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FOREWORD 

This Instrumentation Report has been prepared with several purpoaee 

in mind. First, a thorough description of the Flight Physics Range In¬ 

strumentation Is necessary because the majority of data are In the form 

of photographic records made with spark Illumination of the model or 

taken directly from oscilloscope traces. Thus, In order to Interpret 

these photographic records, a thorough understanding of the apparatus 

Is required. The second purpose le to establish a basis for the reduction 

of raw photographic data as presented In our data reports, Volumes 

I - VI. This reduction requires a presentation of mathematical methods 

as well as the constante needed for the computations. Finally, calibra¬ 

tion methods of the various Instruments and of the entire flight trajectory 

need to be presented In order to establish the accuracy and reliability of 

the data. 

For these reasons, this report should be considered a handbook, cover¬ 

ing such f^!ds us flight kinematics, optical radiation, microwave phase 

shift and attenuation, and doppler radar return. It Is written as a series 

of descriptions by investigators who are experts In their respective 

fields. 

It Is hoped that the material presented In this report will prove a valúa- 
* 

ble tool in reducing specific data from the accompanying reporta. 

mis research is pan oí project DEFENDER, spousoreii by the Ad¬ 
vanced Research Projects Agency, Department of Defense. 
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SECTION I 
INTRODUCTION 

The Phyilca Range at General Motora Delenae Reaearch Laboratorlaa 

la an advanced facility for aupportlng reaearch In the phyalca oí 

hypervelocity flight. Thla facility la capable of almulatlng to a high 

degree the actual flight condltlone aaNoclated with ICBM and apace 

vehlclea under controlled laboratory teat condltlone. Since obser¬ 

vations are made of modela In free flight, real phenomena can be 

atudled without Interference effects or uncertainties concerning flow 

conditions. 

The prlnclpalpurtsof the range are the hyperveloctty launcher (a light- 

gas gun), the flight test chamber, and the radar chamber. The test 

model Is fired by the gun Into the flight test and radar chambers 

where observations are made while the model Is In free flight. The 

pressure of the gas In the chambers can be varied so t at il'.sM at 

various altitudes can be simulated. In addition, the composition of 

the gas can be controlled so that flight through gases other than air can 

be studied. 

A schematic drawing of the Flight Physics Range Is presented In Fig. 

1-1. The flight test chamber Is a tube 0.61 meter In diameter and 10. 4 

meters long, segmented to provide flexibility In the positioning of the 

Instrumentation stations along the flight path. The Individual sections 

are evident In Figs. 1-2 and 1-3 which show the arrangement of range 

Instrumentation along the flight chamber during the period of this 

report. 
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The radar chamber (Flg» 1-3) la a tank 3.44 metara In diameter and 

1 il.2 metera lonii. The tank waa dealgned íor uae with the head-on 

doppler radar, and the Interior of the tank la free of obatructlon to 

prevent apurloua reflection. 

The muazlo of the llght-gaa-Kun launcher la ahown at the left of Fig. 

1-2. It flrea the model from left to right through the range, The 

bliiHt tanka allow expansion of the gun ganes and lessen their contamin¬ 

ation potential In the free-fllght section of the range. 

A discussion of the light-gas-gun launcher (Fig. 1-4) Is Included In a 

later section of this report. 

To protect some of the models from contact with the launch tube during 

the llrlng sequence, they are completely supported In a sabot. The 

’■‘ubot fits the bore of the gun and Is formed from several pieces which 

nuis) separate from the model before physical measurements can 

be made of the model In flight. The separation process has been 

accomplished aerodynamleally In tne tests to date (December 1062). 

Since separation forces are small, a distance of approximately 10. fl 

meter« Is covered before the sabot sections spread over a radial 

distance sufficient to permit Interception In a sabot separation chamber. 

I’he sabot pieces Impact around a tube through which the mode! passes 

on the range axis. Further discussion of the sabotlng technique will 

l>e presented In a subsequent section of this report. 

The free-fllght Instrumentation sections are Indicated In Figs. 1-2 and 

I :i Shown are: (a) blast chambers, (b) fltght-terd chambers, (c) 

spark photography stations to record the model Integrity, flight attitude 

and ¡«.sltt.iH at a gtvvn tuim during Hi** iiiihUú's iiigiii, (u) iiie 
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tranaverae microwave probea for detailed recorda of the ionization in 

the flow field around tho model and in ita wake, (e) an Infrared 

radiation detection atation, (f) an ultraviolet Infrared (vialble) radi¬ 

ation detection station, and (g) a spark schlieren atation for recording 

photographically the flow field around the model and in the wake. 

Indicated on Fig. 1-3 are: a microwave trigger atation for the timing 

of doppler radar measurement», a flash X-ray atation to provide final 

information on model integrity, flight attitude and position with time, 

and the doppler radar station. This instrumentation will be discussed 

in detail in subsequent sections of this re|x>rt. 

The pumps for evacuating the flight test and radar chambers consist of 

two roughing pumps and an oil diffusion booster pump which cun 

evacuate the chambers to an equivalent pressure altitude of 350,000 ft. 

The high-capacity pumps can evacuate the tank to a pressure of I 

micron of mercury in about 1 hour. The seals around doors, ports, 

and other openings are hermetically tight, and the leak-rate of the 

system is on the order of 0. 1 micron of mercury (Increase in pressure) 

per minute at pressures of the order of a few microns. 

The development of new techniques for range operation Is in progress, 

ami changes In gas valving, Instrumentation placement and operational 

procedures may be made fron» time to time; consequently, It should 

be expected that the range facility, as described, will be modified and 

improved as programs and technological progress dictate. 

1-7 



SECTION 11 
DESCRIPTION OF GUN AND MODELS 

PHYSICS RANGE GUN 

The primary gun usad on ths Flight Physics Kangs Is an accslsratsd- 

rsssrvoir light-gas (ARLO) gun with a launch-tube bore dlamster of 

20 mllllmstsrs. This typs of gun was sslsctsd becauss of Its ability to 

maintain a reasonably constant pressure at the base of the projectile 

during the launching run. Since the maximum velocity will be attained 

if the base pressure and acceleration are held constant during the 

launching run, this type of gun is a logical choice when launching frag 

lie modeiri at a hypervelocity aerodynamics research facility. 

The ARLG gun Is a special type of piston compressor Ught-gas gun 

(Fig. 2-1). It Is a two-stage gun which uses a nitrocellulose propellant 

In the first stage, and hydrogen In the second. The hydrogen Is com¬ 

pressed by the firing of the first stage, and the projectile Is acceler¬ 

ated by the firing of the second ta,'*, 

The principal parts of the gun are labeled In the sketch. The first 

»luge Is, In effect, a pump consisting of a powder chamber, a piston, 

and a pump tube. The second stage is the gun barrel. The two stagow 

are Joined by a unit called a hlgh-prusHurc coupling, and the port 

from the pump Into the barrel is closed by a special valve called a 

break valve. The diameter of the pump 1c constant throughout Its 

length but tapers with a relatively gentle angle (about 8 degrees In¬ 

cluded angle) In the high-pressure coupling from pump born diameter 

In barrel bore diameter. The niaton is comnoslte. constructed of u 
* • « 
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plaatic front portion, a laid slurry csntsr portion, and a plastic bass. 

When ths gun Is loadsd for firing, gunpowder Is placed In the powder 

chamber and the pump tube Is filled with hydrogen. The actual gun 

with the principal parts labeled can be seen In Fig. 1-4. 

The steps In the firing sequence are Illustrated by the sketches in Fig. 

2-2. Sketch A shows the gun loaded and ready for firing. In sketch B, 

the powder has been fired and the powder gasee are driving the piston 

down the pump tube, compressing the hydrogen. In sketch C, the piston 

has reached the beginning of the tapered section In the high-pressure 

coupling. The initial pressure In the hydrogen has been adjusted, so 

that when the piston Is near this point, the hydrogen has beencompress- 

ed to a pressure equal to the base pressure desired to accelerate the 

projectile. With the opening of the valve, the firing run of the projec¬ 

tile begins. 

Although the piston Is actually a deformable plastic, the forces acting 

upon It as It ente: «t the taper (Fig. 2-2D) are large compared to its 

strength, and It behaves, In part like an Incompressible viscous fluid. 

Inertia keeps the main mass of the piston moving forward at a nearly 

constant velocity. As a result, the front face of the piston starts 

thrusting rapidly forward with Increasing velocity. The piston closes 

the volume In the taper ao rapidly that the pressure of the hydrogen at 

this point rises rapidly, oven though It Is flowing Into the barrel. If the 

gun Is operated correctly, the rise In pressure of the hydrogen at the 

brooch just compensates the fall In pressure from breech to projectile 

base, and the projectile Is accelerated with constant force. 
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MODELS 

Two typ«« of model« have been u«ed in the Flight Phy«lc« Range - 

ablative and non-ablative (Fig. 2-3). The non-ablative modela have a 

copper Murface in the «tagnatinn region, while the ablative model« are 

pla«tic« of varloue type«. The front portion of all projectile« 1« «pher- 

ical. The radlu« of curvature of the apherical surface 1« 7. 5 mm for 

the copper-coated sphere« and 13 mm for the standard model. The 

copper- coated sphere« are constructed by electroplating copper to a 

thickness of 0. 020 In. on a Zelux-Type-M core. The copper Is placed 

on the standard model by crimping a cap on a plastic base (Fig. 2-3b). 

Two configurations of standard models have been used: the standard 

model has a bore-size cylindrical afterbody (Fig. 2-3a); the standard 

"V" model (Fig. 2-3c) which is fired with a pusher sabot to insure sta¬ 

bility in the gun has a very short bore-size cylindrical afterbody with a 

conical tail. 

Ablating models are constructed of various plastics, such as high- 

density polyethylene, Zelux-Type-M., or Teflon, In either the standard 

or standard "Y" configuration. The standard ablating model Is shown 

it. Fig. 2-3a and the standard "Y" ablator Is seen in Fig. 2-3c. 

Sub-caliber models, such as the IR-mm spheres, must be supported in 

a sabot during the launch. Figure 2-3d shows the construction of a 

sabot and the placement of the sphere In the sabot. The sabot Is form¬ 

ed of four pieces, and aerodynamic forces cause the sabot pieces to 

separate from the model after the projectile leaves the gun. When the 

sabot pieces have separated sufficiently from the model, they are stop¬ 

ped by a sabot catcher, leaving the model to proceed down the range alone. 

Fig. 2 4 gives the dimensions of these types of models. 

2-5 
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CLEANING MODELS 

It was conslderod that any contaminants on the Hurfaco of a model 

would have an effect on the ln>flight observables, In particular, the 

effect could be moat significant In the case of low-ablating models In 
- 2 

which thicknesses of less than 10 mm are ablated during the total 

flight time. For this reason, the following cleaning procedure is used. 

Each model Is cleaned In methyl ethyl keytone a id then dipped In a so¬ 

lution of Oaklte 33 (1 part) and tap water (15 parts) preheated to 140oK. 

Finally the model Is rinsed In distilled water and dried. During the 

whole operation the model Is handled only by dean forceps. 

REFERENCES 

1. Curtis, John S., "An Accelerated Reservoir-Light Gas Gun, " 
NASA TN D-l 144, February 10(12 

2. Charters, A. C. & Curtis, John S. , "High Velocity Guns for Free 
Flight Ranges", DHL TM62-207, Apr 1082 

3. Hlolettl, Carlton & Cunningham, Bernard E,, "A High-Velocity 
Gun Employing a Shock-Compressed Light Gas", NASA TN 1)-307, 
February 1080 



SECTION III 
SPARK PHOTOGRAPHY APPARATUS 

GENERAL 

Th« position, attitude, and condition of the model during its flight 

through the instrumented flight chamber are recorded by spark 

shadowgraph photographs. Three spark shadowgraph instrumentation 

chambers are located along the flight axis of the range, and orthogonal 

shadowgraphs are taken at two locations In each of the shadowgraph 

chambers. A total of six shadowgraph stations are thus provided along 

the flight axis, and each of these furnishes orthogonal photographs of 

the model In flight. The optical axis of each station Is located In a 

plane perpendicular to the range axis, and the orthogonal axes are at 

an angle of 45 from a vertical axis, allowing each station to record 

longitudinal, lateral, and vertical direction as well as the model's 

attitude about the pitch and yaw axes. Figure 3-1 Indicates the geo- 

metric arrangement of the shadowgraph stations used on th»' range, 

vMe Fig. 3-2 is a photograph of one of the shadowgraph chambers 

t he physics range Is oriented In such a way that the flight axis Is 

genet ally north to south! so the optical planes for the shadowgraph 

stations are east to west, The shadowgraph recording cameras lie 

15 from the vertical on opposite sides of the range and are accord¬ 

ingly labeled Fast and West cameras The six Fast shadowgraph 

photogranhs and the six West shadowgraph photographs comprise a 

l>ortlon of the data required for fight characteristics determination. 

;< i 



■TATION I 
ITATION I 
(■AMI A» Il 

Hr 3-1 Schematic of Phynlr« Manne Velocity Station Inatrumentatlon 

sii.iiluwKi’aph photonraph» are taken by mean« of wpark-nap llnht 

f.oun'CH trlgn«red by the puNNane oí the model. Ah the model travel« 

il»»¿manne, It Intercept* a llnht beam aero«* the fltnht path at the 

Nhailownraph utation. The llnht beam Intenelty Ih attenuated by the 

model and thlH channe Ih detected by a photocell and used to trlnner the 

Hpark-nap llnht Moureen for the Htation (Ea*t and We*t). The distance 

■ilona the lllnht path Ih Indicated by reference fiducial mark* at each of 

«he camera station*. The condition, attitude about the pitch and yaw 

axes, and the position In space of the model can thus be determined at 

• '.ich station bv reference to the orthoimnul nhotiu/runha 
• ►* • ” • • * J • * • • ■ * • j - • • » * • 
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A relative time-hietory of the model's flight la deUrmlned by uae of 

electronic countere. A 10-megacycl« electronic counter comprlaee a 

baile part of each of the shadowgraph systems. The counters for all of 

the shadowgraph systems are started by the firing pulse of the gun 

launching the model. Each counter la stopped Individually by the 

current discharge of the spark-gap light source. Thus, the counters 

are started at the same Instant and stopped individually by the light 

source for the photograph of the model. In this way an absolute 

relative time- and position-history of each flight is recorded, and the 

velocity of the model can be computed by time and distance differences. 

Details of the instrumentation, accuracy of measurements, and the 

methods employed in the determination of flight characteristics follow 
in later flections of this report. 

DESCRIPTION OF EQUIPMENT 

Optics of Shadowgraph Instrumentation 

A schematic representation of the shadowgraph station as used on the 

physics range is shown in Fig. 3-1. As indicated in the figure, the 

system is folded for compactness and rigidity. The collimated light 

beam across the range is about 6 in. in diameter and determines the 

field of view of the camera. The light source for euch photograph is 

a spark-gap discharge limitod to a diameter of 0.01» in. (0. 03Hlcm). 

The telecentrlc stop in the camera tube is 0. 1 in. (0. 254 cm) diameter. 

The focal length of the collimating anti de-colllmatlng mirrors Is 48 in. 

(122 cm) and the distance from telocentric stop to ruinera plate in 

about 24 In. (81 cm). The picture thus recorded is about half-si/e. 

Mirror surfaces are true within 1/4 wavelength (Nu). 



Qgometry oí 8hi>downraph Iiuitrumantatlon 

Ortho([on«l ilwdowKraph «yitama an located at each shadowgraph 

etatlon along the range. There are a total ot eta such stations lor 

(light characteristic determinations, with a pair of statlone located In 

each of three shadowgraph chambers. Tor reference position on the 

shadowgraph photograph, each shadowgraph chamber contains a 

ltduclul bar consisting of a single length o( carbon steel with the 

reference edge suitably notched (or the determination of axial position. 

The notches are visible In the spark photograph and are spaced 36 In. 

(nominal) apart. The edge of the bur has been ground to a knife-edge 

at the section of the reference notches, and this edge ts used to 

determine the axis of the flight range. A spatial calibration of the range 

at 70 r has been made. Axial and lateral |K,nltlon of the »luttons can 

be determined to within 0.01 In. (. 02S4 cm) with temperature cor- 
rectlon an necea««ry. 

The plano« oí the «hadowuraph «yatem« aw perpendicular to the íllght 

axl« to within f Io. The «hadowgraph Hyntem« ior each «tatton aro 

within * Io oí 90° to each other and f 1° oí 45° from the vertical. 

