, due to reflection losses alone, apart from any additional absorption 

losses within the plasma. The predicted attenuation values shown in the 

figures could therefore be increased by at least 7 dB to account for mismatch 

effects, bringing them into closer accord with measured values. In the case 

of the microwave transmission experiments performed with a 0.5-inch throat, 

Figs. 37 and 38 illustrate that the observed signal attenuations at the 0°, 45°, 

and 90° antenna locations, respectively, range from 1-2 dB, 1 - 5 dB and 

4 - 9 dB below the no-plasma values. No corresponding theoretical estimates 

were made for this particular test condition. 

The occurrence of such large power reflection was 

not anticipated in the present program and the reflection coefficients could not be 

measured sufficiently accurately with the instrumentation provided. These results 

emphasize the need for an improved technique of measurement of high values 

of reflected power in future investigations. Currently, an analytical-numerical 

study of the calculation of the self-admittance of an antenna immersed in a 

plasma is being made at CAL which will permit refinement of the ground plane 

solution to take reflection losses into account and therefore provide much 

improved correlation of theoretical and experimental results on microwave 

propagation through such plasmas. 
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4.2.4.2 Electrostatic Probes 

Owing to probe damage sustained as a result of 

particle bombardment encountered in the beginning of the pattern tests, little 

worthwhile data was recorded by the surface probe at the stagnation point of 

the model in these experiments. Furthermore, a theory for the quantitative 

interpretation of continuum hypersonic boundary-layer probe data is lacking. 

As a result, the electrostatic probe results are purely qualitative. Nevertheless, 

no gross anomalies in probe data were encountered. The probe data also indi¬ 

cated fluctuations in the response and very good qualitative agreement was, 

in fact, obtained in the temporal behavior of the probe current and the receiver 

response. In view of the preliminary nature of the electrostatic probe experi¬ 

ments, however, about all that should be stated at this stage is that probe 

interpretation based upon a simplified theory appropriate to the type of flow 

yields results consistent with the microwave results. Bredfeldt, et al11 have 

indicated that probes biased to collect the positive ion saturation current as 

employed herein yield more reliable data than probes biased for electron 

collection. Following Bredfeldt, the current drawn by the probe is related 

to the ion saturation current i04, by 

where F is a complex function of probe geometry, flow velocity and electron 

and ion temperatures. Based upon such assumptions as the equality of electron 

and ion temperatures, an expression for F was obtained11 from which a cal¬ 

culation and plot was made for the variation of electron number density as a 

function of the ion current measured by the probe. It was found that for all 

the tunnel runs employing a 0. 964-inch diameter throat or larger, for which 

radiation blackout occurred, the average electron number densities indicated 

by the boundary-layer electrostatic probes varied from 2.5 to 8 times the 

critical number density for 4.25 GHz radiation (^eCJt|T- 2.3 xio"cm"â ). 
On the other hand, for the runs corresponding to Figs. 29 to 34, employing 

either a 0.66-inch or 0. 5-inch diameter throat, the boundary-layer probes 

indicated an average electron density varying from 0. 1 to 0. 7 times the critical 
density. 
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The electron currents collected by the probe rake 

in the shock layer, assumed to be proportional to the electron number density, 

clearly indicated a minimum in the number density as shown also in the theo¬ 

retical profiles of Fig. 5. However, the variation in the currents collected by 

the five probes in the rake indicated that the minimum occurred about 1 cm 

closer to the body surface than the number density minimum in the corresponding 

theoretical profile. It is premature at this point, however, to attempt a 

rationalization of this apparent discrepancy. These probes will continue to 

bt. used to monitor high airflows in the shock tunnel to gain experience in 

their operation and interpretation. It is hoped thereby that more reliable 

information on the point electrical properties of the CRL model flow field may 

bs obtained during the forthcoming extension of the breakdown tests. 

4. 2. 4. 3 Surface Pressure and Heat Transfer 

The measured distributions of the surface pressure 

and heat transfer over the model, normalized by the stagnation point values, are 

shown in Figs. 39 and 40, respectively. The individual data points have been 

included in both plots to indicate the run by run scatter in the measurements. The 

solid curve in each figure is one drawn through the mean of the data at each body 

station. The theoretical pressure distribution obtained from the nose region 

and afterbody flow field calculations of Section II (Fig. 7) has also been included 

in Fig. 39. The pressure measured at the stagnation point on the model was 

within 4% of the value calculated in the bow-shock solution. The measured 

afterbody pressures, however, are seen to fall below the predicted distribution 

until, at the position of the most aft antenna on the model ( *3.1 ), they 

differ by a factor of two. The reasons for the discrepancy, in toto, are not 

complete. It is not entirely a nonequilibrium effect, since the flow-field cal¬ 

culations included the influence of finite-rate chemistry. The lower-than- 

predicted model pressures do appear, however, to typify the distributions 

measured, thus far, on axisymmetric hemisphere-cylinder bodies in high 

enthalpy conical airflows. 