.Shadowgraph Light Sourc<> 

The Hource of light for the shadowgraph photograph« 1« created by the 

discharge through a «park gup oí about three joule« oí energy. The 

total time duration oí the «park I« on the order oí 0. 3 microsecond, 

ami the charactorlatlc oí the discharge I« such that the ratio oí light 

intensity to maximum light intensity I« 1 to 3 during a time oí 0. 2 micro- 

Mocond (see "High l»ower Short Duration Spark Discharge”, Kovusznay - 

Vol. 20, No. 9, 090-097, Sep 1049, The Hevlew of Hclentlilc Inslru- 
mi*nt«l A 11-11010.. oisw'k -4 — i..,.. ., 

—.... *" we^i id urruK tiown an air gap of 



0.015 ln. dlamtUr and start the arc discharge (rom the capacitive 

storage. 

Shadowgraph Cameras 

Shadowgraph cameras are a part of the nhadowgraph system previously 

described. Polaroid Type 47, 3000-speed film Is normally used for 

data recording, but provision has been made to use cut film. The 

resulting picture Is about one-half the normal size; l.e., sizes and 

distances on the photograph must be multiplied by a scale factor of 

about 2. 0 In order to correct to full scale (each shadowgraph system 

has been calibrated Individually and the exact correction factor 

established. The actual correction factors range from 1.5 to 1,9). 

Shadowgraph Light-Source Trigger 

At each of the shadowgraph stations during Its flight downrange, the 

model pusses through a collimated horizontal light beam which Is 

perpendicular to the axis of the range and about 5 In. (12.7 cm) In 

height and 3/4 In. (1.9 cm) In width. The light source Is a six-volt, 

projector-type Incandescent lamp and the beam Is focused on an RCA 

Type 6570 phototube, When the model passes through the light beam, 

the phototube current change is amplified by a circuit employing a 

thyratron trigger; this provides a voltage to the trigger electrode In 

the spark-gap light-source unit, and the resulting discharge of the 

capacitance through the air gap provides the pulse to stop an elect! onlc 

counter which has been started by the gun-flrlng circuit. Since the 

counter Is stopped by the discharge of the capacitors providing the 

light source, it records the exact time in the sequence at which the 

nhfttiwi rutth lu »mirlr« .... . .. 



Sine# on# light-aoure# trigger circuit la provided for each ahadowgraph 

atatlon, there are a total of alx trigger circuita for ahadowgraph photog¬ 

raphy on the phyalca range. 

Electronic Counteri 

The electronic countera and frequency aourcea employed In the ahadow¬ 

graph photography ayatema are Beckman Types 7270 and 7070, digital 

counter chronographa operated at 10 megacycles per second. The 

7270 counter serves as the clock-pulse generator for all counter units 

to Insure counting at a common rate. The 7270 oscillator unit la 
7 

rated to have a maximum time stability of 3 parts to 10 per week. 

The counters have an accuracy In time count of t one count or * 1/10 

of a microsecond. 

One counter is used for euch of the shadowgraph systems so that each 

station has an east and west time count. The use of the time count in 

conjunction with the shadowgraph photographs for flight characteristics 

Is fully described In another section of this report. 

3-7 



SECTION IV 
FLIGHT KINEMATICS 

COORDINATES OF THE MODEL ALONG ITS FLIGHT PATH 

The fieldi oí view of all recordinn iniitrument* are positioned with re¬ 

spect to a common set oí coordinate axes which have been accurately 

surveyed throughout the range. Defined as an orthogonal system, the 

positive x-axls points downrange and coincides with the surveyed cen¬ 

terline of the range, the positive y-axis is the horizontal axis pointing 

to the right when looking downrange. the positive z-axis points vertical¬ 

ly downward. This arrangement, therefore, corresponds to a right- 

hand coordinate system. 

The survey of the range was made by establishing crosshairs at each 

fiducial plane along the range and accurately measuring the x-dtstance 

of these planes by means of a steel tape from a reference point, -or- 

rertions were then made for the tension applied to the tape during the 

measuring operation and for the expansion of the tape due to elevated 

temperature of the ambient air. 

At each station the distances of the fiducial bur from the range survey 

axis were then established in the east and west shadowgraph planes by 

accurately placing a calibrated ball on the survey axis and measuring 

Its distance to the fiducial bar. Coordinates of the model's trajectory 

are determined from the spark photography records (refer to Fig, 

3-i). 

4-1 



After the model emerge« from the launch tube, It describe« e flight 

path which deviates somewhat from the survey axis of the range. In 

order to locate the model with respect to this survey axis at any dis¬ 

tance downrange or at any time t, accurate marks have been placed on 

the fiducial bar, Installed along the upper portion of the range. 

On the shadowgraphs, taken at Stations 1- 6 downrange, the distances 

of the model from the fiducial bar can be measured. The problem is to 

determine the x, y, z coordinates of the model from the coordinates of 

the fiducial bar and the measurements of the spark photographs. 

Since these photos are taken in planes inclined at 45* from the horizon¬ 

tal and vertical, a rotation of these coordinates into the horizontal 

y-axis and the vertical z-axis is necessary to determine the actual y 

and z coordinates of the model; the x coordinate is not affected by the 

rotation. The following paragraphs describe the derivation of the 

transformation formulas. 

The shadowgraphs are taken in two planes -- the east plane and the 

west plane — which Include an angle of 00* between them and which are 

inclined at 45" from the horizontal (Fig. 4-1). The shadowgraph pic¬ 

tures show the distances ya and z^ of the model from the fixed fiducial 

bar. These distances can be measured directly from the pictures. The 

distances of the fiducial bar from the range survey axis p in the east 

plane and q in the west plane are known for each station. 

4 2 
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Thua: 
yg ■ y' ♦ P 

Bi ■ a' + q 

or 
y' ■ y, - p 

e' ■ - q 

The dlatancea y' and *' denote the location of the model with reepect to 

the survey axis, or true x-axis, of the range measured In the Inclined 

planes of the spark station optical system. In order to obtain the loca¬ 

tion of the model In the y, z coordinate system, apply the following 

conversion formulas which are apparent from the geometry. 

y - y' sin 45° • s' sin 45° • 0.70711 (y§ - e# + q - p) 

z - y' sin 48° ♦ z' sin 45° ■ 0.70711 (y§ ♦ z§ - p - q) 

Coordinates y and z establish horizontal and vertical distances of the 

model from the true x-axis of the range and provide the inputs into the 

equation furnishing the flight trajectory of the model to permit a deter¬ 

mination of the location of the model at any time t or at any downrango 

Mtutlon X. 

DETERMINATION OF VELOCITY AND LOCATION OF THE MODEL 

riu< observables are recorded by the Instruments along the flight test 

and radar chambers as the model traverses their fields of view. From 

these records must be determined the variations In the observables 

around the model and following in its wake; that is, the variations along 

the flight path measured with respect to a fixed point on the model. 
ta tK» 

4 4 



Actually, thu obsvrvablea are recorded by the Inatrumanta as functlona 

of time, ao that time, rather than (balance, la the operating Independ¬ 

ent variable, First, there la the time at which the Inatrument beglna 

to record - the start time of the oscilloscope sweep. This la recorded 

by a cycle counter chronograph which as been started with all other 

counters by common timing signal (from the gun-flrlng circuit) and Is 

stopped by the same signal from the Instrument's trigger that starts 

the CRO sweep, Second, there Is the time along the CRO trace which 

Is determined by the sweep rate. 

The problem In determining the variation In the observable with respect 

to the model is to establish the relation between time and distance. An 

example of the information desired Is shown In Fig. 4-2, Here the 

problem Is to relate the peaks of the amplitude record (from the trans¬ 

verse focused microwave probe) to the flow field geometry shown In the 

schlieren record. 

In order to solve this problem, the position of a reference point fixed 

In the model must bo known as a function of lime. Specifically, the 

time at which the reference point crosses the center of the field of view 
« 

of the recording Instrument and the velocity ol the model at this 

time must bo known. Knowing (his, lho model's reference point can be 

placed precisely on the CRO trace o! the recording instrument; and 

taking advantage of tho fact that the velocity varies slowly along the 

trajectory In a majority of the lests, the relation between lime and dis¬ 

tance Is then 

Ax > V At 

when* tho differentials are measured Irom the contei of the field of 

view. Thus, the llrsl task In reducing the (light dala is to determine 



MODEL

I ME »

WAKE .SH(M'K

- • INNKM WAKh

I

11
1
I
I

RErOMPRMION
i.mK

KIk. 4-2 TypIcHl Mli rnwitvr OiirUlniirnpr Trar*

4 tl



the kinematic« of the model'« fllKht. The record« basic to the kinema¬ 

tic« come from the spark photography station« and the cycle counter 

chronograph. Each station records x, y, z and t, and the Attitude of 

the model - the angle« of pitch and yaw (plus roll in special teats). 

Establishing the flight kinematics begin« with the derivation of the 

equations of motion, so the problem is to determine the constants in 

the equations of motion from the discrete values of x, y, z and t 

measured at the spark stations. The procedure for making this re¬ 

duction is described subsequently, following the derivation of the equa¬ 

tion of motion. 

In order to find the analytical relationships between v and t, or between 

x and t, use Is made of the fact that the sum of the inertia forces and 

external forces acting on the model is zero: 

where m mass of the model [kg massj 

v velocity of the model [km/s] 

t time [second«! 

D Drag force (kg force] 

Drag I) may be expressed by the term: 

2 /V 
D ~T 

n. cv —»r* a 

where C' drag coefficient jdimunsionlcsi] 

/° density cl gas ^ 
m 

^ model reference area [cm 2] 
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A Thu*, 

or 

m dV 
m-(Ti 

1 dv 
T Tt 

P V 

(j A 

IriT 

LetttnR - 
cDPA 

and MoparutinK the variable!*, 

- K dt . dv 
“2 V 

Thl« equation can be eas.ly lntu|<ruted provided or K 1« a constant. 

Till« condition 1« usually met for blunt bodies and short trajectories. 

Upon Intctirution, a relationship between v and t Is obtained: 

nr 7 -7 ♦Kit-g • 
0 

lu order to determine the value of K, a plot of ^ versus t can be made 

I rum known values of these variables. This plot usually results in a 

straiKht line where K represents the constant slope. Finnic 4-!t shows 

a typical example of such a plot. Thus, the velocity v of the model can 

be ÍOUIU1 for any Riven time t if the constant K is known toRothcr with 

the Initial conditions v and t . o o 

I’he nraph from which K is obtained 1j plotted in the IoIIowIiir way; two 

or more values of the velocity are calculated for a Riven test with the 

corrcspondlnK values of time, If small cnounh Intervals are taken over 

tli«' raimo, th»' velocities in these Intervals cun he considered constant. 

4 it 
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The lerne rente (B-rent.) ol the Flight Phytic. Laboratory ha. .lx 

altadowgruph .tallón, a-here time m.a.ur.ment. ar. tak.n concurrently 

„Ith .part .hadowgraph. ol th. model. In addition, tlm. count, ar. 

tak.n at th. varlou. In.trumentation .tationa. (See FI*. 4-4. ) 

Velncltlea Itetween pair, ol atatlona can I* calculated Iront the known 

„„Kiel dlatancea and the time count, at theae dl.tance.. For example: 

0,1 l4 v3 

The corrcepondtng mean valuea ol time are almllarly calculated lor 

tlioKP InttTvuls: 

A plot of the value« of and t yield» the elope K. 

One im rtmtindud here that K !h coimtant only If the driiti coefftcltnl, 

C , romain» conetant a» itittid before, if the model doe» not uactllate, 

Jnl ti the ma»», m, of the model remain» conaUnt. However, even U 

ulihition taka» place, the decreaee in man» i» nekllgible in mo.t cane». 

The above method of determining K permit» calculation of the drag 

i'oeflielent of the model, eine«, from Kq. (1). 

4 II) 
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In calculating the reciprocal« of the velocltle« ^ for the determination 

of K, the actual location« of th« model on the x-axls rarely coincide 

with the fiducial mark. Usually the noae of the model, which la uaed as 

the reference point, la photographed fraction« of a cm ahead of or be¬ 

hind the fiducial plane. Theae «mall correction«, a x, are measured 

directly off the «park photograph« of the model at each «tation. For 

this purpoae the ihadowgrapha are equipped with accurate hairline 

grid« which permit direct mea«urement of the distance Ax of the 

model reference point (nose contour) from the fiducial plane. 

Illu«tratlve Example 

To llluatrate the method of obtaining a numerical expre««ion for the 
velocity equation 

two sketches of typical «park photograph» of a blunt-nosed model at 
Stations 1 and 2 are shown in Fig. 4-5. 

The velocity Vj la found from the equation: 

(914,4 + Axg - AXj) 
vl(2"-R—TT"]- mm //see (km/sec) 

2 1 

where Ax and t are In mm and microseconds, respectively, 

Using typical numerical values, 

Xj - ♦ 17.78 mm xa - t 8.89 mm 

tj ■ 713009 » sec t, - 71B0B0 a sec 

4-12 



I 

STATION I STATION 1 

SKNTCmCB OK TYPICAL «PARK PHOTOiJRAPHi OK IU.UNT-NOBKU 
MODEL 

Hu 4-5 Sketches of Typical Spark Photonruphs of Blunt-Noaed Model 

we find the velocity to be 

'n ■ -Tm-.r-Timi~ ’3'602 n'm '‘"'c <km/,er) 

In the Hume fashion, v3 4 and vß Q can be found between Stallone 

3-4 and 5-6, respectively. Plottlnit the reciprocal« of these veloc¬ 

ities versus the corresponding times t, K can bo found from the con¬ 

stant slope of the resulting straight line. 
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With th» value« oí the Initial condition» vo, t0 and K, Eq. (2) can be 

•olved (or any given value oí t. Together with the downrange distance 

X a» a function of time, accurate location oí the model (ae well aa loca¬ 

tion oí point» along the body oí the model and along the wake) if nr 

possible, 

The location x oí the model during flight at any time t, or the location 

of » point at a ilxcd dintance from the model can now be found from the 

relationship 

x-f(t) , 

ThU equation is determined by integration of Eq. (2). Rewriting this 

equation, 

3OT • Kt - Kt0 ♦ 
0 

or 

dt 
(f - t0 . 1 -’Kvn) ■ Kdx • 

Integration vIcIHh the equation 

(t ''o * > 1, • Kx "I 
0 J,n J "o 

which, upon Nubatitutlon of the itmiu and nolvlng for (x - x((), taken on 

Hie final form oi 

(x - xo) - ^ In Kvn (t - t, +j^) or 
o 

x ■ xn + jjr In [kv0 (t - t0) + Î] 
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wh0r« K, t0, x0 and v0 ar« conatints. If th« Initial valut x0 It taktn at 
the origin, then 

x_ * o 
d 

and the equation simplifiât to 

(3) 

where x la In metera and the conatant K In Km“1 unita. 

If It la deatred to find the velocity at any station of the range, then a 

convenient equation relating v to x la 

V - f (x) 

To start, the equation 

1 dv 

*■ K . 

can be rewritten as 

or 

v dv ■ -Kdx . 

Upon Integrating, 

o o 

and by substituting the limits, the equation 

tnv - In v « -K (x - x ) o o' 
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U obtulnsd. K the InitlRl valu* o( x ta conveniently taken as 

xo-° 

the (Inal equation ia 

ln (-- j - -XK (4) 
Va/ 

Equation« (2), (3) and (4) expro«« the basic kinematics oí the range. 

They are ao programmed (or computer calculations, that, (or any one 

oí the variables x, t and v, the other two can be obtained a« a readout. 

4-HI 
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SECTION V 
COMPUTATION OE CONSTANTS AND 

ANALYSIS OF ERROR IN EQUATIONS OF MOTION 

In order to arrive at exact numerical value» for the velocity of the 

model at each »talion at each tflven time, certain measured time» and 

distance» mu»t be known. Thene are the x distance» of the model from 

the reference station, Station 3, and the times t corresponding to these 

distances (Fly;. 5-1). In the case of the physics range, downrange dis¬ 

tances arc computed from shadowgraph pictures In two planes - the 

Fast plane and the West plane. There Is a small difference In time 

counts (and, therefore, In x distances) In these two planes. The com¬ 

putation consists In a simple addition of the known distance of the fidu¬ 

cial plane from the reference point x and the Incremental distance of 

the model from the fiducial plane x, as measured on the shadowgraph 

picture. 

Although ahndow¡!raphs are available for Stations 1 and 2, in the future 

those pictures will not be utilized for velocity analysis. The reason Is 

that at these stations the model Is still accompanied by the sabot pieces 

w.uch are not removed from the model until It reaches the sabot deflec¬ 

tor plate ahead of Stations 2 and 3. Moreover, a check valve will bo 

placed between Stations 2 and 3 so that the model may fly In two differ- 

i>nt atmospheres upstream and downstream of this valve. Thus, Station 

3 will be the first point downrange at which the model can be considered 

to be In undisturbed flight. * 

5-1 

♦For the first 222 rounds of the Hypervolocltj Hange Research 
Program, the check valve was not In use, and Stations 1 and 2 
may he used as measuring points for time and distance. 
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At a given downrange station, the fiduciary plane marke the distance x 

which is the same for both East and West shadowgraphs. However, 

model distances x from the fiducial plane differ; and since each East 

and West station has its own circuit delay, the time values for each 

pair of planes also differ slightly. 

Thus, it is necessary to record two x distances for each downrange 

station and two time counts. In addition, the X-ray photography station 

carries its own time counter, and the time count and model distance x 

for tills station are similarly recorded, so that the total input of data 

consists of the following tabulated items: 

DISTANCES TIME COUNTS 

X3E X3W l3E 

X4E X4W l4E 

X8E X3W ‘be 

X6E X8W ‘öE 

xv » 
X-ray lX-ray 

Hut next step, then, consists in determining the mean velocities be¬ 

tween Stations 3 and 4, 4 and 5, fi and (I, and between Station 0 and the 

X-ray Station In both the east and west planes. 

‘ 3W 

*4W 

‘sw 

lnw 

rhese velocities are computed from the following simple equations: 

v„ MW 
X,JW \'tw 
'■IW 

X4h' y;iK 

ME "*3E 

V4, !>W 
XhW X4W 

lr)W f4W 

Xr>K ‘ X4E 
4, BE iTT^l 

BE 4K 

etc, 

b-:i 



Altogether eeven velocities are obtained, namely: 

VS,4E V5,6E 

VS,4W vB,0W 

v4, BE V6, X-ray 

v4, BW 

Similarly, the average time counta which correapond to theae velocitlea 

can l>e computed: 

+ !4W 
3, 4W = 2 4, BW “ 2 etc. 

The laat velocity, that between station 6 and the flaah X-ray plane 

vfl X-ray’ ro(lulrew w »lightly modified equation atnce the X-ray ata- 

tlon haa neither an Eaat nor Weat plane. Thua, flrat the average valúen 

of X and t between the Kaat and Weat planen of Station ß muat be com¬ 

puted before the velocity can be found. Accordingly, 

X6E 4 xßW 
x8-2- 

r t8E 4 ^W 
o-2- 

and 

vfl, X-rav X-rny 

With thene given valúan of velodtien and the correnponding time count*, 

Eq. (2), where J In expraaaed aw a function of time, lw uned. 

If all of thewe correnponding point* were plotted, a theoretically ntralght 

line would raault aw neon In Fig. 4-3. However, In actuality, the pointa 

correnpondlng to the meaaured velodtien do not necewnarlly fall on a 



straight Uns, so the computer, by the method of least squares, will 

have to find the line with the best fit for the given points, From such a 

line then, the slope K can be determined, resulting In a linear equation 

of the form ^ • a 4 bt where the constant b equals b K and the 

constant a equals a « (- * - Kto) corresponding to 

The constants a and b can be computed from the curve of best fit lo 

the given values of v and t. 

The two initial values v()* and t() can now be obtained by specifying a 

given time t(> and computing the first approximation of the Initial value 

of the velocity, V()* from the relation: 

* 1 
V » -m— 
0 a 4 Kt0 

The time constant t() is derived from the time counts at Station 3, the 

reference station of the range, It Is the average between time values at 

the east and west planes, thus 

VsW + (to*3E 
to*—r- • 

These time values (1()3W and (t ^, correspond to the fixed location of 

the fiducial plan.. the shadowgraphs at Station 3. The actual time 

counts of the model at Station 3, t3W and t3E, must, therefore, be 

corrected for the distance iietweon the model and the fiducial plane. 

Thus, 
(,o*3W (',1W • AW “l,d (‘o’sK ' »2 31*: At3E) where 

A X. 
.iw 

V, 3,4W 
and At,.. 

»1 I*- 

A v 
■".'I K 

V3,4K 
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With th« Initial valut tQ «atabllahtd, vQ* can now ba computad. Thla 

valoclty aatlaflaa tha aquation and ao conatltutaa a point on tha curve 

which correaponds to the abeclssa t0. A correction to thla velocity 

vo* can ba made by atlpulatlng that the equation ahould, In addition, 

aatlafy the condition of matching a given downrange dlatance x with the 

correapondlng time count t at that etatlon, aay, Station 6 or the atatlon 

of the X-ray flaah unit. For thin purpoea, Eq. (3) can be modified by 

substituting for v() the term 

V ' ■ V * + &v oo o 

Thus, the equation reads : 

Solving for the velocity correction term the equation becomes: 

d V " 
0 

By substituting the values for x and t at either Station 6 or at the flash 

X-ray unit, a numerical value for is obtained from which the cor¬ 

rected value of the Initial velocity v'o can bo found. 

This corrected velocity now permits the computation of the downrange 

distances x at the various stations ns functions of the measured times 

t. From a range survey, the actual atatlon distances have been deter¬ 

mined to a high degree of accuracy. A comparison of these measured 

points x with computed values x^^ permits an examination of nie«!* conip 
the accuracy of the method of velocity determination. These rosMuals, 

A , which may he found from 

A ■ x - x 
h'uuh comp 



4 

í 
II 
r 
i! 

del ln« the mean error, or the root mean aquare ex by application of 

the well known formula: 

For each round fired, the error ex la found from a computer program 

and Hated aa one of the characterlatlci of the round In the data report. 
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SECTION VI 
MODEL IMPACT ON REFLECTOR PLANE 

A reflector for the doppler radar beam te placed at the downrange end 

of the radar chamber. The model perforatee the reflector prior to 

Mtrtklng the Impact area, and the perforation provides a record of the 

y and z coordinate at the end of the flight. The reflector consists of a 

thin sheet of aluminum located in a vertical plane and Inclined at a 45° 

angle to the range axis (see Fig. 6-1). 

in order to establish the coordinates of the model Impact point on the 

reflector, use is made of the known distances of the reflector reference 

point in the x, y, z coordinate system. These are 

X« Reflector 

y^. Reflector 

Reflector z 

The distances of the model impact point from the reference point ^ 

projected on the reflector are measured in the plane of the reflector. 

The actual x and y distances of the impact point with respect to this 

range axis n.ust be taken as the projection of the horizontal distance in 

the reflector plane. 

The impact coordinates, therefore, are computed from the following 

relationships: 

ximpaet " yImpact 



RANGE 
SURVEY AXIS 

Fig. 8-1 Coordinates oí Model Impact on Reflector Plane 



Fliuih rndioKraphy technique* are being used on the phy*lc* range to 

«hilly the behavior of the in-flight projectile. Fractional, mlcroeecontl- 

pulMed radiographic technique* permit the obeervation of the projectile 

in lllght, thiiM determining the integrity of the projectile «ubaequent to 

launch. A knowledge of the integrity of the projectile is of utmost Im¬ 

portance, «Ince a model damaged in flight usually render* the radiation 

and radar data úsele**. 

A typical Hash radiograph obtained for the case of a copper-capped 

plastic mode! at 14, 000 ft/sec in an atmosphere of 10 mm Hg of air Is 

shown In Hg. 7-1. Here the copper cap i* clearly distinguishable from 

the plastic body, showing the integrity of the model. Because of the 

Intense G-loading at launch, tt Is possible to have the metal cap sepa¬ 

rate from the plastic body. Since this separation may amount to no 

more than a few thousandths of an Inch, It cannot be observed with the 

spark photography techniques used at the six velocity stations. Flash 

radiographs, however, offer a clear, well-defined shadowgraph of the 

model in lllght and can dillerentiate, by virtue of the varying absorption 

properties of different materials, between the elements of the model. 

The flush X-ray equipment Is mounted approximately 1 ft upstream ul 

the radar deflector in the radar tank at the end of the range. In this 

Dositjon, the equipment photographs the model at the end of Its flight 

path with good precision, eliminating any conjecture as to whether the 

niotiri may have broken up after passing the velocity spark photograph 
■«('il.rtitu Méill ••.««-I*« I A 4 - _• * » 4 • »« « «• ... »•»••• uuvmiMHUA'ii. t\ tinittiu-i uuiintn, i’uintHi, iuihii A-my 
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unit IM employstl. Tlu’ «-qutpim'itt ii|H'ruU*M i«t 100,000 volU, 1400 am" 
|)0r«a, and haa an expoaure Umr of 0. 07 mtiToaecond. Tha short 
duration nf tht> pulaed radiation obviataa any motlcm of ihr projertll* 

durlDK fxpoHiirc and furniahea tha dcftnitinn and reaoluticm required 

lor Ihaai' tratM.

0
‘f

I
I

Fill. 7-1 Flaah X-ray Photonraph of C<^>|M>r-Cupped Plastic 
Moite'l, V 14,000 ft set', p • 10 niin Ha. Air
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SECTION VIII 
SCHLIEREN SYSTEM 

In ordtr to product photograph« of tht modtl't shock-wavt pstttrn and 

wakt, a high •analtlvlty achlltrtn ayatam of tha doubla-paaa coïncidant 

typa la uaad. Tht major alamanta art shown in Fig. 8-1. 

The light sourca la a spark gap with a 0.018 in. diameter aperture. 

Discharge time la 0.1 - 0. 2 microsecond, triggered from a photobeam. 

The windows are Cenco #44341-2 cover glasses, selected for parallel¬ 

ism by examining the fringes under monochromatic light. A front- 

surfaced-prism mirror which divides the entering and emerging beams 

can be adjusted for a minimum beam separation of 0. 025 in. The spher¬ 

ical mirror, 11.8 in. in diameter with a 5-ft. focal length, is located 

inside the flight chamber a few Inches off the trajectory in order to ob¬ 

tain maximum resolution. Optical tolerance on both the spherical and 

the prism mirror is 1/10 wavelength of sodium light. The knife edge is 

a blackened, single-edged raxor blade of the injector type. Both the 

knife edge and the spark light source are suspended from three- 

dimensional mlcroposltloners and can be adjusted to better than 0. 001 in. 

Either a 24- or a 40-tn. Aero-Ektur Ions may bo used with the Brand 17 

Universal camera. The Graphloc camera back will take either Polaroid 

roll film or 4 by 5 cut film. In actual practice, Polaroid Type 47 film 

Is used to moke the final adjustments, and the data picture la taken on a 

4 by b Royal-X* Pan which is developed for maximum contrast. 
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The ltght-eource trigger may be delayed to take picture« of the wake u 

far behind the model aa it la vlaibla. One auch achilaren camera la in 

uae on the range and another can be added «t «hört notice. It ia eati* 

mated that the lower limit of the ability of the achilaren ayatem to re- 

aolve the wake la of the order of 10 mm of Hg preaaure. Figure 8-2 

«howi a typical achilaron photograph taken with the ayatem. 
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SECTION IX 
OPTICAL RADIATION MEASUREMENTS 
(ULTRAVIOLET, VISIBLE, NEAR INFRARED) 

Range station A consists oí two sets of multiple-viewing ports placed 

around the trajectory (Fig, 9-1). Multiplier phototubes are mounted 

over these ports to measure the intensity of the radiation from the near 

(low field and from the wake oí the model. A single shadowgraph sys¬ 

tem provides a picture oí the condition and attitude oí the model, and 

measurements are initiated by a photobeam trigger. 

The geometry oí the recording apparatus and two typical records are 

shown in Fig. 9-2. Collimating slits placed between the model and the 

photomultipliers limit tho field of view to 0. 3 in. along the trajectory 

and 8 in, normal to it. The window, oí Corning #7940 fused silica, 

U-V grade, transmits radiation down to about 1,800 Angstrom units, 
(0.18 n ). 

Ihree standard Dumont multiplier phototubes cover the spectral range 

from 2,000 - 10,000 Angstrom units: type 7684 is responsive from 

2,000 _ 5, BOO Angstrom units; type 6292 from 3,500 - 8,500 Angstrom 

units; and type 8911 for the Infrared region from 3, 500 - 10,000 Ang¬ 
strom units. 

The signals are measured by a Tektronix Type-535 oscilloscope using 

Type H preamplifiers and are recorded on Polaroid film. A Universal 

Tele reader transfers the data to punched cards for automatic processing. 
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CALIBRATION AND DATA REDUCTION METHODS 

The multiplier phototube« are calibrated by measuring their output when 

illuminated by a known radiant energy flow from an NB8 tungaten-ribbon- 

filament lamp. The lamp la operated on 0.8 percent regulated AC and 

la allowed to etablliae before uae. An aperture with croee «action A ia 

ueed to maak the filament ao that the level of radiation doea not saturate 

the photomultiplier, and ao that edge effecta of the filament are elimi¬ 

nated. The photomultiplier, placed a known diatance d from the tungaten 

filament, la alao maaked with an aperture of croaa «action A0. 
m 

The spectral radiance of the atandard aource S ( A ) ia given in micro- 

watte per (sterad - mm filament area - millimicron of apectrum) as a 

function of the wavelength \ for aeveral different filament current 

value«. The intenalty which reachea the phototube in the wavelength in¬ 

terval dA la 

cU.S(x.) Ai^kcl*. (i) 
d 

I’hlM function la multiplied by the apectral roaponae function of the photo¬ 

multiplier f (A) and integrated over the entire spectrum to get the total 

effective Intensity of light seen by the detector. 

«e 

«ff. 
dl 
dk 

j(k)dLk) (2) 

0 

I he total circuit sensitivity s for a given photomultiplier supply voltage 

and terminal impedance is the output voltage V, across the impedance, 

IM 



per unit uf I 
efi, 

When the detector ia subsequently used to measure radiation from an 

unknown source (such as the gas-cap radiation about a model), the total 

effective intensity is 

This is the same as Eq. (2), except that now the spectral distribution 

is from the unknown source rather than from the standard lamp; and 

the extra factor fw (A) accounts for a transmission loss due to a window 

(between the detector and the source) which was absent in the calibra¬ 

tions. 

If the response function f (A) covers only a narrow band, it is assumed 

that the spectral distribution is relatively constant over the baud. 

di 
<«) 

whore I. , 1H Ihn Clem rod c|uiintlly - the Inin! rucllallnii emitted In the 
* I * 

band from \,(toA.2. In this case, 
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(7) 
T ÿ. I,1= f ;= V, ‘ 

whiro the «ubucript ■ refer« to the calibration conditions. That is, 

V/Vj| is the ratio of the voltage output, when measuring Uie unknown 

source, to the voltage output when measuring the standard source, which 

has the known spectral distribution (dl/d\ )s. It is seen that the function 

MA.) may be given in any arbitrary scale as long as the same scale is 

used in both calibration and reduction of the data, since the scale factors 

cancel out in the ratio given by Eq. (7). 

Where the accepted bandwidth is rather broad, the data may be reduced 

using response functions weighted with the intensity distributions pre¬ 

dicted from theory. 

and then the value of f given by Eq. (8) is used to calculate the total 

radiation Ij 2 from measured voltages as given in Eq. (7). The lactor 

f is a function of velocity and range pressure, as well as of bandwidth, 

in this case. 



SECTION X 
INFRARED RADIATION INSTRUMENTATION 

The inirared emiaaion from th», guMea about hypersonic bodlea In being 

measured in the free-flluht range. The object of this phase of the 

■tudy ia (1) the determination of the infrared contribution to the total 

radiation, and (2) a determination of the poialble contribution of the 

4. 3 micron COg band radiation to the Infrared signature of the wake 
flow. 

FAR INFRARED 

The Infrared radiometer module being employed is shown in Fig. 10-1. 

The module bolts onto a 8-ln. flanged opening in the top of the range, 

and the detectors are mounted in a row perpendicular to the flight line. 

Three auch modules, each capable of holding four detectors, are avail¬ 

able. The detectors are mounted above calcium fluoride windows, 

1 in. in diameter, which are sealed in the flange cover plate with 0- 

rlngs. Filters to select particular bandwidths can be mounted in a 
recess above each window. 

Two slit plates located in the range atmosphere below the flange cover 

plate, are used to define the fields of view of the detectors. Several 

slit-plate combinations are available to permit easy modification of 
the field of view as required. 

Phllco series I8C-301 photovoltaic indium antimonlde detectors are 

currently being used. The spectral sensitivity of the detectors is 

shown in Fig. 10-2. The detector has a rise time of less than 1 micro 

sec, and the signal response Is linear up to flux densities of 1000 
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2 
mlcro-watt«/cm . The aenpltlve area has a diameter of 0.09 In. and 

la aealod In u dowar behind a aapphlre window. The cell In cooled to 

-19fi°C with liquid nitrogen. 