This behavior has been observed on the same CRL 

model and on one of a smaller (3-inch) diameter in another CAL shock tunnel as 

described in a previous report1 on pattern studies in ionized flow fields. Since 
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the same type of discrepancies in the pressure distribution have been observed 

in different tunnels at high Mj, it is not considered likely that the tunnel test 

flow itself is the factor responsible. The airflow calibrations in the present 

case have, in fact, indicated good freestream flow uniformity and core size 

(Figs. 18 and 19). The model pressure data in themselves are also consistent 

in their indication of the experimental distribution. However, one correction 

is applicable, namely, a source flow correction to account for the effect of 

the continued expansion of the freestream conical flow past the model. An 

indication of the size of a source flow correction to the present theoretical 

distribution has been determined from the results of recent ideal-gas calcu¬ 

lations for the effect of spherical source flow about hemisphere-cylinders. ^ 

The ideal gas source flow correction to the calculated afterbody distribution 

is indicated also in Fig. 39. Its effect is seen to account for most of the 

observed discrepancy between the theoretical and measured pressure distri¬ 

butions. In view of the consistent behavior in separate tunnels, it is, of 

course, also possible that the observed effect is partially abetted by slight 

imperfections in the fabrication of the model. An investigation into the 

implications of the lower-than-predicted afterbody pressures on the electrical 

properties of the afterbody plasma could not be undertaken in this program. 

The heat-transfer data were measured during the 

10 runs of the Phase II breakdown studies. The run-by-run measurements are 

seen to repeat quite well. In addition, the stagnation point values for the h«at 

transfer were in reasonable agreement with the simplified Fay-Riddell theoret¬ 

ical value . rip ' 
q » 2.25 J (H - H ) X io'fc 

such that » *Il^T •ito-, where the standard deviation had the value <T = 0. 2 
t THtOK'i 

for the 10 runs. 

. 4.3 Breakdown Studies 

The two afterbody S-band antennas were employed in the breakdown 

studies and the model was mounted so that the normal to the S-band antenna 

apertures was parallel to the floor. 
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Two microwave systems were used in the tests, namely, a high- 

power pulse transmitter and receiver, operated at a frequency of 2.7 GHz, and 

a low-power CW transmitter and receiver to monitor the signal attenuation 

through the plasma during the application of high-power pulses. The frequency 

of the CW system was 2. 84 GHz and was separated by a few megacycles from 

the frequency of the pulse system to avoid interference. Several items of 

microwave equipment were loaned to the Phase II program by the Sandia 

Corporation under Contract 4804, Suborder 7. 

Pulse signals were transmitted from the fore S-band antenna and 

both pulse and CW signals were transmitted from the aft S-band antenna. The 

pulse and CW signals were monitored by separate antennas mounted on the 

wooden arch surrounding the test section exterior. The dipole receiver 

antenna for the pulse signals was located at the 0° position and the dipole 

CW receiver antenna at about the 16° position. These antennas were closely 

spaced to ensure that the detected signals traversed essentially the same 

propagation path. The antenna arrangement is seen in Fig. 17 and a general 

view of the equipment arrangement for the breakdown tests is shown in Fig. 41. 

4. 3. 1 Microwave Instrumentation for the Breakdown Tests 

4. 3. 1. 1 General Functional Description 

A block diagram of the pulse system is shown in 

Fig. 42 and the triggering sequence and RF pulse modulation waveforms are 

shown in Fig. 43. The transmitter provided a train of one-microsecond pulses, 

which were alternately switched between the two S-band antennas on the model, 

as indicated in Fig. 43. High-speed switching of the pulses between the antennas 

was effected with a solid-state, single-pole, double-throw microwave switch 

at the output of a pulse transmitter. 

For the duration of any one test, the pulse train 

consisted of approximately 10 pulse pairs, spaced 100 microseconds apart, with 

a spacing of 20 microseconds between the pulses of each pair. The RF 

pulse train detected at the output of the transmitter is shown in Fig. 44. 

Provision was made to vary the RF pulse amplitude during a run by as much 
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as 10 dB (Fig. 43) and to change the average transmitter power output level 

from run to run. Each power excursion comprised a triangular envelope of 

5 pulse pairs at about a 3 dB power level separation, and two such amplitude 

modulated power excursions were made during one tunnel run. Provision 

was also made for detecting and recording the reflected power at the terminals 

of both transmitting antennas, and the incident power at the terminals of one 
S-band antenna, as shown in Fig. 42. 