The output of the detector ia amplified uMlng a low-nolN© video ampli¬ 

fier with a voltage gain of approximately SO from 200 npa - 5 Me. 

The rise time of the detector-amplifier combination Iwh been moni¬ 

tored uaing a Strobotac pulaed light aource. For light pulaea having 

riae tlmea of lean than 0. 3 mlcroaec, the amplified output of the 

infrared ayatem wan almoat identical to the output of a photomultiplier 

in rlao time. The amplifiera are mounted within the radiometer module 

adjacent to the detectora. Amplified outputa are displayed on 

Tektronix SSI oacllloacopea and recorded with Polaroid Land Cameraa. 

The aweepa of the oacllloacopea are triggered by the output of a llght- 

acrewn trigger atation (doacrlbed later) located 1 in. upatream of the 

flrat Infrared detector atation. 

Two modules are presently in operation: the flrat has a single detector 

located directly above the flight line; the second han four detectora aa 

shown in Fig. 10-1, 

The alngle detector in one module, and one of the detectora in the tour- 

unit module, ace the event through calcium fluoride windows. Broad¬ 

band filtered radiation in the Intervals 2-3, 3-4, and 4-S microns are 

monitored by the other three detectora in the multiple module. The 

transmission of the Interference fitters (Infra Red Industries) are 

shown in Fig. 10-3. The filters show no detectable transmission out¬ 

side of the specified wave length regions within the sensitive range 

of the detectora. 
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The eilt palra for all of the detectora have been adjuated for the aame 

field of view. The field la 4.5 In. wide and perpendicular to the flltfht 

line. Along the flight line, the field la 0.68 In. at the half-lntenalty 

point, ranging from 0. 595 In. for the umbra to 0. 76 In. for the 

penumbra. Aa radiation Intenalty Increaaea with Increaalng flight 

velocity or the Introduction of contaminants, the field of view will be 

decreased along the flight line. If there Is sufficient Intensity, the 

field will be monitored with a "fence" as shown In Fig. 10-1. 

METHOD OF CALIBRATION 

The IR optical system Is calibrated against a blaekbody source. The 

radiometer module is removed as a unit from the range and located 

above the aperture of a blaekbody source (Infra Red Industries Model 

406). The blaekbody aperture is positioned the same distance from 

the detectors us Is the flight line In the range. In this way, the geo¬ 

metrical optics and field of view, as well us the spectral response of 

each detector unit, Is reproduced In the calibration. The blaekbody 

radiation Is chopped at 500 epu, and the amplified outputs of the 

detectors are displayed on the oscilloscopes and recorded. 

The blacklMidy temperature and aperture, along with the silt-system 

geometry, determine the radiant flux Incident on the wlndow-fllter- 

detector combination, The oscilloscope output then allows the calcula¬ 

tion of the sensitivity of each fllter-detector-umpltfler system. 

In order to guarantee that the system response Is flat at the chopping 

frequency, the chopper disc rotation rate Is decreased and the 

amplitude of the modulated output Is monitored. The signal amplitude 

remains constant down to a few hundred cycles per second fur all of 

the Indium-antImonlde detector systems. The res|>onxea of the 

1()-(1 



detector* were checked and found to be linear well beyond the 1000 

micro-watta/cm2 specified by the manufacturer. 

METHOD OF DATA REDUCTION 

A schematic drawing of the optical system is shown in Fin. 10-4. Both 

slits have the same width, W. The length L and position 3, of the first 

slit determine the field of view perpendicular to the flight line at a 

distance d from the detector. The width W and position S2 of the 

second slit determine the field of view along the flight line. The half- 

intensity point in the penumbra may be used to define the field of view 

along the flight line. For any point in the field oi view of the detector, 

the solid angle=acj subtended by the detector is given by 

whore A * area of sensitive element of detector. 

During calibration, the weighted spectral power T in the wavelength 

legion to to which the detector responds is 

^ ¢, rK i* 
A, 

where the area of the source Intersected by the field of 

view of the detector 

responsivlty of the detector at wavelength A (see 
Fig. 2) 

A " trft,,8mls*lvlty of the window-filter combination at 
wavelength A 
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and la the bluckbody 

apectral radiance of the aource at temperature T. 
2 

Thla la given in watta/cm /ater normal to the 
-12 

aource/cm wavelength when c, - 3,742 x 10 
2 o 

watta/cm and c2 1.430 cm K. 

Now the output voltage E., from the detector during culibratU/i la 

proportional to the weighted apectral radiance T Thun, 
C i 

where $ calibration factor 

During an actual range teat, a detector la found to record a voltagte E{ 

at a particular Inatant. Then the weighted Intenalty Incident upon 

the detector from the event at that Inatant la given by 

where g la the calibration factor of the detector concerned. The 

analyaia can be carried one atep further by uaaumlng thn the apectral 

dlatrlbutlon la flat within the meaaured wavelength Interval to /v . 

With thla aaaumptlon the total radiated |>owor 1^ Incident on the 

detector la 
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Alio, Msuintng that the gasea about tha modal ara optically thin, tha 

total radiation Intanalty batwaan wavalangth and ^ la 

—^ 'X - À ) watta/atarad 

II tha amlaalon can ba aaaoclatad with any particular voluma V of tha 

gaa, tha total radiation intanalty in the Internal /), to \ can be 

axpreaaed aa 

watta/cmVaterad 
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SECTION XI 
TRANSVERSE PATH MICROWAVE ABSORPTION 

INSTRUMENTATION AND DATA REDUCTION PROCEDURE 

INTRODUCTION 

A major observable In the wake of a hyperaonlc velocity projectile is 

the Ionization, which la characterized by electron density and collision 

frequency. Since Ionization has a profound effect on radar trackln« and 

discrimination of reentry bodies, It is Important to be able to study 

this observable behind projectiles under controlled conditions. 

This report will describe focused microwave probes which operate at 

3» CIc/s and 70 Gc/s, and which are now in use to determine the ma«- 

nltude and spatial distribution of electron density and collision frequency 

Each probe employs six to seven adjacent beams which are stacked in 

a plane normal to the fliaht path to form a fence across the wake. Brief 

descriptions will be «Ivon of earlier versions of this equipment iron 

which useful Information has been obtained. The «onerai properties of 

the focused antennas will be outlined and the specific performance ft«, 

uros will be «iven. The microwave circuitry will be dealt with In detail, 

and the discussion will Include methods of operation and calibration. 

Methods of recordin«, analyzin«, and Interpretin« data will be discussed 

In detail; a typical record will be analysed. 

Iho ran«e of electron densities which can be measured accurately Is 

alxiut 10 -jo e/cc. The maximum available resolution Is about 1 4 in. 
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GENERAL APPROACH 

Th» ítetermlnaUon of the properties of an Ionized wake Involves u num¬ 

ber of assumptions and procedures, outlined below und subsequently 

discussed In detail. 

a. The amplitude and phase of the signal transmitted through the 
wake are measured. 

b. Each microwave beam is focused to ensure the passage of ns 
mu ' ' the energy as possible through the wake and to approx- 
Imu’ physical situation to the Idealized case of a plane 
wave normally Incident on a parallel-sided slab of uniform 
plasma. 

c. If It is assumed that the conditions In h., above, are satisfied 
and that the wake Is underdense, then measurements of the 
transmitted signal amplitude and phase can lie interpreted in 
terms of average electron density and collision frequency. 

d. If several, independent, adjacent beams In a plane normal to 
the trajectory arc used, and if the measured transmission 
coefficient of each beam is Interpreted as in c., above, then 
it is possible to determine the spatial distribution and magni¬ 
tude of electron density and collision frequency In the wake. 

Measurement of Transmitted Signal 

A complete determination of the ionization properties of a plasma slab 

requires, in addition to knowledge of the slab dimensions and the 

spatial distribution of ionization within the slab, the measurement of 

iKtth magnitude and phase of the signal transmitted through the slab for 

an incident, uniform plane wave. In the case of an underdense plasma, 

It will lie shown that the reflected wave can tie Ignored. Consequently, 

in all that follows It Is assumed that the only quantities which will lie 

measured directly are the amplitude and phase of the transmitted wave. 
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Foi'UMod MiiTowuvo ApurturcjH 

Sonit! of tlio portir.cnt fciiturus of focused apertures will be outlined 

hero. Since the subject would require a lengthy treatment, any addi¬ 

tional information will have to be obtained from the literature. 

When an aperture is illuminated with microwave energy in such a 

manner as to cause focusing of the reradiated energy at a finite dis¬ 

tance from the aperture, the effect of this focusing Is to reproduce, in 

the focal plane, a replica of the far field produced by the same aper¬ 

ture when focused at Infinity. An aperture focused at Infinity is oper¬ 

ating in the familiar far-field mode. Under the above conditions, the 

angular dimensions of the beam are preserved, whether the aperture 

Is focused at Infinity or In a plane which Is at a finite distance from 

the aperture. 

To consider a specific example, take the case of a circular aperture, 

of radius a, which is uniformly Illuminated. The phase across the 

aperture Is constant. The far-field pattern Is: 

für R - ., 
/ 

, I CA , 
J ho -r I 

(1) 

/A wavelength 

9 polar coordinate of the pattern 

It - range from the aperture 
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tf th« »am* »pi»rt»re were now focueed at a finite diatanre f from the 

aperture, the field pattern in the focal plane would again be given by 

Eq. (1), with R « f. In either ra«« the dimensione oí the beam In 

terme of length rather than angle is given by Fig. 11-1 

X, 
tan W e •jjjp unfocused case 

and tan 6, S' for the focused case 
f 

and since the angular dimensions are preserved, 

tan = tan 

or r 
I? f 

Also, equating R to its minimum value, 
2 

(2) 

Now It ran be shown in a general wav that for apertures which have 

"smooth” (defined to exclude super-gain antennas) phase distributions, 

maximum focusing (smallest focal spot size) is achieved ir 2a - f. 

Substituting In Eq. (2), 

y, -2 f 4*. 
rr - ' T m 

This ratio represents the amount by which the linear transverse dimen¬ 

sions of the beam can be decreased by focusing. It can be seen that for 

»hört wavelengths considerable reductions In dimensions are possible. 

The physical dimensions of a beam are usually given at the 3-db point. 
In this caso, 
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Fig. 11-1 Kadltttlon from a Circular Aperture 

tan $ 
i 

* 

or ■a 

l,r ï, 5 ¿to 

2. 

(«3 co 

So, from Kq. (2), 

(4) 

I’hiM in oin> of th«' moNt Important rnault» appliralilo to the uni* of 

loruNi'fl hcaniN In pluMtuu diagnoNtlcN. It In Immcdintrly oIivíoum thal 

lui maximum focusing (I. e., f - 2a) ? /\ . This repn*Nents the 

-unallest physical dimensions that can In* produced hv conventional 

lu< using techniques. 

It can he nIiowii more generally thal If the Illumination across the 

aperture Is tapered, x9 Is given hv 

. f 
- r> 

Z ao 
/1 t»i 

it r. 



K dépendu on the amplitude'distribution over the aperture. 

Vor uniform Illumination, K ■ 1 

For optimum Illumination, K* 1. S (to he dlecuieed). 

The detailed field distributions in the focal plane have been considered 

in Ref, 2, 

Although the field distributions are Important In estlmatlnn the dimen¬ 

sions of focused beams, the distribution of energy-flow through the 

focal plane is far more important in evaluating the effectiveness of a 

focused system, because It is this energy distribution which determines 

the perc entage of the transmitted power that has flowed through a plasma 

of finite size located In the focal region. In this regard, the receiving 

antenna Is just us important as the transmitting antenna, since Its 

directivity pattern has a direct Influence on the amount of power re¬ 

ceived and on the origin of this power In relation to points In the focal 

plane. 

The power transm! -slon between two Identical, circular apertures, 

symmetrically located on opposite sides of a common local plane, has 

been examined In detail (Ref. 2), The percentage of this power which 

passes through an arbitrary-sized circular area In the focal plane, as 

a function of arbitrary Illumination functions over the transmitter 

aperture, has been evaluated. Some of the Important results are 

shown in Fig. 11-2, 

The error represents the amount of energy which does not flow through 

the circular area of diameter I) compared with that which does. This 

can be related to a diffraction error encompassing, say, a cylindrical, 
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lonlted wak« who., aal. ||„ |„ th. (ocal plan., I,y equaling ID. dlam- 

oter D of the circular areu to that of the cylinder. 

It is immediately appai«,,i ilmi the uae of uniform illumination incur. 

Intolerable diffraction error«. II may aleo be inferred that the u«o of 

non-focu.ed microwave beam, result« In prohibitive error., and the 

only way in which «uch a probe may be used with confidence I. to 

interpret the result« In term, of a rigorous solution of the diffraction 

problem. According to Fig. 11-2, the diffraction error may be held 

M ithln reasonable limits by tapering the Illumination over the trans¬ 

mitter aperture. In fact, an optimum taper exists in that the error 

can be minimized for a certain diameter I) by choosing a certain taper 
function. 

As an example, It is found that for I) - 2. 25 À and p • 1, about 9(/1, of 

the transmitted power passes through this circle. The amount of 

energy passing outside of this circle is about 10'?, and can cause un 

wanted interference effects of up to 35 db. It Is evident that if lonl/ed 

columns with diameters of the order of several wavelengths are to lie 

measured, it will be necessary to use strongly focused beams and opti¬ 
mum Illumination, 

Ihr longitudinal field and power distributions are of Interest if th(. 

Ionized region has some finite extent In a direction normal to the focal 

plane. These distributions are usually loss tractable than the trans¬ 

verse, and only a tew special cases have been treated 

Horn and Woll (Reí. 3) have examined the focal region of a uniformly 

illuminated circular aperture in some detail, and Mathews and 

Cullen (Ref. 4)have examined the focal region of a square aperture 

II H 
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with both uniform and non-uniform illumination, In neithor raae waa 

the effect of a receivln* antenna Included. In general, it la found that 

the field in the longitudinal direction ia more extended than that in the 

traneverae direction. In particular, for uniform illumination, zeroa 

of field atrength exiat along the axia. However, for f • 2a, the 3-db 

pointa along the longitudinal axia are aeparated by a diatance which la 

roughly four timea that along the tranaverae axia. Since f - 2a repre- 

aenta a condition of maximum focua, thia tranaverae dimenalon ia about 

IXi ao the depth of focus ia approximately 2 x 4 >> 8) , 

Tapered illumination hue a major effect on the longitudinal field vari¬ 

ation«. Where the taper la cloee to optimum, the fluctuationa virtually 

disappear and the field la monotonie on either aide of the focal plane. 

If optimum Illumination la uaed, the dimenalon of the tranaverae 3-Ub 

point» la 1. and the depth of focua la greater than 2 x fl. 0 A * 12/1. 

The longitudinal field variations Impose a loosely defined maximum 

trull diameter, whereas the diffraction error imposes a minimum trull 

diameter for use in a focused system. Accepting a 3-db diffraction 

error as tolerable, it is found that 

Z 2 Ç A i br < /¿A (6) 

An extremely Interesting feature of the focal region field Is that at dls- 

tuncos from the focal plane which He within the "depth of fucus", the 

constant phase contour* are planes approximately parallel to the local 

plane. It is this feature which Justifies the assumption of plane-wave 

Incidence on the plasma. 

An additional characteristic of the field in the focal region that may 

have io be taken into account Is that the wavelength near the focus Is 
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limner than the free-epuce wavelength. p(ir uniform illumination the 

dtfferfcnc.e la about 8. 5 percent and is correspondingly less for tapered 

Uiumination. U la found fur underdense plasmas that this correction 

la unimportant. 

In the foregoing arguments it has been assumed that, although a cylin¬ 

drical Ionized column Is present In the focal region, the field distribu¬ 

tion would not be perturbed if the column were absent. These arguments 

have been concerned with minimization of diffraction errors and ideali¬ 

zation of the actual Illumination in the vicinity of the plasma - all based 

on geometrical consideration. However, a real plasma can result in 

major perturbations of the focused field. The main desired perturba¬ 

tion is in the transmission coefficient from which the plasma parameters 

may be determined. However, an undesired perturbation could bo 

caused by •ofraetlvo effects and result in devlative absorption, or de- 

focusing. Since the latter effects would lie extremely difficult to inter 

pri'l P is imjHirtant to determine (lie conditions under which refraction 

would be negligible. With this In mind, theoretical studies have been 

carried oui (bets fi, 7), Two distinct cases have been examined. 

In one case (Hof. 0),a finite sial» of uniform plasma Is located alxiut 

the focal plane. For an underdense plasma, it Is found that the Irans- 

mission coefficient Is identical to that which would lie obtained for unl- 

lorm plane-wave Incidence on the same slab. Tills result Is remarkable 

in that the non-uniform nature of the incident wave and the variation of 

wavelength are inherent in the analysis. It Is a straightforward |uatt- 

flcatlon of Hie assumption asserted previously that the waves which 

propagate through the plasma are plane waves. 
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In the aecond caeu (lief. 7), the effect on the transmitted wave of u 

uniform, cylindrical column, with it« axis In the focal plane, In 

determined Closed-form eolutlone are obtained and can be inter¬ 

preted fairly «imply, either for very «mall cylinder« or for lar«« 

cylinder« («ay, D* 10 A ). For «mall cylinders the transmlntilon co¬ 

efficient can be related to the plasma properties but not in the name 

way as for a slab. For lar^e cylinders (itreater than 10A) the results 

reduce to those for a slab. For intermediate sizes the results are 

more complex, but they can be computed in ary alven case. 

The Interaction of a Plane Klectromaanetjc Wave with a Plasma .Slab 

The geometry of a focused beam which interacts with a cylindrical 

plasma can be approximated by that of a uniform plane wave Incident 

on a uniform, parallel-sided plane slab. The Interaction In either case 

will appear Identical, provided that the plasma is underdense. It re 

mains to be shown how the amplitude and phase of the transmitted 

wave may be related to the plasma properties. This will be done for 

the Idealized case of a uniform, plane wave, normally Incident on the 

slab. (See Fig. 11-3. ) All waves are plane-polarized (ln XY plane). 

A wave In the positive direction is written In the form, 

C * L etpi-ltz) 

where 

For free space, o( • 0 and * j 

Is the free-space wavelength, 
o 

ou is the angular operating frequency. 
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Fig. 11-3 Uniform Plane Wave Normally Incident on a Parallel, 
Plane PIuhihh Slab 

For Um plasma, 

where 

■ V r 

< ¡T J 
2 {Z 

zjr .1 
^ U 
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and 

é 
r 

uJ, 

Ui t V 

al V1 c 

Ô * electron charge 

W ■ electron mune 

^ ■ electron density 
IS 

C ■ permittivity of free space 

is the angular plasma frequency and Is the collision frequency. 

The transmission coefficient at /, - d Is 

7- = -r op (j 4') (7) 

A Is the amplitude of the transmitted wave at / ■ d, and A() Is the am 

plltude of the Incident wave. cf> Is the phase difference between the 

transmitted wave at /, » d, before and after the Introduction ol the 

plasma slab. 

This expression for '1' can be expressed as a function of Ixith 

and d. Although It Is complicated and difficult to Interpret, 

lowing approximation Is made 

id 1 

UÜ 
If the fol- 

(uJf, / uJ ) 
< < (H) 

1 I • 1 :f 



then the t num m Ihm Ion roefílrlent cun he Hinipllfled to 

I - 

.*N* "1 
Il I I 

CK j r ^ C^p/^)Z 

^ / + (1//4)1 ?o 

pLJ i» J 
or 

T = 

where 

C* 

V6 ) ft- 

^ liil/joo)1 *0 

and 
(oL/uO ) r 

I + (l¿/ui )l 

Comparing Eq». (7) and (II), It follows that 

Ci (L ~ Ik/ ~7~~ 

and 

(9) 

00) 

01) 

(12) 

(13) 

(6 X * ^ f 
j 

Equations (12) and (111) are particularly «Imple since A/A|( and are 

quantities that are readily measured. A() and lhe Initial phase are re¬ 

corded before the Introduction of the plasma. After the plasma Is 

Introduced, the amplitude A and final phase are recorder» <^#Ih simply 

the difference of the two phase angles. 

The plasma parameters oJn/uU and Y /uJ may then be obtained in 

terms of the measured quantities A, A and <jp . 
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For example, 

or 

a 

L £ 
-2i r i 

uJ 

Subilltution ni V/*; Into Eq.. (10) nnd (IS), or Eq«. (II) and (13), 
will determine u)^/u>. 

A «pedal case of luteren! in the low-loe« plasma, for which (V/uj)<</. 

Equation« (10) and (11) become 

ot 
l 

UJ \ oJ 
.id*) - 
I OJ / 7 

d • (?) 
* 7T 

(10) 

(ID 

Since (uJp /uj ^ ! (^t )c 

(where /Vft 1« the actual electron density 

and (A/Ä )ciN the electron dennity which would re«ult In cutoff at the 

frequency uj ), the pha«e .shift parameter^ Is directly proportional to 
th«« electron density. 

An Important feature of the underdenso plasma I« the condition of In- 

«»quallty (K«|. (H)) which define« th«« tranattton from dense to underdenne 

plasma. If it I« a«Numed from Eq. (H) that 

(«aJ^ /i\) )l 

- <. _L. 
(M) 

V/ * /«AJ 

< 1. 
(O 
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thon by rompurinon, aimllur tornm nquurod may be noKloctod. Pro- 

llmimtry computation Imnod on u compariMon of exact theory with the 

equality defined by k'q. (14) nhown that no^litcible error in introduced 

by the underdenne approximation. The inequality defined by Kq. (:4) 

in plotted in Fin. 11-4. The way in which thin curve in uned in an follow«. 

The plasma parameters iJ-,/00 und V I^j are determined from 
r r c 

meanurementn of A, A(j and ^ unlnn Fqn. (12) and (13). The undor- 

lylnn asnumptlon Is that of an underdense plasma. The values 

and /ia> are then plotted to ensure that they fall in the right-hand 

portion of the diagram. If they do not, the assumption is not Justified 

and the results should be used with caution. 

Itadlal Variai ion in Fleet ron Density 

In preceding paragraphs It has been understood that the radial distribu¬ 

tion of electron density and collision frequency In an Ionized wake Is 

constant. Tills has not been borne out bv practical experience, so a 

method by which Information on radial gradients may be obtained will 

be outlined. 

Use Is made of the fact that a focused microwave beam can be so well- 

colllmatod that several beams cun be placed adjacent to each other 

without significant mutual interference. If the beams are stacked in a 

plane which is normal to the flight direction, additional data on radial 

variations in Ionization may be extracted from the measured transmis- 

s'oii coefficients of (he beam. 

An Idea of Imw the radial variations may be obtained can be derived from 

Fig, II In which seven adjacent beams Intersect a cylindrical wake. 

ll-lfl 
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IONIZAD TRAIL 

EFFECTIVE DIAM. 
OF EACH REAM 
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The axlaymmetrlc wake la auppoaedly broken up Into a number of con¬ 

centric layera, the thlckneaa of each determined by the effective diam¬ 

eter of the microwave beam. The rad1'*! positions of the layers are 

determined by the positions of the adjac unt beams. 

A simple approach to the analyels of data ln euch a system la made by 

utilizing the underdense plasma approximation outlined lit the previous 

subsection. Under these conditions, phase shifts and attenuations 

contributed by each layer are additive, and all multiple reflections are 

ignored. Each beam Is replaced by a ray which passes through the 

mid-point of each layer. 

The procedure for obtaining the radial distributions of both electron 

density and collision frequency will be Illustrated by considering the 

passage of the beam through the layered wake. The subscript ^ 

will denote the number of the layer, starting from the Inner core. 

denote phase shift per unit length and attenuation per 

unit length, respectively, experienced by the kfilboani 
LU 

in passing through the ^ layer of the wake. 

Let L denote the corresponding mean path length. 
" f 

Let ^denote the total phase shift experienced by the beam in 

passing through the whole wake. 

Let denote the total attenuation experienced by the k ^ beam in 

passing through the whole wake. 
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Then 

VVV* '"**<> **.< 
There nre m euch equettone - one for each beam (m la the total number 

of beam»). Since le a measured quantity and le known from the 

geometry of the system, then the set of equations c ttb. solved simul¬ 

taneously to yield d . 
* r 

Similarly or gives 

\ L „ i <* t + + 4, ¿l 
Kt *,f *,$ *,jw <¡|v k* *,1 

From the complete set of equations, Q(^ may be determined 

Now ¿ , 1 
>í I * ((i)j/^) 

OS) 

and 
r Oijj ( 

‘*+'1 * t + (H\/*>) 
I (18) 

where Íí^,)^1n the plasma frequency of the ÿ ^layer, and ). la the 

collision frequency of the layer. ^ 

Since ^ and CK. are 

simultaneously for^uJ*) 

now known, Eqs. (15) and (16) can be solved 

). , as in the previous subsection. 
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EQUIPMENT DETAILS 

1 

Salad ion of Oparatlng Frfqufncy 

Tha aalection of fraquanciaa ia govarnad to a larga extent by the elec¬ 

tron denaitiaa that are to be expected in the wakea of hyperaonlc pro- 

jectllea, fired under conditiona repreaentative of thoae experienced 

during ICBM reentry. The maximum electron denaitiaa to be expected 
18 17 

during reentry are of the order of 10 e/cc, and the loweat of 
8-0 

internet are about 10 e/cc. The correapondlng plaama frequenciea 

are of the order of hundreda of megacyclea per aecond (108*®e/cc) to 

frequenciea which have free-apace wavelengtha well into the aubmllll- 

meter band. 

Muaal (Ref. R)haa eatimated electron denaitiaa in the far wake over a 

wide range of conditiona, from which it ia pooaible to determine the 

effectivenea« of a particular frequency in the meaaurement of wake 

electron denaltioa. An example of auch a calculation ia ahown (Fig. 

11-8) in which the effectlveneaa of a 38-Oc/a probing frequency ia 

illuHtrated. The maximum meaaurahle denaity la determined by the 

condition that the plaama frequency be 35 Oc/a, i. e., Wg)fc?/ fi/O^e/«. 

If the underdenae approximation ia uaed, thia denaity haa to be reduced 

by a factor of 10. The minimum meaaurahlo denaity ia a atrong func¬ 

tion of the aenaitivlty of the meuauring device; and for the equipment 

doecrlbed, it waa found to be about 10,0e/cc. Additional practical 

experience haa ahown aucceaaful probe operation into the far lelt of the 

diagram (Fig. 11-0) which indicate« that the oatimatea of wake denaitien 

In Ref. 5 are too conaervative. Thia la not too aurprtalng in that MuaH'e 

analyalM predict« neither the diameter of the wake nor the dl«tance 

behind the oroluctile at which fur-wake cniuiitlriiM nrnvull. Hnurnver 
a - • .* » 
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it la cluar that fraquenciea of tha order of 35-Oc/a and higher would 

be extremely useful for wake studies. 

The choice of frequency is also governed by the spatial resolution re¬ 

quired which, in turn, is determined by model sice. For the 3/4-in. 

diameter models of current Interest, resolutions of no more than 3/4 in. 

are desirable. The arguments outlined in the subsection on Focused 

Microwave Apertures lead to the conclusion that wavelengths in the 

millimeter range would be most useful in the production of beam di¬ 

mensions of this order. For instance, a frequency of 35 Gc/s would 

result in achievable resolutions of about 1/2-3/4 in. A frequency of 

70 Oc/s would increase these resolutions by a factor of two. 

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

35 Gc/s and higher. To date, systems have been developed which use 

35 Oc/s and 70 Gc/s, precise values which were dictated by the avail¬ 

ability of commerc ial equipment. Experience has shown that, with this 

choice, electron densities in the range 1010 - 1013 e/cc can be meas¬ 

ured with ease. It can be seen from the subsection on Focused Micro- 

wave Apertures Eq. (0), that trail diameters which can be measured 
accurately are: 

■3h' âc/i : 0. TS''* ßr * 4" 

70 ót/i • Ö, :) 8 " 4 Dr i ¿ 

The Focused Antonnus 

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

serting a plastic lens in the path of radiation which has u spherical 
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phttflc front «t the lene. A email conical horn 1« uaed to Illuminate the 

lens. (See Fig. 11-7. ) The lene la constructed of low-ioea polyetyrene 

and consists of two Identical plano-convex sections. The function of 

the curved surface opposite thu food horn is to convert the incident 

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

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

which converges towards the focal region. For simplicity in construc¬ 

tion, the feed distance and focal length are made to be equal, since this 

results in a symmetrical lens. 

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

focused beam size. At the same time, the illumination across the lens 

Is tapered so that maximum collimation of the energy in the focal region 

may bo achieved. 

The optimum taper has been obtained by using a small conical feed horn 

with the correct aperture-to-length ratio. It should be noted that the 

result is not an optimum gain horn, as the antenna system does not 

have maximum gain for the aperture size chosen. However, this dis¬ 

advantage is more than offset by the optimum collimation available. 

The measurement of the properties of the focal field Is an extremely 

difficult task, due to the fact that the dimensions of the focal region are 

comparable to those of available pickup antennas so will not be dealt with 

m detail hen In brief, the field distribution in the focal region was 

obtained by measuring the back-scatter from metallic spheres (very much 

smaller than the wavelength - alwiut 1/20 > ) which were made to 

traverse the focal region. An example of the measured field distribu¬ 

tion (amplitude and phase) In the focal plane Is shown In Figs. 11-Ha 

and 11 Hi). The resolution of the lens was determined bv passing two 
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Fig. 11-7 F ocumIhk Lhiin 

iriontli'ul «mall nphon»« tlirminh (lie foctil plane to achieve vucIoun 

HpuclnK» between the sphereH (FIk. 11-9). Whore the nphereH are 

Nopaiatod by more than a boamwldth, the field dlatributlon In the focal 

plane in traced out by each ephere. Ah the sphere» are placed closer 

together, the two patterns ultimately overlap. An arbitrary criterion 

for resolution In taken to be the condition that two identical objects in 

the focal plane produce field pattern» which overlap at the 3-db points. 

It can be Huen, for the 70-Gc s ri'sults »hown, that the resolution is 

about 1/4 in,, which Ih In nood anceement with predictions based on the 

theoretical antenna pattern. 

The manner In which the lens system (Fia;. 11-7) Is utilized to construct 

a plasma probe Is depicted In FI«. 11*10. Identical lenses and feed 

horns are used for Inith transmission and reception. Kach lens Is 

mounted in the side of the 2-ft-diamotvr suction of the physics ranne 

and forms an ulr-tinht seal with (lie range. The physical advantage of 

usina a horn lens combination, rather than, say, an elliptical reflec¬ 

tor, Is evident from tills diagram. 
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\ MH I'.ul 11 III AM 

Mk> 11-1U TnuiMYtTHc i uruHPcl Microwave Probo 

Tin power liiiiiHmlHHlon Ihrounh the wyntom Im •* pod fled In terms oí 

th. nisei tinn hms. When the feed horn In located on axle, the insertion 

loss Iwh been found to be alHiiit 10 db - or 5 db per lens syNtem - at 

iHith :tf> (ie s and 70 Gc n Thi‘ Iohn can be reduced to atxiut 3 db per 

lens by mutchlnn each curved suriace. The residual Ion« (3 db per len«) 

i inherent In the lens feed ,system .»nd cannot be reduced without inter- 

!i i on with thi' r illbmitinK properties. 

Ii on, b in axis, teed horns are used, the resultlUK focused beam will 

,oti i. « pi nine part of the flow Held. In urd( v to cover the major part 

1 lie ih m HoId in the radial direction while allowing for .some disper¬ 

sion in liriiii’, it has been ueressnry to employ several adjacent beams, 

i i Yidcd h r by separate nil axis feed horns. 

It yH 
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Thu off-uxiN líc’jinnlnK propertlox of the ayatem were Inveatiiiated by a 

measurement of the trajiamiaaton of a alngle beam, where the feed 

horna (tranamttter and receiver) were moved In unlaon In a direction 

tranaverae to the axle. It waa found that the horna could be moved 

about 1 In. off axla without any appreciable decreaae In transmlnalon 

IFIk. 11-11). Conaequently, separate beams could be produced by 

locution additional palra of feed horna - one on the transmitter aide 

and the other on the receiver aide - anywhere within a 1-ln. - radius 

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

is niade equal to the spatial resolution. Feed horns are stacked in :$ 

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

channels Is alternated In order to minimize cross-coupling between 

channels. The present disposition of the 35-Gc/h and 70-Ge/s system 

beams in the focal plane Is shown In Fig. 11-12. 