The pulse receiver consisted of an antenna., 

located outside the test section, a crystal video detector, a linear video ampli- 

fier and ten oscilloscopes. The oscilloscopes were triggered sequentially and 

in synchronization with the transmitter pulse modulator so that each received 

pulse pair was displayed on a separate oscilloscope. The oscilloscope 

pulse waveforms were recorded directly by Polaroid cameras. 

The pulse tranámitter consisted of a low power 

cw source, modulators, and a high power S-band traveling wave tube amplifier. 

The traveling wave tube, Sperry Type STS-101*, had a maximum peak power 

capability of approximately 500 watts. Variation of average RF power and 

pulse modulation was accomplished by modulating the RF input to the tube. 

During the breakdown tests, provision was also 

made to permit the measurement of the coupling between the two S-band antennas 

on the model. The system configuration employed for the coupling measure¬ 

ments provided a high power pulse signal to the fore antenna while a crystal 

video receiver, connected to the aft antenna, measured the coupled signal. 

Also, the external pulse receiver was used to observe the pulse signal 

transmitted through the plasma. In addition, a CW transmitter and receiver 

was included to permit the monitoring of signal attenuation, as a function of 
time, during the breakdown tests. 

The TWT amplifier was made available to t] 
contract AF 30(602)-2077. program by CAL under 
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4. 3. 1. 2 Pulse Transmitter and Receiver 

A block diagram of the complete RF system, 

including both pulse and CW instrumentation, is shown in Fig. 45. A gated low- 

power klystron oscillator generated a train of RF pulses of constant width, 

the pulse width being slightly greater than the width of a pulse pair at the 

transmitter output. The pulse train was then amplitude-modulated by a 

PIN diode modulator, in order to provide the triangular variation of pulse 

amplitude at the transmitter output, as shown in Fig. 43. A 2-watt 

traveling wave tube at the modulator output was used to amplify the output 
of the modulator. 

A second PIN diode modulator, at the output of the 

traveling wave tube amplifier, formed the pulse pairs by amplitude modulation 

of the input waveform. The RF pulses were then applied, in turn, to the Sperry 

traveling wave tube amplifier, manual RF level control, and a high-power 

crystal switch, which switched the pulses between the two S-band transmitting 
antennas on the model. 

beveral remarks concerning the traveling wave t 

amplifier are appropriate at this point. The tube had not been used for two 

or more years prior to the present program and its condition was uncertain. 

In preliminary tests of its performance, considerable effort was required to 

activate the tube owing to the fact it had become gassy. Extended low-voltage 

operation did reduce the ion level sufficiently to enable high-voltage operation 

of the tube with a limited degree of success. This procedure was repeated 

several times during the course of the program. It was recognized at the 

outset by both CAL and AFCRL project personnel that the condition of the 

tube posed some threat to the success of the program. However, owing to 

funding limitations and the fact that no suitable alternate RF source was 

available to the program, it was decided to proceed with the program as 
planned. 

The peak power capability of the traveling wave 

tube, after activation, is shown as a function of frequency in Fig. 46, and typical 

one-microsecond R F output pulses are shown in Fig. 47. The amplitude mod¬ 

ulation during the pulse was caused by an excessive positive ion level in the 
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tube. This phenomenon was aggravated by the need for operating the tube 

asa quasi-linear amplifier to meet the variable pulse amplitude require¬ 

ments so that the levelling effect of saturation could not be used. 

One-half inch diameter low-loss coaxial cables 

were used to connect the model to the transmitter which was located outside the 

tunnel. The internal pressure of the "Styroflex" dielectric cables was maintained 

at atmospheric pressure to avoid RF breakdown and the cables were routed to 

the model through a pressure plate and "O" ring air seals on the side of the 

steel dump tank. In order to prevent the accidental pumping of the cables 

down to the pre-run tunnel pressure, the cables were vented to atmospheric 

pressure on the outside of the tank. Type "N" coaxial connectors were used 

at the model and Teflon plugs and silicone grease were used to prevent RF 

breakdown of the air gap of these connectors. Addition of the plugs and the 

grease did not affect theVSWR of the connectors; this point was verified 

experimentally. All RF components including the directional couplers were 

located outside the tunnel to avoid RF breakdown problems. 

The pulse signal receiver comprised a crystal 

video detector, a pre-amplifier, and a low impedance amplifier which was used 

to excite the 10 monitoring oscilloscopes. Oscilloscope sweeps were synchro¬ 

nized by a shift register, triggered by a pulse which preceded the first pulse 

pair. A typical pulse at the output of the receiver is shown in Fig. 48 and the 

corresponding amplitude response calibration traces, referred to 0 dB for 

the no-plasma case, indicate the very limited receiver dynamic range 

capability of approximately +5 dB. 

4. 3. 1. 3 CW Transmitter and Receiver 

A low-level 2. 84 GHz CW signal, derived from a 

klystron signal generator, was injected by means of a directional coupler into 

the RF transmission between the output of the crystal switch and the aft S-band 

antenna, as shown in Fig. 45. The CW signal was used to monitor signal 

attenuation during the breakdown tests and by virtue of the slight frequency 

separation, both pulse and CW measurements could be made, simultaneously, 
without mutual interference. 
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An independent antenna and receivei were provided 

for the CW measurements. The CW receiver instrumentation consisted of an RF 

preselector, a mixer, a klystron local oscillator, log response IF receiver, 

and two oscilloscopes for data display. The receiver provided a bandwidth 

capability of approximately 2 MHz, which was adequate for preserving the 

time history of signal amplitude fluctuations. The dynamic range of the 
receiver was approximately 30 dB. 

4. 3. 1.4 Pulse and Waveform Generator Subsystem 

A block diagram of the pulse and waveform gener¬ 

ator subsystem is shown in Fig. 49. In addition to the trigger signal derived 

from the operation of the shock tunnel, the master waveform generator can 

be activated by either a manually activated single pulse or a free-running 

internal trigger. This choice of operation permitted full checkout of the 

system prior to initiation by the shock tunnel derived trigger. 

One output of the master waveform generator is 

used to reset the shift register and another output provides a timing pulse to the 

burst puiser. The burst pulse generator has a built in time delay so that 

the pulse train occurs at the desired time in the flow. A second waveform 

generator is activated by the burst puiser for the duration of the pulse train. 

This generator supplies timing pulses to two pulsers, identified as Puiser 
No. 1 and Puiser No. 2 in Fig. 49. 

The first puiser determines the width and position 
of the first pulse of each pulse pair in the pulse train, while the second puiser 

determines the width and position of the second pulse of the pair. A second 

output from Puiser No. 1 is used to trigger the function generator and the 

sh.it register, as shown in the figure. A third output from the puiser is used 

to trigger the RF generator and to provide the RF straddle pulse. The shift 

register is reset by the reset gate and advanced by one position for each out- 

put of Puiser No. 1. Each flip-flop of the shift register provides one of the 

ten oscilloscope triggers. Thus, one synchronizing pulse is initiated by 

each output of the puiser. The function generator has a time delay adjustment, 

so that the modulation can be started at the desired time. 
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4. 3. 2 Experiments 

The experiments were conducted at the same test conditions 

as those employed for the antenna pattern studies. This run condition was 

such that the 2.84 GHz CW signal suffered a signal attenuation of about 20 dB 

in propagating through the afterbody shock layer. The basic breakdown 

experiments involved the switched application of pulses between each S-band 

antenna with a 20-microsecond interval between each pulse of a pulse pair. 

In this manner, any field-induced perturbations in electron concentration 

in the region of the upstream antenna would have time to be convected by the 

flow to the region of the downstream antenna so as to coincide with the 

transmission of a pulse from this antenna. The fact that both S-band antennas, 

due to their close proximity, were essentially in the same aerodynamic 

plasma and hence should normally exhibit the same breakdown behavior, 

provided for a meaningful interpretation of the effects, if any, of plasma 

perturbations caused by the upstream antenna on the breakdown of the aft 
antenna. 

In addition, during two of the breakdown test runs, 

measurements were made simultaneously of the coupling between the two 

S-band antennas. In the coupling experiments, one varying amplitude 

excursion of single pulses was transmitted from the fore antenna only, at a 

pulse repetition frequency of 10 KHz, and the energy received at the aft 

antenna during pulse transmission from the fore antenna was measured. 

Throughout all the Phase II breakdown tests, the initation 

of the pulse sequence was delayed following the firing of the shock tunnel 

in order to ensure coincidence of pulse transmission with the development 
of useful test flow over the antennas. 

A total of 10 runs was made in the breakdown experiments. 

However, the limited performance capability and reliability of the high- 

power microwave traveling wave tube amplifier hindered the program from 

the outset. During the operation of the microwave instrumentation in the 

tunnel, the TWT required continual manual adjustment of the focusing 

current to keep the helix intercept current within acceptable limits. This 
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requirement for manual attendance placed a severe restriction on the time 

the equipment could be left unattended prior to each run. This constituted 

a major difficulty because tunnel operating procedure requires that 

personnel vacate the immediate tunnel area during the ten minutes or so 

immediately preceding each run while the driver tube is pressurized with 

hydrogen. In the interim, the increased degree of tube defocusing would 

frequently trip system interlocks and de-energize the TWT amplifier before 
the test was initiated. 