Types ol Measurement Systems 

During the development of the probe equipment, two basic measuring 

systems have been used. The first Is the amplitude system used to 

measure only the change In the amplitude of the transmitter signal 

caused by the Interruption of the beams by the wake; the second Is the 

system used to measure Inith amplitude and phase with the phase 

quadrature circuit. The sequence In the equipment development has 

boon as follows: (1) a four-channel amplitude system, (2) 35-0(-/8, 

four-channel phase-and amplitud«* system, (3) 70-Qc/a, seven-channel 

amplitude system, (4) 70-Gc/s seven-channel phase-and-amplitude 

system, and (51 JS-Gc/s seven-channel phase-und-amplitude system. 
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AMPLITUDE SYSTEM. The main re A4 on for using the amplitude 

ayatem aa an Initial »tage In the development of both the .1S«Gc/a und 

70-Gcv» probe* was the eimpliciiy oí the meaaurement circuit. By 

meuauring the chungo cuuaed by the pluamu wake in the amplitude of 

the aignul, collialon frequency cun be obtained for reglona of the wake 

where attenuation of the aignul cun he aaaumed to tie wholly due to 

collialon proceaaea. The amplitude meaauremonta ulao give a meaa- 

ure of trail duration and, where multiple beams are used, detailed 

structure of the wake near the projectile and trail diameter (as dls- 

cuaaod in a later section). The disadvantage of this system is that it 

cannot be used to measure the change in the phase of the transmitter 

signal and, therefore, cannot give information on electron density of 

the wake. 

Amplitude System Description *- A simplified schema!'c of a one- 

channel, amplitude-measuring system Is shown in Fig. 11-13. The 

signal from the transmitter klystron goes to a feed horn which illumi¬ 

nates the focusing lens on the transmitter side. The signal is then 

focused by the lens to form a beam of about 1 2-In. diameter for the 

3fi Ge s and of 1 4-in. diameter for the 70-Gc s probe at the center 

of the range. An identical food horn and lens system on the receiver 

side collects the beam energy al the center of the range. From the 

receiver horn, the signal goes to a microwave diode operated as a 

video, square law detector to give output voltage proportional to the 

transmitted signal power. A photograph of an oscilloscope trace show¬ 

ing the change In transmitted signal amplitude as a function of time Is 

then recorded. 

3r> Gr s Four Channel Amplitude System In the üft-Gc/s system, the 

iraiiroi!titer signal is spilt up hy short slot hybrids to energi/e four feed 



TRANIMITTIN RKCtlVKK 
I 

F1k> 11-13 Block Diagram of Amplitude Systam 

horn* in a block um shown In Fig. 11-14. The energy from each of the 

four feed horns In focu«ed by the lens to form four beams of 1/2-In. 

diameter, with beam centers 1/2 In. apart to set up a vertical fence 

which Intercepts the projectile In flight. On the receiver side, the feed 

horns collect the energy of the beam from Its mate In a corresponding 

position of the transmitter feed horn block. Cross-coupling between 

channels Is reduced by using orthogonal polarization between adjacent 

channels. Isolation between adjacent channels which are cross-polarized 

Is greater than 25 db, and greater than 20 db for alternate channels 

which have the same polarization. The signal from each of the horns In 

the receiver goes to separate diode detectors, and the amplified signals 

are recorded as four separate oscilloscope traces. The oscilloscopes 

are triggered when a focused microwave fan beam located uprange from 

the recording beams Is Interrupted by a projectile. This fun beam Is 

formed by a line source which can be seen adjacent to the horn block. 

Calibration of Amplitude System -- Calibration of the system Is carried 

out before each firing by adjusting attenuators ahead of each of the de¬ 

tector diodes so that they operate at the same known level. The output 

signal varies from a maximum value (zero attenuation) before a firing 
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to fro (maximum attenuation) tor a boam completely cut off by a 
projectile or overdenae plasma. Since the maximum level la set beforr 

a firing, the oacllloacopes are readily adjusted to give suitable, call- 

brated deflections of the change In signal amplitude. 

70-Gc/s Seven-Channel Amplitude System -- The TQ-Oc/s amplitude 

system Is essentially the same as the 38-Gc/s system, except for the 

differences In number of channels and operating wavelength. The 

shorter wavelength, of course, requires different microwave compo¬ 

nents and also means that the focused beams are now 1/4-In. diameter 

Instead of 1/2 In. at 35 Gc/s. Horn blocks with seven feeds are used 

to produce a fence of seven beams 1/4 in. In diameter and with the 

beam centers 1/4 In. apart at the center of the range. The polarisa¬ 

tion of the feed horns is again alternated between adjacent channels to 

keep the cross-coupling at approximately the same level as for the 

35-Gc/s probe. The Intercept urea with the seven beams is almost the 

same as for the four beams of t»’e 35-Gc/s probe; but the finer beams 

have twice the resolution and give a much clearer picture of the wake 

structure in the vicinity of the projectile, Ixjth in the radial and axial 

direction of the wake. 

Calibration pncedure Is us for the 35-Gc/s amplitude system, except 

that sweep speeds wore generally sot higher to take advantage of the 

resolution capabilities of the finer beams. 

Typical Results 35-Gc/s and 70-Gc/s Amplitude Systems -- Figure 

11-15 Is a typical 35- Gc/s amplitude trace. Points on the trace are 

correlated with points on the model and Its wake. In all cases, the 

ordinates are in terms of amplitude changes and the abscissas In tsrms 

of lime. The first tuuht pulse Is due to the passage of the projectile 
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There are «mall puliea behind the projectile In the side channel», 

wherea» only a »light dleturuance ii evident in the center channel. 

However, a» the velocity is increased, a strong second pulse ia indi¬ 

cated in all channels (Fig. ll-16h). A repeat oí the»e phenomena at a 

dureront velocity and pressure is indicated in Figs. 11-lflc and U-18d 

A careful study of these results has shown that the pulses on the side 

channels occur later than those on the center channel (Fig. ll-18e). 

A tentative conclusion is that the pulses correspond to ionization in the 

recompression zone and along the secondary shocks. 

A 70-Qc s amplitude result is shown (Fig. 11-17) with a schlieren 

photograph of the model in flight. The resolution capabilities of the 

70-Gc s probe can be readily seen from the comparison of the record 

with the photograph. It is evident that the second attenuation pulse is 

associated with the recompresslon zone. Not shown Is an additional 

If.ilui'c which is that the dimension of the recompression zone (in 

terms of electron density) is about 1/4 in., since beams adjacent to 

thr on-axis beam showed little evidence of the recompresslon. 

IMIANK GUADHATUHE AMPLITUDE-AND-PHASE SYSTEM. The 

microwave signal which is transmitted through an ionized wake is a 

time-varying function of both amplitude and phase, which in turn are 

functions of the electron density, collision frequency, surface refloe- 

iliins and wake dimensions. It has been shown that tor underdense 

plasmas, independent measurements of signal amplitude and phase 

I an be used to determine the spatial distribution and magnitude of both 

the electron density and collision frequency This Is achieved by the 

ph tse quadrature system shown in block form (Fig. 11-18). 
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Pirt of the truninutter etgnul ta beamed through the lena ayatem to the 

receiver circuitry, while part of the aiipml koon directly throuKh the 

waveguide to the receiver ua a reference atinai. The level of the 

reference algnul ia very much ureater than the algnal tranamitted 

through the lena ayatem and blaaea the receiver dlodea to operate aa 

autodyne mixera. The aignal in each tranamitter beam ia apllt Into two 

brunchea and comblnea with the reference aignal in the mixer diodea. 

Dy ahlftlng the phase of the reference aignal in one of the branches by 

90® two quadrature componenta of the transmitted signal are obtained. 

The abaolute phase, that is, the angle between the signal and relerence 

phaaora, is set to the dealred Initial value by adjusting the phase shifter 

in the common reference line. With the correct initial conditions, the 

demodulated output can be expressed as A(t) aln </>(t) and A(t) cos 0(t), 

where A(t) and 0 (t) are the tlme-varylng-amplltude and change>of> 

phase, respectively, of the transmitted signal. The amplitude and 

phase can now be derived explicitly, the former as the root of the sums 

of squares of the output, and the latter as the arc tangent of their ratio. 

The desired Initial conditions are set accurately before each llrlng with 

a special calibration method which will be described In detail later. 

Signal Flow Analysts -- The three basic modes of operation of the phase 

quadrature circuit are shown ln Fig. 11-11). (’ase Iu describes the 

normal transmission mode before a firing, ('use 1() covers the same 

mode of operation, except that the amplitude of the transmitted signal 

Is periodically reduced so that the absolut«» phase can be set to a de¬ 

sired value In the calibration procedure. Case II describes the mode 

used to calibrate both the quadrature phase and the magnitud«* of the 

demodulated signal. Case III Is the transmission mode used during a 

tiring when a plasma wake Is Introduced in the transmission path. 
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Ê 

In all of the above caaee, the output signal which la recorded dependa 

upon the operation of the microwave mixer. It haa been shown (Ref, 9) 

that when the signal voltage is very much smaller than a large local 

oscillator voltage, the mixer transconductance a may be considered 
m 

as a function of the local oscillator voltage only. The gm may, there¬ 

fore, be considered as periodically varying at the local oscillator fre¬ 

quency and may be written as a Fourier series 

'J,* * ÏL G.» COi (*1U^ ¿ (J) 

where w Is the ungular frequency of the local oscillator, t Is the time, 
J th 

ÿy* In the phase and un In the amplitude of the n component. 

Consider a small harmonic or nearly harmonic signal 

<2 * E (2) 'í' V.ij »i y 

where In the constant or slowly varying amplitude, *»„ Is the 

constant or slowly varying phase and w is lhe angular frequency of the 

signal. The expression "slowly varying" means that, during the time 

for which *" s{ changes by 2 /f radians, changes In lx)th and <7>j 

are negligible. In fact, ^>4 may be considered to have a slowly varying 

component and constant part . 

When signal (21 Is applied to the mixer, the resulting alternating output 

currenl to the first order in may be written 

U-4:< 



(4) 

Untnir Kq«. (!) and (2) in Eq. (3) and rearranginif ^ivei 

***-*♦*•.,)] 

The total current i In the num of the direct current I, due to the 

rectified blaa voltage and the aiternatln« current *r In Eq. (4). That 

i», 

¿'***<„ (5) 

Output voltage of the mixer 1« proportional to the total current t, 

i. e., 

(fl) 

where K Ih a conetant of proportionality. Um ln« Eq«. (4) and (5) In 

Eq. (6) givoM 

<2k Z. £0 +± 1,,^ * àÀ * f 

»1 * J 

f kh £ i U.»! - h cu,, ) f ^ > i 
(7) 

where 

and 

/•'. \ JV 

V, *K as 

(8) 

(9) 

The local oMcillator frequency a)g Ih alwayn Met equal to the Minna! fre¬ 

quency^, and any «mall difference between them can he Included in the 

Mlowly varylnn phaae term. Hence, with cjv - ^ , Kq. (7) become« 

( * j- 

fj, " f. f Î >tn) 

^(, -")1 +fs- 

(10) 

I<* 
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A« u low*pua« filter In tha mixar mount remove« all microwave om- 
ponenta of the output algnal, Eq. (10) reduce« to 

~i » ^ ï L, Vch (^i ^.) j 

where +. is written for I**» 

If an additional pha«c «hlft of radians Is inserted In the reference 

arm of one of the receiver branches (Fig. 11.18), then, denoting the 
output voltage of this branch by 9t, 

¿> , coi(l\ •P.) 
(12) 

Now denote 

è, ^ t.e (IJ) 
y (4) ^ 

(14) 

Whcro A(t) and ?<t) are comtante or alowly varying lunctlona of lime. 

Substituting Kqs. (13) and (14) Into Eqs, (11) und (12) gives 

* £* + bli) binV«) 

R f t A (4) col ^(4) 

( awe 1 -- Mode for Setting the Initial Values 

When <*, In constant and 

>,rU *r 4-0(/(¿/ (17) 

(IS) 

(in) 
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then, with aubacript 1 denoting the Cue ! 

» /£0 (18) 

1. e., it ia Independent of A(t), However, alnce 

coá * '7 * * W (19) 

(16) becomea for K odd. 

*■ ~ ^ t*) (20) 

bw’ttuae A(t) r^tnin« its origina) value. 

Kquationa (18) and (20) are uaed to aet ^(t) to the deaired initial value 

fío) which, for convenience In photographic recording, ia choaon to 

be (2K-l)r. 

f’ase 11 - f’alibration Mode 

In thin caae, the tranamltter algnul to the home ia replaced by a cali¬ 

bration signal of amplitude equal to that of the tranamltter signal and 

having a frequency which differ** from that of the tranamltter signal by 

a constant frequency xi auch that 

-Q. «,«. cj (21) 

The signal at the mixer is then 

(J ^ ^ ny C^l ^ 4- îlè + '¿i* 1 (22) 

*No(n: Details of calilir.itor to Inllnu’ 
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wh«r# fuiMcrIpt II denota« Cue II. A(l) retama ita Initial value A(0), 

and due to condition (21) we may regard o* in (2) for thla raae to be 

• -ilii r /03J 

whererepreaenta the «lowly varying time component e^of . 

The output from the mixer ia then 

r + jii ] (24) 

Again, for the convenience in photographic recording, «et 

•A, y -(>/T ^ . k) , ¿ 

Then Kq«, (15) und (10) become 

^.C * Ä .i - H i'll ) V ki u ( 

e*.iL * £, - * W) 

(20) 

(27) 

(20) 

Ah the two Mignuln are CW and of a frequency readily diaplayed on an 

oacilloacope, the calibration procedure for «etting up the initial condi¬ 

tion« of phaao quadrature and magnitude of the deflection A(0) i« greatly 
simplified. 

The phase relationships of the quadrature nignuls are as illustrated in 

1* Ig 11- 20. The table of the polarlllos of the «Ine end cosine signals 

show how the quadrant In which the signal phasor lies is uniquely de¬ 

termined for radians. When 4>u) ^aiT radians, it Is 

always possible to determine the phase angle from the actual flight 

records by following in reverse the time variations of which must 

eventually drop lo /ero with increasing distance behind the projectile. 
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Fi«. 11-20 ürnphle Vlow of Qunili’uturc Circuit Output for 

XIè < QU} .Mo) 
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I I 

II 
} ' 

S I ' 

Í » 

If 

Cwwc HI - The Maaiuramcnt Mode 

When a hyperionic projectile with ite Ionised wake puant* through 

microwave beam (Fig. ii-10j, the tranimitted algnal In 

In lioth amplitude and phaae. The phaae 0, can be wrltt 

tl.o 

can be written um 

time vary in*',, 

- 'Ft* , + 

where +(*) is the change in phase caused by the pueaage oí the plawni.t 

wake through the microwave beam and lor no plasma 

in iiuw 

(2!)) 

'V (i ) * 4 ) + -V ^14) * ‘4 J 

CIO) 

Hence, Kqa. (15) and (10) become: 

e„i - (31) 

/4J fai [ +(4 ) * J 

(32) 

where again the «u'-crlptw refer to Case III. By repeating the choir. 

i"r ¢. (Kq. (20)), we have, finally, 

^ w >ir ' ^ , - /w ^ "k h ‘bU J Cl 21 

’V oí " H fV; c*-j ’b (4 ) Ci:i! 

In the actual HyMtem, an oncilloNcopo |m umuiI to display the output of 

Hie mixer». The procedure described In Cases I and II Is used to call 

brute vertical deflections and initial phase setting. Hence, this scope 

’vlll, in Case III, display for the stne channel a defleetlon proportional 1 

f 

II t:i 



f 

- 4ífjC * - 4) 

und atmilarly. for cocine chunnel 

Q Ht) - ^ (i ) t+4 +({) 

If A(t) le «oí at A(j and 'i(i') dénotée u linear phace-changc with time. 

iiuy,n.t, the output elgmilc would !>e uc chown (Fig. 11*20) for the 

Klvun initial phace conditions. It is evident that the sine output equuls 

the deflection; that is, - *<<) m + U), whereas the desired cosine output 

• L ^ (j “ ^uf ) j 

- - j Am (4)^+,4))} 

f - n (4 ) 'é (4/ 

It may he noted that the deflection of the trace in the cosine output as 

referred to the initial starting position Is always positive, varying from 

aero for </ (41*o to a maximum value of 2 Ao for A(t) « A(0) and 

« ¿/t-iir radians. 

The desired quadrature signals - AU) Hm+HI and - Mf4) «-cm 

of courae, the A(' components of the time-varying transmitted signal 

plmsor which was initially fi’ radians out of phase with the reference 

phasor. The two signal components determine the total angle between 

the signal and reference phasors. Since this angle is ff radians when 

o , fr radians must be subtracted from the value of the total 

phase angle derived from the trace deflection. 