Residual gas within the TWT was a continuing problem 

requiring repeated curing of the tube through a low-voltage cycle to 

maintain the ion level at a tolerable value. Apparently the situation finally 

developed ,. the point where the ions effected significant defocusing of the 

beam. The tube employed a convergent beam and the beam entrance 

potential field was readily modified by the ions so that the original focus 

design no longer held. Such focusing modifications could cause increased 

beam scalloping with resultant excessive defocusing. 

While attempting operation of the TWT at higher power 
levels, one of the diodes of the RF switch broke down. Subsequently, RF 

noise was observed on the system output under similar operating condition. 

t is assumed that the high average power level of this RF noise caused the 

diode breakdown, because the duty cycle of the normal transmitted pulsed 

signal was insufficient to account for the diode failure. Spare diodes were 

on hand to permit repair of the switch as needed. The defocusing problem 

was circumvented by operating the tube at a reduced RF power output level 

The maximum power at the antenna terminals during the tests was 140 to 
150 watts. 

4. 3. 3 Experimental Results and Discussion 

The results of the breakdown tests may be summarized 

as ollows. At the maximum peak pulse power of 150 watts delivered to the 

antenna, representing a power density of 6 watts/cm2, no temporal changes 

in pulse shape were observed which could be attributed to the plasma alone 

Changes pulse shape with attenuation level did occur, but such shape 
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changes were found to be duplicated in the no-flow calibration records when 

pulse shape and amplitude were studied as a function of attenuator setting. 

Following two successive failures of the crystal switch in 

attempts to maximize the pulse power at the beginning of the experiments, 

the first two runs with pulse power applied were performed with the pulse 

train applied to the fore antenna only. One useful feature in this arrange¬ 

ment, however, was that the displayed pulse width could be made as large 

as desired for pulse shape definition. Accordingly, the pulse receiver 

recording oscilloscopes were operated with a 0.5^. sec/cm sweep to provide 

2 cm width of the one-microsecond pulse. The second pulse of each pulse 

pair was not recorded in this arrangement. In the operation as originally 

planned, with the first and second pulse in each pulse pair transmitted from 

the fore and aft antennas, iespectively, the received pulse display would 

have been recorded on the 10 cm graticule of one oscilloscope. The dis¬ 

played pulse width in this case would be about 0. 5 cm. 

One of the pulse signals received in these first experiments 

has been shown previously in Fig. 48. This particular pulse is the first 

pulse of the fourth pulse pair in a train similar to that shown in Fig. 44. 

The signal attenuation in this case, as measured from the records of Fig. 

48, is 21 dB, referred to 0 dB for the case with no plasma. The CW signal 

corresponding to this particular run is shown in Fig. 50 for two sweep speeds. 

The location of the start of the right trace (b) sweep in the left trace (a) of 

Fig. 50 may readily be identified at 2.45 msec from the start of the trace. 

The pulse train (tig. 44) was initiated at the same time as the trace (b) 

trigger, as shown in Fig. 50. The position of the particular pulse shown in 

Fig. 48 is then readily identified 300^csecs after the start of trace (b). This 

pulse is seen to be located about midway through the useful test time which 

commences 2.6 msec from the start of trace (a). At this point, the CW 

signal loss is 21 dB, in agreement with that measured from the pulse record 

of Fig. 48. As observed previously in the calibration record of Fig. 48, the 

dynamic range in the pulse receiver circuitry is unfortunately quite small, 

about 5 dB. The pre-run pulse receiver attenuator setting was such that the 

anticipated signal attenuation during the run would result in a pulse amplitude 
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about half the height of the graticule. For a signal reduction about 5 dB 

more or less than anticipated, the received signal was, respectively, too 

small for reliable measurement or off scale. Many of the signals received 

during the second power excursion in these experiments were, in fact, off 

scale as evidenced by the CW signal loss levels indicated for those times in 
Fig. 50(a). 

At peak pulse power levels of the order of 150 watts, 

reasonably stable operation of the TWT amplifier was obtained and the 

crystal switch circuitry was employed for a total of 4 runs. However, the 

recording procedure for observation of the leceived pulse train was altered 

from that originally planned for these experiments. Instead of recording 

each pulse pair on one oscilloscope, enabling at most about 0.5 cm pulse 

width definition, two oscilloscopes were employed for observation of each 

pulse pair. Both oscilloscopes were operated at sweep rates of 0. 5/xsec/cm 

and both were triggered from the first pulse of each pair. The second 

oscilloscope's sweep, however, was delayed 19^sec so as to record the 

second pulse of the pair. This permitted satisfactory pulse shape definition. 