I’hase and Amplitude System Details -- The Uft Ge s four-channel 

pilase and-amplitude- system was the first equipment put into operation 

(34) 

(35) 
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at 0MDRL which wai capable of meaiurlng both phase and amplitude 

of the signal tranamitter through a plaama wake. Since details of 

circuitry, calibration, operating procedure and reduction of data are 

very similar for the seven-channel 3S-Oc/s and 70-Gc/s systems 

which are presently in use, the four-channel, 35-Gc/s system will be 

described in full; certain features and differences will be mentioned 

only for the seven-channel systems. 

35GC/S, Four-Channel Amplitude-and-Phase System -- The feed horn 

and focusing lens arrangement is unchanged from the 35-Gc/s, four- 

channel amplitude system, and the 1/2-in. beam widths and 1/2-in. 

beam centers still apply. 

The transmitter circuitry Is best described by referring to Fig. 11-21. 

Power division to the feed horns and trigger horn Is as before, but 

additional circuitry has been added to permit the switching of a cali¬ 

brator signal source to the feed horns instead of to the tranamitter 

signal. A power monitor in the line to the feed horns, plus attenuators 

in iKith the calibrator and transmitter lines, makes it possible to 

equalize the two signals to a known level. A large part of the trans¬ 

mitter signal is used to provide both the reference signal for the re¬ 

ceiver circuit and a reference to which the calibrator signal source is 

phase-locked. 

The receiver circuitry for two channels is shown in detail (Fig. 11-22) 

indicating how the reference signal from the transmitter is split to 

provide a common phase reference and to bias the mixers to their 

correct operating points. The signal from each receiver horn Is split 

Into two brunches and mixed with the reference signal, as mentioned 

previously. It Is worth noting that phase shifters are used In reference 

11-A1 
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linea which go to both brunchea of the received algnal. Thla la necea- 

aury to enauro tlmt not only la the relative phuae between the two 

branchea of a given algnal channel In quadrature, but that the same 

phuae with reaped to the reference algnal la maintained in all four 

branchea repreaentlng the aine and coalne componente of the trana- 

mltted algnal. Special phaao ahiftera, made at Defenae Reaearch Ubor- 

atorlea, meet the requirement of total phaao adjuatment of greater than 

38(r with a VSWR lea« than 1. If. while conforming to limited phyalcal 
alae and configuration. 

An emitter-follower 1« mounted on each mixer-holder to match the Im¬ 

pedance of the mixer« to a long tranamlaaion cable which I« uaed to 

tranamlt the output algnal« to the recording oacllloacopea. Dual-beam 

Tektronix SSI oacllloacopea are uaed to dlaplay the phenomena, with 

the upper trace recording the «Ine component and the lower truce the 

coHlne component of the tranamitted algnal. The amplified «Igual 

trigger« the oacllloacope, a reault of the interruption of the trigger 

fan beam by the projectile. Photographic record« of the oacllloacope 

diap ay are taken on Polaroid film with camera« operated uotely 
from the control room. 

Calibration -- The moat o««entlul requirement of the calibration I« that 

the initial pha«e-and-amplitude condition« be «et to give a «uitable 

diNplay which can be readily analysed. The relative pha«e of the sig¬ 

nal« In the branches of a given channel most be «et in quadrature to get 

the sine and co«lne component« of the output signal; also, the and 

coHlne components in all the channels must have the same phase rela- 

tlonehlp with respect to the reference signal. The absolute phase , 

that Is, the arbitrary phase between the tran«mlttod signal vector and 
the reference vector, must be sel lo «orne ,-,mv .ut i ...i, '.'il.... .a, ^ 

» in ini’H 
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to be rad lana. The amplitude Ao muat alan hi» act for all 

channela to kIvo a known deflection on the oacllloacope. 

The quadrature phaae and amplitude« are «et by the uae of a calibrator 

algnal-aource which la phaao-coherent but offaet in frequency from the 

tranamitter source by a «mail amount, aay, 1 me, When thi« calibra¬ 

tor aiKnal (aet to the same |>ower level) 1« aubatltuted for the trans¬ 

mitter Minimi which I« going to the feed horn« while part of the trans¬ 

mitter signal source is still used for the phase reference signal, the 

mitput Is a simulated pure phase shift which Is changing linearly with 

time. 'Ihis rw signal Is readily displayed and permits adjustment of 

the peak-to-peak deflection (2 Ao) and the phase quadrature. 

The absolute phase *0, that is, the arbitrary phase difference between 

the transmitted and reference signal, Is set by periodically cutting off 

the transmitter signal In the configuration mentioned previously (Case I). 

The outputs on the sine and cosine displays are rectangular pulses whose 

amplitudes depend on the value of . For '' the magnitude of 

deflection In the sine component Is zero and is Ao In the cosine com¬ 

ponent ^ is set at -')jf by observing the polarity of the deflection 

In the cosine channel. 

At present, a mechanical chopper, made from a small four-bladed fan 

with microwave absorber covering a flat metal sheet, Is used to cut 

off the beam periodically at the receiver feed horn. This method Is 

exp’dud to be replaced by a ferrite modulator having a high on off 

ratio placed in the common line to the transmitter feed horns. 

ll-!i!\ 



íH'Mcrljjtion of Calibrator -- The Kenfration of the calibrator aiKiml In 

iMeed on the uno of another klyatron which In phaae-coherent t<», but 

«'il^l by a email difference frequency, from the tranumltter klyatron. 

Thin technique haa been uaed prevlouely for n different purpoae^^^ 0). 

The operation of the circuitry la beat described by referring to Fig. 

11-23. A reference signal from the tranamltter klyatron la used to 

generate a single sideband signal. An 30-Me IF amplification la used In 

the phase-locking loop, the sideband modulator Is set at 30 Me +/\ f - 

Af being the desired difference frequency between the transmitter and 

calibrator klystrons. For the 33-Oe/e system, the upper sideband 

I Wi> (Jc/s ♦ (30Me +Af)] Is mixed with the output of the calibrator 

klystron in a balanced mixer. When the frequency of the calibrator 

Uvslmn is at 35 (¡C/ s 4 \ f, the mixer output Is 30 Me. The amplified 

.'to-Me signal Is compared with a 30-Mc reference signal In a phase 

«loteelor. The output voltage from the phase detector Is applied to the 

rcpeller of the calibrator klystron to keep It phase-locked at 35 Gc s 
♦ \ f. 

As the modulator which drives the single sideband generator can be 

v.ined in frequency, a f can bo varied from 0 - lu Me. This feature 

muk-* It possible 1., make a rapid and accurate over-all frequency 

i .'si»jnse of the receiver and recording equipment. 

0perat'ng Procedure - A careful calibration of the system Is made 

i",|,,n' ‘’a('11 ,lr,nk; this procedure will be outlined next. 

Alt.-r a suitable warmup period, the transmitter klystron Is accurately 

nH to the desired frequency - 35. () (Jc H for this equipment. The 

,'all,,,'i‘tor klyH,n,n h tlu,n phase- locked at 1 Mr above this frequency. 
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The Irnnxmlttor power in the ref«r*nre line ín Met to bluu euch mixer 

ut u level of approximately 0.5 mw, while the part K‘>tnK to the feed 

hornu In adjiiNte»! n<> that the level of the transmitter Niffnalat the mixer 

in approximately l^w . The calibrator aiKnal to the feed hornM in uIno 

set to this levei by Hwltchina the Mlgnal mo urces and equali/ina the 

power at a monitor point in the feed line. 

With the calibrator Nlanal «witched Into the feed line, there are two 

1-Mc «lanai» for each probe channel. An the power division of the 

hybrid« and the mixer efftciencie« are not perfectly matched, the »mall 

difference» in the output amplitude» of the Nl^iial» are equalized by 

udJUMtliiK the aal» control» of the oMcllloMcope preamplifier». The 

peak-to-peak deflection for each trace on the o«clllo»cope In limited 

to 4 cm, and thi» In the value u»ed for most record«. Thl« »et» the 

value of Ao - 2 cm, »ince the level of the transmltter and calibrator 

nihiiuIn to the feed horn* ha» been previously equalized. The trace 

width In thlM CMNo «et» the lower limit to tin? meuNUrabio electron con¬ 

centration to approximately 1011 e cc. When data from the far wake 

where electron concontratloiiN are of UiIn order or Icnn In desired, the 

del lection lor Ao In Increased by Nome known factor to permit reading 

ol Ninaller phase chancos. This technique Iuin permitted measurement« 

of electron concentration» in the order of 10^ e cc. 

To set the quadrature phase of all the channels, the relative phase be¬ 

tween the hihiiuIn of equal amplitude in the sine and cosine traces in a 

master channel are «et by adjUNttiitf the waveguide phase shifters in 

the '-elorence branch arniN no that the phase of the cosine signal 

act urately leads that of the Nine signal by Itl)’ , The sine and cosine 

signal» o| this master channel are now used as a reference to which the 

IjIiuho ot Hie roNiieel I ve Nine unit eoMlnn wiiriutl« of ill lit« ollt«*> ,.1. 1.. * • . V » • »« I 11 I « • • • 
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art equalized. At preaent, the oedlluarope display of the traces is 

used to determine the relative phase of the two components. The phase 

can be set to within a few degree* with this method, but Improved 

techniques are planned for Increasing accuracy. 

After the amplitude and quadrature phase has been set, the feed line 

is switched hack to the transmitter klystron to adjust the absolute 

phase V,, The mechanical chopper is placed Just ahead of the receiver 

feed horns, and the phase shifter in the common reference line is ad¬ 

justed so that there Is minimum change in the sine trace but positive 

deflection of magnitude Ao in the cosine trace when the beam* are 

cutoff. 

With a checkout of the trigger system, and the setting of the oscillo¬ 

scopes for photographic recording of the phenomena, the calibration is 

complete. 

Data Reduction - - A typical data record Is shown in Fig. 11-24 to Illus¬ 

trate the data reduction procedure. The grid represents the graticule 

of the oscilloscope face, and the lines are 1 cm apart. Four traces 

are recorded - the sine and cosine signals, and the reference lines for 

the sine and cosine signals. The reference traces arc* recorded as a 

double exposure immediately after the signals have ueen recorded and 

Is used to facilitate the reading of the deflections of the traces. Use of 

the graticules as reference is not too satisfactory because of parallax 

problems and because the traces are nol necessarily accurately parallel 

to the graticule. In fact, the traces are sometlnv’s slightly curved due 

In beam distortion at the maximum vertical positions of the traces as 

at the cosine reference lino. Reading of Ihe difference in the deflection 

between tin* signal ami relerencc traces reduces errors from these 

sources, 
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Th* d.L record» »r. read on » T.lecomputln» Corpor.tlon Unlv.r..l 

Tulorender, and the readout le In the form of punched carde (IBM) 

A projection ay„o„, „ U.ed to nmanlfy the record 10 time. In order to 

Improve reading accuracy. Reading, arc made by pn.Kionln« adju.t- 

ahle perpendicular croa.halr. an that II,.y Int.r.ecl at a deiced data 

iwlnl. The readout from Ihe vertical and horiaontal croa.halr« are 

Ilion the X and Y coordinate., ro.poctlvely, of that point with reaper! 

lo .om. reference. Thl. 1. hecauae the X and Y readout, are directly 

proportional to Ihe excur.lon of the cro.ahalr. on the »creen alvina 
417 c'ounto/ln. 

A. a flr.l »lep In Ihe reading, the horizontal croa.halr I. aligned „„ 

'••f-ronce trace. The Y readout I« zeroed 

with the horizontal cro.ahalr »lightly.. the co.ine reference trace. 

While lhe X readout I» zeroed at the »tart of the trace». At any given ' 

X »citing of the vertical crrm.halr, four Y reading, are taken _ Y,. 

Yj, Y3 and V4. Thl. give. Ilme-cotncldent reading, of the »Ine and 

conlne deflection». The »pacing of the readout, depend, on »Ignal 

variation», with a large number of reading, evident when the «ig„„|» 

■"■o changing rapidly, and fewer where Ihe change, are »mall. In fact 

Where Ionization I» high enough to prod,.large pha.e »hill,,, the 

•■■cadlng» muât he do.o enough In lh.,1 part of the trace which I» re¬ 

cording the phonon.a near the projectile .„ that the change In the 

computed phaae I» not greater than 180"; otherwl»., „„blguttle, |„ the 

determination of Ihe quadrant In which the »Ignal vector He. will arl.c, 

The X and Y readout, are normalized In term, of count, cm by taking 

»ay, Ihe count, for 4 cm In the Y uxl» to ,,t the vertical .cale factor 

h'r 2Ao, and the rnunla for, »ay, 4 cm In the X axle h, «et Ihe horl- 

zonlal »rale factor, A« the ... »„read of the „»cilio»,.. ,. 
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cMÜbrated in awatptln«, th« X readout 1« relatad to the tima from tha 

•tart of tha traca, From this we can aaa that 

'Ti - i* 

fll 
AiM« <(«(Uclitf»i ix(H ---. - 

«. v<u Hi* 
But from the algnal analysli 

t-w^MKn 4 ■, P ( « i é , ^ 

M » 

j* - ~ £ Q* - t J * » M « \ I * « 11 w H 3 

- I'- 'Yy ~* *T, j 
for I 

then 

^>.orct«H ( ^ ^{*lA: 
t'i*. - Y, )/c«-U m f j f»,,- A* 

and 

a (*y \\ confit a#/ ^ iMUMtü f**» a. J^y 
m'4 

Theae relation» are derived from the card« In a computer. To get a 

feeling for the order of magnitude of the radial and axial variation« In 

the electron concentration» In the wake, the program wan written to com¬ 

pute the electron concentration a« a function of distance from the «hock 

front of the projectile, Rather «♦rung anaumptlon» were ¡nade to simplify 

the program. The flr«t I« that each of the four beam« I« pa»«lng a «lab 

ot constant thickness equal to the projectile diameter and of uniform 

distribution across the slab. The observed total phase shift then gives 

a measure of the electron density In each of the slabs and gives a good 

estimate of the radial and axial density variations In the wake 

The other assumption made Is that the collision frequency Is 
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low «nough to 1)0 neglected In thr derivation of the electron denelty from 

the measured phase shift. In most of the firings, observed errors dt^ 

to this latter assumption are serious in only a small region in the neui 

wake. 

Output from the computer was In the form of both printout and plots of 

the normalised transmitted signal amplitude ratio and the ratio of 

electron denatty to the critical density, both as a function of distance 

from the shock front. 

Typical Heeults -- The Initial reduced data from the four-channel 

records of the 39-Gc/s phase-and-amplltude system showing the am 

plitudo ratio and the normalised electron density us a function of dis 

tance is presented in Fig. 11-25. 

Further analysis of the data is in progress and Is being reported under 

a separate tltle^toi’ 

35-Oc/s Seven-Channel Phase-and-Amplitude System -- During the 

operation of the four-beam, 35-Gc/s phase quadrature, it was ob¬ 

served that considerable differences existed In the adjacent channel 

response of the 70-Gc/b systems tn the recompression region. These 

effects were often lost in the 35-Gc/s system, partly due to the lower 

resolution of the 1/2-in. beams, and partly due to the phenomena of 

interest passing between two beams which are at 1/2 In. centers. To 

improve the data acquisition capabilities of the 35-Gc s system while 

permitting direct comparison of the measured quantities with the re¬ 

sults of a 70-0(7» beam observing the wake along the same axis, the 

number of channels was Increased to seven with the beams staggered !o 

have beam centers 1/4 In. apart. The ideal disposition of Imams for 
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th« SS-Gc/« and 70-C3c/a ■•von-beam ayatama la ahown in Fig, 1M2 

where the beama ol a given channel in the 39-Gc/e und 70-Oc/a ayatema 

make meaaurementa along the aame part of the wake. 

The baelc circuitry und method of operation are eeeentlally the aame 

aa for the four-channel amplitude-and-plume ayatem. There are aome 

differencea in the c ircult detuila mid configuration - partly to accommo¬ 

date the Increased number of channel», and partly to improve or 

aimplify operating procedure. 

The tranamttter circuitry 1» ahown in Fig. 11-26. The method by 

which the transmitter and calibrator signals are switched to the feed 

horns and equalised in power with the DPDT waveguide switch can be 

readily seen. This switch can be operated from the receiver side 

where the operator does most of the calibration. The trigger horns 

for lK)th the 35-0(7» and 70-Oc/s systems arc energized from this 

transmitter but otherwise provide Independent triggering for each 

system us the projectile interrupts their respective trigger beams. 

Isolators aie used in the lines to euch trigger'horn source to prevent 

signals reflected from the projectile from being coupled to the second 

(rigger system. A ferrite modulator in the common trigger line is 

pulsed prior to a firing to simulate interruption of the beams by a pro¬ 

jectile, thus ensuring a complete trigger system checkout. 