The individual received pulses of a transmitted pulse pair are shown in 

Fig. 51 together with the post-run calibrations for each channel, where 

0 dB corresponds to the no-plasma case measured with the model in the 

dielectric test section. The signal attenuation as measured at the midpoint 

of the pulse profile in this case was 16.5 dB. The signal attenuation deter¬ 

mined from the CW record at this point was 14 dB. While this recording 

arrangement does provide for very desirable pulse shape definition, the 

required use of two oscilloscopes per pulse pair enabled only one power 

excursion to be observed since only 10 fast-sweep oscilloscopes were availabh 

The CW records indicate, however, that the useful test flow period would 

only allow one such excursion in any event. The change in pulse shape 

referred to earlier is clearly evident in the records of Fig. 51 as well as 

those in Fig. 48. However, since the same trend in pulse shape is present 

in the calibration traces, this phenomenon cannot be attributed to plasma 

effects. The pulse shape distortions are probably the result of microwave 
equipment induced effects. 
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For purposes of comparison, during the same experi¬ 

mental run corresponding to the records of Fig. 51, the fourth pulse pair in 

this train was recorded in the manner originally planned. The received 

pulse pair is shown in Fig. 52. In this case the pulse attenuation was 

measured to be 22 dB while the CW signal attenuation was 24 dB, relative 

to the no-plasma case. 

During the course of the breakdown experiments, sim¬ 

ultaneous measurements were made in two runs of the coupling between the 

two S-band antennas on the model. The oscilloscope requirements were 

again such that only one power excursion could be observed. Pulse trans¬ 

mission was from the fore antenna. Two oscilloscopes were required to 

record the first pulse of each transmitted pulse pair, one to monitor the 

external receiver and the other to monitor the aft S-band antenna. Because 

of equipment shortages during these particular tests, however, no CW 

transmission measurements could be made during the coupling experiments. 

The direct and coupled receiver signals are shown in Fig. 53. The par¬ 

ticular pulse shown in this figure is the first of the fourth pulse pair trans¬ 

mitted which had a peak pulse power of about 75 watts. The external dipole 

receiver signal indicates a signal attenuation of about 17. 5 dB. Whereas 

the measured free space coupling between the two antennas was 19 dB, the 

signal received by the aft antenna indicates that the antenna isolation is 

further increased by about 20 dB in the plasma environment during a run. 

None of the signal wave forms recorded during these tests 

indicated changes in wave shape which might be interpreted as nonlinear 

interaction phenomena or incipient breakdown. Unfortunately, many of the 

waveforms could not be observed because the signal amplitude variations 

exceeded the dynamic range of the receiver equipment. As noted previously, 

the maximum dynamic range capability of the pulse receiver and display 

was limited to approximately ±5 dB. The data recorded, however, provided 

sufficient evidence that no breakdown occurred even at the maximum available 

antenna power condition. The variation of the mean signal attenuation from 

run to run, which was approximately ±5 dB for the same tunnel initial pres¬ 

sure conditions as observed previously during the pattern studies, and the 
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variation with time during any one run (e.g. Fig. 50), indicated a receiver 

dynamic range requirement of 30 dB or more. Because of cost limitations, 

it was not possible to provide amplitude compression receivers with such 

large dynamic range and with adequate bandwidth for these tests. The need 

for larger dynamic range receivers in future breakdown tests is clearly 
indicated, however. 

While the realized power density of 6 watts/cm 2 is in the 

range where observable nonlinear effects might be expected, it is felt that 

the failure to observe any nonlinear plasma interactions in the experiments 

was because a significant fraction of the incident RF power on the plasma 

was reflected. The effective power density within the plasma was therefore 

considerably less than that computed from available power. One of the 

reflected power records taken during the experiments is shown in Fig. 54, 

together with the calibration records obtained by shorting the antenna with a 

copper sheet to record maximum power reflection. The pulse peaks have 

been retouched in this figure for purposes of reproduction, but the record 

indicates that at least 80% of the incident power is reflected. The high 

power reflections measured in these experiments at S-band result from 

plasma-induced antenna mismatch which also caused the similarly high re¬ 
flections at C-band in the pattern tests. 

The large reflection coefficient must also have some effect 

on tha interpretation of the coupling measurements. The coupUng experiments 

showed that the presence of the hypersonic plasma resulted in a 20 dB or so 

reduction, from the free space value, in the measured signal coupled from the 

fore to the aft antenna. Of possible concern, however, is the ability of the 

instrumentation to provide a meaningful measurement of this reduction in 

coupled signal because of reflected power considerations. Since the RF 

power reflected from the plasma was high, the measured reduction in 

coupled signal represents the sum of the plasma-induced effects of increased 

reflected power and of the modification of the coupling path (i.e., free space 

vs. plasma) between the antennas. Because only a small fraction of the 

incident power is transmitted when the plasma is present, any error in deter¬ 

mining the actual transmitted power will cause a significant error in evaluating 

the effect, of the plasma on the coupled signal. The accuracy of the coupling 

measurements must await evaluation in future tests. 
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V. CONCLUSIONS 

An analytical and experimental study has been made of the effects of 

an aerodynamically generated plasma on microwave transmission from 

simple waveguide antennas installed on the cylindrical afterbody of a 12-inch 

diameter hemisphere-cylinder model in the CAL High Energy Shock Tunnel. 

The studies comprised signal attenuation and pattern shift measurements at 

C-band (4.25 GHz) and nonlinear plasma interaction and coupling measure¬ 

ments at S-band (2. 7 GHz). 

The analytical studies involved the coupled chemical-gasdynamic 

calculation of the entire nonequilibrium tunnel free stream and body flow 

fields and the resulting interaction for plane-wave propagation of microwave 

radiation through the afterbody plasma. The flow field calculations have 

afforded a valuable insight into the distributions of the electron number 

density and collision frequency around a body geometry of basic interest. 

The shock tunnel is a facility unique in its capability to generate es¬ 

sentially contaminant-free high enthalpy flows for the simulation of reentry 

scale velocities. In the present tests, the shock tunnel has been shown to 

provide test flows at high total enthalpy, which are adequate (/^0.6 msec) 

for the performance of plasma-microwave interaction experiments. In 

addition, the repeatability of the plasma environment generated about the 

model i.n the shock tunnel from run to run was such as to result in a ±5 dB 

variation in signal attenuation at S- and C-band frequencies. The suitability 

of the shock tunnel for the performance of microwave experiments was en¬ 

hanced by the use of a specially designed dielectric test section in order to 

minimize test environmental effects on the microwave measurements. In 

operation, the dielectric test section has proven very satisfactory in that 

diffraction and multipath effects are quite negligible. The test section itself 

has been shown to permit the duplication of outdoor antenna range pattern 

measurements to within about 1 dB over the entire 180# upper half-plane 
above the antenna. 
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The pattern shift studies furnished measurements of the increase in 

signal attenuation as the receiver antenna was rotated away from the antenna 

aperture normal to the 90* position. The signal attenuations measured on 

the antenna normal were found to exceed the predicted attenuation, while, at 

the same time, measurements of the reflected power showed that upwards of 

80% of the incident RF power was reflected from the plasma back into the 

aperature. The large power reflection, a feature of both the C-band and S- 

band experiments, is considered to be primarUy a mismatch effect which is 

due to the change in antenna impedance caused by the plasma. An improved 

accounting for RF power reflection must be included in future calculations 

of microwave propagation through plasmas in the vicinity of a ground plane, 

to ensure better correlation between theoretical and experimental micro- 

wave interaction effects. Currently, an analytical-numerical study of the 

calculation of the self-admittance of an antenna immersed in a plasma is 

being made at CAL in order to provide this necessary refinement. Obviously, 

improvements to theoretical approaches in areas revealed inadequate in 

facility experiments, will lend confidence to the prediction of interaction 

phenomena in flight situations which cannot be simulated in the shock tunnel. 

The S-band experiments were unsuccessful in measuring any incipient 

breakdown or nonlinear plasma-microwave interaction effects, although the 

antenna aperture power levels achieved were such that nonlinear effects 

might be expected. Again, the plasma-induced antenna mismatch, with the 

attendant high power reflection, resulted in a reduction from aperture values 

of the power density actually within the plasma. Further experiments will 

be performed shortly, at considerably increased power levels, to observe 

S-band breakdown phenomena in the same test environment. 

The complex programmed operation of all the microwave instrumenta¬ 

tion and its operation in proper synchronisation with the tunnel flow was 

enttrely satisfactory. The program budget did not permit the use of receivers 

with the greater dynamic range capability (i.e., amplitude compression 

receivers) desired for the breakdown teste. The possible variation of plasma 

electromagnetic properties (electron concentration, attenuation etc.) from 

test to test, and the systematic changes which may occur during any one test, 

indicate a receiver dynamic range requirement of 35 dB, or more, for 
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further exploratory investigations. A considerable amount of the data 

collected in the present tests was, in fact, unusable because signal amplitude 

variations exceeded receiver capability. 

During the S-band breakdown tests, measurements were made of the 

effect of the aerodynamically generated plasma on the coupling between two 

S-band antennas, situated 2. 5 inches apart. The coupling measurements, 

performed under conditions of high reflection coefficient, indicated that the 

isolation between antennas was increased an additional 20 dB from the free- 

space value of about 20 dB, during the plasma flow. While the effect of the 

plasma absorption alone on the coupling was not separable from the measured 

loss, the net effect as measured in the present experiments resembles the 

flight case for a simple slot antenna where power reflection effects and plasma 

absorption both contrive to change the free-space coupling. 

It is recognized that many factors contribute to the overall effect oí an 

adjacent plasma on the propagation of microwave radiation from a slot 

antenna on a hypervelocity vehicle. Factors such as the rate of boundary 

layer growth over the vehicle, the curvature of the body surface or ground 

plane, gradients in the electrical properties of the flow over the antenna, 

and changes in the antenna impedance all play a role. It is believed, however, 

that comparisons of the results of experimental interaction studies of the type 

described herein with theoretical predictions will result in evaluation of the 

effects of each of these factors and further our understanding of the basic 
effects involved. 
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REACTION KINETIC 

Table I 

DATA EMPLOYED IN NUMERICAL CALCULATIONS 

REACTION 

1. 02 + M^20 + M 

2. 02+M5i20+M 

5- 02 + m^20 + H 

*2 + M ^ 2N + M 

5. N2 + M*£2N + M 

«• N2 ♦ Mq^2N ♦ M 

7. NO + M^N + 0 + M 

•. R ♦ Oj^MO ♦ 0 

9. 0 + N2^N0 + N 

10. 02 ♦ N2^NO + NO 

It. N0+ + *~4M + 0 

THIRD BODY 
M 

N2.Ar,N,NO 

02,Ar,0,N0 

02,N2,Ar,0,N,N0 

FORWARD RATE CONSTANT k, 

(c«3/iiiole tec.) 

»21 -*1-5 3.6 X 10^' T txp (- ll796°) 

RoT 

2.1 X 1018 T'0,5 exp (- mm,) 
RoT 

1.2 X I02i T-1,5 exp (-HZSfifi) 

RoT 

3.0 X 1021 T'1,6 exp (- 22¾ 
RoT 

1.5 X 1022 f1,5 exp (- 224990) 

RoT 

9.9 X 1020 T',,5.xp (-JiSäÄ) 
RoT 

5.2 X 1021 T",,5exp (- LW960) 

RoT 

1.0 X IO12 T0,5 exp (- ÍM) 

RoT 

5.0 X 1013 exp (- 25522) 
R0T 

9.1 X IO28 T 25 exp (- >29120) 
R T "o' 

1.9* 102« T-1,5 
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Figure 7 CALCULATED SURFACE PRESSURE DISTRIBUTION OVER 

THE 12-INCH DIAMETER HEMISPHERE-CYLINDER MODEL 
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Figure 8 CALCULATED BOUNDARY LAYER EDGE CONDITIONS ON MODEL AFTERBODY 
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Figure 12 SCHEMATIC DIAGRAM OF TUNNEL LAYOUT 
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Figure 22 X-BAND INTERFEROMETER RESPONSE 

IN A PURE HYPERSONIC AIRSTREAM 

■f = 9 GHz, 0 = 30 cm 
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Figure 26 LOW-REFLECTANCE TEST SECTION PERFORMANCE 
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Figure 40 MEASURED HEAT TRANSFER DISTRIBUTION 

ON HEMISPHERE-CYLINDER MODEL 
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Figure 43 TRIGGER AND RF PULSE TIMING SEQUENCE FOR THE BREAKDOWN TESTS 



Figure 44 INCIDENT MICROSECOND PULSE TRAIN 
EMPLOYED IN THE BREAKDOWN STUDIES 

SWEEP = 0.1 msec/cm
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Figure 45 BLOCK DIAGRAM OF MICROWAVE INSTRUMENTATION FOR THE BREAKDOWN 
TESTS 
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Figure 47 TYPICAL ONE-MICROSECOND PULSES FROM 

THE SPERRY STS - 101 TWT AMPLIFIER 
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Figure 52 RECEIVED PULSE PAIR IN THE BREAKDOWN TESTS
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REFLECTED POWER 

Figure 54 REFLECTED POWER AT TRANSMITTER ANTENNA 
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