Ity comparison with the 35-Oc/s, four-channel system, the receiver 

circuitry is changed only in channel capacity and configuration. Al¬ 

though the principle of operation of the calibrator remains unchanged, 

the method of single sideband generation has been changed to the phase 

discrimination circuit^ Figure 11-27 shows the basic operation 
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Fig. 11-27 SInKlu Sldohuiid Generator 

where 

%,* f ) * (w« £ 4 ly] f ^ VH ♦ V *¡)J 

¿ 4 n)^ - fe Mt ( w<J4 - )¿ 
*. 

€| ♦■ * Ä ^ (*<Jj 4 u;N 

I* the deelrtd upper »tdeband, whore “°‘4« tu the carrier frequency, 

und • 30 Me ♦ Af. 
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The detallad circuit oí tho calibrator (Fig. 11-28) la essentially the 

same as that shown in Fig. 11-23, except for the single sideband gen¬ 

erator which is blocked out In dashed lines. 

Data Reduction - 35-Oc/e Seven-Channel Amplitude and Phase — 

Although the basic procedure in this data reduction is the same as for 

the four-channel, 35-Gc/s system, there are some differences which 

will be outlined below. 

Time markers from a controlled crystal oscillator are now used to 

Intensity-modulate the reference traces. This makes it possible to 

adjust the relative starting positions of the two traces so that a vertical 

line passing through time-coincident points In the two trace is accurately 

perpendicular to the reference lines. Since an external trigger Is also 

generated by tho marker generator, It is possible to correlate data at 

a given time from different channels. The markers are used also to 

give a more accurate horizontal scale factor, since there is no error 

due to parallax. 

Hcemiso a more complex computer program Is being written to derive 

the radial variation In electron density by the method described in 

section 3. 4, the computer plots of the Initially reduced data have been 

changed to present the amplitude ratio and the total phase shift. These 

quantities are derived from actual measurements and are not subject to 

the assumptions regarding the plasma properties, as was the case for 

the previous plot of the electron concentration. 

Typical multichannel plots of the seven-channel, 33-(1c s amplitude- 

and-phase system are shown In Fig. 11-29u and 11-2)11). 
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Hk. Il-aa Calibrator Circuit of Srven-Chtinnel 
PnaH«-and-Amplitude Svatem 
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70-Oc/« Seven-Channel Phane und Amplitude Syatem — An over-all 

view of the inatallation on the hypereonlc range of the 70-Oc/*, «even- 

chunnel |)ha«e-and-amplitude «yetem 1« «hown together with the 

3S-Oc/s system in rig, 11-30, 

The focusing «y«tem 1« unchanged from that for the 70-Ge/s amplitude 

system, and the beam properties are as described previously. The 

circuitry to record the quadrature components of the transmitted sig¬ 

nal, the operating procedure, and data reduction is essentially the 

samo as tor the 3S-Oc/s channel phase-and-amplltude system. 

I ho only difference in the transmitter circuit Is that the trigger takeoff 

Is absent as the trigger source is supplied from the 35-Oc/s system. 

!n the receiver circuitry, the wide variation In the characteristics of 

the mixer diodes (Philco 1N2792) made it necessary to use waveguide 

attenuators at the output of each of the receiver feed horns to permit 

coarse equalization of the output signal levels. 

Ihe lower output signals from the mixers made it necessary to use 

additional amplification ahead of the oscilloscope input to obtain the 

lU'cessary deflection of the traces. Transistorized vUhw) amplifiers 

were developed chiefly to meet the requirement of flat frequency 

response (within 1/2 db between ISO cps - (1 Me* good transient response, 
■ind SO-ohm Input and output Impedance. 

I be single sideband generator circuit Identical to that used in the 

seven-channel, .'th-(¡c/s phase and amplitude system was initially 

lesled for use in the 70-0«/« system. The change from the circuitry 

used in Ihe four-channel, 3R-Uc/h system was necessary, since a 

bandpass cavltv with a hlid\ etiMiiuh in ummt'ouu o... n...... i . 
.. . . .... *,,, »..»>« , nmi'HillHI 
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(of the two eldebundts which ure aepurated by approximMtely 62 Me at 

70-Oc/a) waa not readily available. The other difficulty waa the 

mechanical and electrical atability required to maintain the lower 

wideband auppreaaion. 

The preaent wyatem 1« very eaay to set up and requires virtually no 

adjustment by the operator. 

The operation data reduction procedures are the same as for the sevon- 

diannel, 35-Oc/a phase-and-amplitude system. 

Typical multichannel results from the 70-Gr/s phase*and-amplitude 

system are shown in Fins. ll-31u and ll-31b. Figure ll-31a shows 

Die ratio of the transmitted slgnul amplitude, and Fin. 11-311) the 

channo In the phase of the transmitted slgnul, both plotted against dis¬ 

tance along the wake. The scale drawing of the model in flight shows 

the relative positions of the focu? ed beams with, respect to the wake. 
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SECTION XII 
CW DOPPLER RADARS TO MEASURE THE RADAR CROSS 

SECTION OF HYPERSONIC MODELS 

INTRODUCTION 

The flow field produced by a hypersonic vehicle during reentry la 

known to produce u heavily Ionized sheath around the vehicle. Labora* 

tory experiments have shown that Ionized gases or plasmas Interact 

with electromagnetic waves and, as a result,electromagnetic wtives are 

used as a means of plasma diagnostics. A plasma sheath can behave 

either as a reflector or as a lossy dielectric, depending on the electron 

density, the electron collision frequency, and the operating frequency. 

The present Interest in the Interaction of reentry plasma with electro¬ 

magnetic waves lies In Its effect on communications and radar detection. 

The equipment described In this report has been developed to Investi¬ 

gate the plasma properties at the nose region of hypersonic projectiles. 

From the results obtained by this controlled experiment, conditions 

which could affect radar detection of a reentry body can be determined. 

General Motors Defense Research Laboratories operates a free-fllght 

range facility capable of launching model projectiles into a controlled 

atmosphere. This facility Is Instrumented to investigate many aspects 

of the flow field and plasma created by hypersonic bodies. Models up 

to 20 mm In diameter are launched by a light-gas gun into the instru¬ 

mented chamber where atmospheric pressures can be adjusted from 

sea level up to 300.000 ft (0.01 mm Hg). 
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To date, two CW doppler radars, operating at 35 Qc/e at 70 Oc/a, 

have been used to study the effect of the plasma sheath on the radar 

cross section of hypersonic projectiles. The selection of these fre¬ 

quencies was governed by the high electron concentrations expected In 

the nose or stagnation region of the projectiles. The initial experi¬ 

ments were designed so that the radar frequency would be In the 

vicinity of the equilibrium, stagnation, plasma frequency. At 35 Oc/s 

and 70 Oc/s, the plasma frequency Is equal to the radar frequency at 

an electron concentration of 1.52 x 10+l3 e/cc and 6.1 x 10+13 e/cc, 

respectively. The above electron concentrations are produced at the 

stagnation region of blunt models at velocities if approximately 

14,000 - 15,000 ft/soc In an atmospheric pressure of 10 mm Hg, as¬ 

suming equilibrium conditions. Since reentry velocities often exceed 

the above figure, the need for a higher radar frequency is obvious. 

However, at the time of development of the described systems, milli¬ 

meter wave sources above 70 Oc/s wore not readily available. 

Present plans are to develop identical systems at 140 Oc/s (and higher) 

as components and microwave sources become available. 

The two doppler radar systems were designed to measure the absolute 

radar cross section of projectiles at velocities ranging from 2,000- 

30,000 ft/sec. As a result of the calibration procedure which will Ik* 

described in this report, absolute radar cross sections from 1 x 10‘1 g 
square wavelengths to 1 x 10 square wavelengths can be measured 

with an accuracy of »I db. The radar cross section of a model meas¬ 

ured in flight is then compared to the radar cross section of the same 

model measured In a static radar cross section range to obtain the 

change in radar cross section, This change has been attributed to the 
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pinam« aheath. A number of firlnga have been obaerved with both 

radari, and results of radar cross section as a function of velocity at 

constant atmosphere pressures have been obtained. These results and 

their interpretation are discussed elsewhere. 

INSTALLATION OF RADARS ON PHYSICS RANGE 

The installation of the 35-Gc/s and the 70-Gc/s radars Is shown In 

Fig. 12-1. The range consists of a cylindrical tank approximately 

100 ft long, The first 50 ft of the range, 2 ft In diameter, contains 

instrumentation consisting of velocity measuring stations, radiation 

detectors and focused microwave probes. The iast 50 ft of the range, 

8 ft in diameter, in used only for the doppler radar studies. 

As shown in Fig. 12-1, the two doppler radars are installed at the im¬ 

pact end of the range. The 35-Oc/s radar is mounted on one side of 

the range with its radar antenna aligned to Illuminate a radar reflector 

placed on the axis and oriented at 45" with the flight axis. The signal 

from the antenna is fed into the radar chamber through a 2-ln.-thick, 

matched dielectric window* ami reflected off the radar reflector along 

the flight axis. The signal scattered back by the model returns to the 

radar antenna alonr this same path. The radar reflector consists of 

a 2-ft square of thin aluminum sheeting mounted on a rigid reflector 

support. The reflector sheet is impacted by the projectile and is 

replaced after each firing. A study of the perforation of the reflector 

sheet by the model can reveal not only the condition of the model at 

impact but the coordinates oi the Impact point as well. 

* ---:- 
Polypenco 1402 
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Since the equipment le ueed to determine the absolute radar croas 

section of projectilee, calibration of the radar system prior to each 

firing is necessary. This is accomplished by transmitting a simulated 

doppler signal toward the radar from a horn positioned on the flight 

axis 19 ft from the radar reflector. The simulator horn is mounted on 

a boom which is swung away from the flight axis after the calibration is 

complete. A more complete description of the doppler signal simulator 

will be given later in this report. 

Because multiple operation of several radars under the above condi¬ 

tions has not yet been achieved, the 70-Oc/s doppler radar has been 

mounted on the side of the radar range directly opposite the 3S-Oc/s 

radar. Changeover from 35-Oc/s to 70-Gc/s doppler radar operation 

includes a 90" counterclockwise rotation of the radar reflector. The 

70-Oc/s doppler radar also has a signal simulator horn located up- 

range for calibration purposes. 

In both radar systems, the signal received from the projectile is dis¬ 

played on oscilloscopes that are operated in a transient recording 

mode, and then recorded on Polaroid film. It is advantageous to re¬ 

cord the signal from the projectile fron) the time it enters the B-ft 

section of the range until it Impacts the radar reflector. To accom¬ 

plish this, the oscilloscopes are triggered from a velocity-measuring 

station located at the end of the 2-ft diameter section of the range. By 

setting the oscilloscope swoops to endure longer than the flight, a 

record of the signal for the complete flight path can be obtained. 

To facilítale the analysis of the received signal, another trigger has 

berm added to the system. This I rigger Is a microwave located the 

same distance fiom the reilecinr as the signal simulator horns. The 
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projectile Interrupt« the narrow microwave beam to provide the pulae 

that trigger« an additional oacilloacope. The need for this trigger at 

the calibration distance 1« Indicated In the analyal« of a typical doppler 

reiult at the end of thiu report. 

THE DOPPLER RADAR TECHNIQUE 

Since the experiment« Involve a moving target, the doppler radar tech* 

nique wa« the obvious choice. Sucha system is aenaitive only to moving 

target« and remain« unaffected by signals reflected from stationary 

surfaces; the signals reflected from the metallic range walls do not 

appear as output signals. Although the doppler frequency shift can be 

used to obtain velocity information, this I« not of direct Interest in this 

experiment because accurate velocity measurements are made with 

optical velocity-measuring stations. The amplitude of the doppler 

signal is a function of the power which is back-scattered by the moving 

target, 

The doppler frequency shift f() produced by a moving target is 

approximately ^ 
/.1 « 

where f() in the radar frequency, V Is the velocity of the taiget, and C 

Is the velocity of light. At 35 Gc/h, the doppler frequency shift is 71 

kc per 1,000 ft/sec of target velocity. Since the receiver has a flat 

frequency response from 300 kc 3 Me, the radar can be used to ob¬ 

serve targets with velocities ranging from 4,000 40, 000 ft. sec. At 

70 kmc, the doppler shift is 142 kc per 1,000 ft, sec of model velocity; 

therefore, with a receiver frequency response of 500 kc 4 Me, this 

system can he used to observe projectiles with velocities of 300 

2M, out) It/sec. 
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In the Initial experimenta, an abnormally high nolae level wat* noticed 

at the radar receiver. Thla nolae, which aeemed to develop from 

vibrât Iona at the end of the 8-ft section of the ranne, was overcome 

by lining the end of the ranne with microwave absorber*. A hole ap¬ 

proximately 8 In. square and centered on the flight axis was cut in the 

absorber to permit the projectile to enter the radar range. 

THE CW DOPPLER RADAR ANTENNA 

Both the 35-Gc/s and 70-Gc/a doppler radars have been fitted with a 

conical horn antenna, each with an aperture of 20 wavelengths in 

diameter. A matched Ions correction has been provided In ouch aper¬ 

ture for the purpose of maximizing the gain. 

The antenna's design resulted from a compromise between gain (of the 

antenna), or beam width, and the extent of the near field In which the 

field distribution over the model's flight path would not be uniform, 

The gains of these 20^ antennas have been measured to be 34.B db 

above an Isotropic source. The H-and E-plane half-power beam widths 

for these antennas are 3.R° and 3.0°, respectively, and the H-and-E 

plane patterns are shown In Figs, 12-2n and 12-2b, respectively. 

With the radar antenna located 50 ft from the end of the range, the 

beam width in the H-plano hi 3.1 ft, In the E-plane, the beam width at 

50 ft Is only 2.0 ft. From these calculations It is obvious that It multi¬ 

path propagation Is present, It will be very small. The angle at which 

the signal starts Illuminating the side ot the range Is 4.(1’, which ts at 

the first null of the K-plane pattern of the antenna. Therefore, the 

+ rt r.t r*-1..1..1, «•««** n 
I». r • VlUMUl It II Vlll -á. 
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drat aidalobe of the antanna dota redact off the range wall. Since It 

la 30 dh down on a two-way path, Ita effect could produce a email 

amount of Interference, and auch Interference haa been recorded. 

However, It la very email and diaappearaaa the projectile approachea 

the radar. 

The other factor which wan taken Into conalderatlon In the antenna 

dealgn waa the near-fleld Illumination of the target. It la Important 

that a uniform field distribution be maintained across the target sur¬ 

face as It approaches the antenna. The criteria used for the uniform 

field distribution Is that the power distribution acroaa the target be 

within 1 db and the phase distribution be within 1/16 A . For a target 

of the same dimension us the antenna, this distance Is , d being 

the antenna diameter. Since in this particular experiment the target 

is much smaller than the antenna, the distance was taken as which 

is approximately 6 ft at 70 Gc/a and 11 ft at 35 Oc/a. With the radar 

antenna situated 5 ft from the reflector, the near field extends 6 ft 

uprango from the radar reflector at 35 Gc/s; therefore the radar 

cross section must be measured beyond this point to bo considered 

accurate. This calculation assumes that the projectile Is positioned 

directly on the center of the antenna beam, If the projectile Is off- 

course, the minimum distance where uniform field distribution across 

the model occurs will Ire farther from the antenna. 

With the model in the fur field of the radar antenna, the signal re¬ 

ceived by the radar will increase as a function of the Inverse of the 

fourth power of the model range ), according to the radar equa¬ 

tion In Section 7. As the model enters the near field of the antenna, a 

departure from this jpT law can be expected due to the varying 

antenna gain In this region. 
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THE 35-Oc/a CW DOPPLER RADAR 

The 3S-0c/i CW doppler redar hae been dealgned to meaeure the ab¬ 

solute radar cross section of projectiles ranging in velocities from 

3,000 - 30,000 ft/sec, The system sensitivity is such that absolute 
-12 3 2 

radar cross sections ranging from 1x10 4 to 1 x 10 4 can be 

measured with an adequate signal-to-nolse ratio over adistancel2-30 

ft from the radar antenna. 

A photograph of the 35-Oc/s doppler radar is shown in Fig. 12-3. The 

installation of the microwave head on a camera tripod, the matched 

dielectric window, the doppler signal simulator, and the oscilloscopes 

with cameras nan all be seen. 

Radar Alignment 

To assure uniform illumination of the projectile by the antenna beam, 

especially when the projectile approaches the near field of the antenna, 

precision alignment of the radar antenna and reflector Is necessary. 

To obtain the accuracy required, it Is necessary to align the radar 

antenna and radar reflector with the axis of the gun barrel. The 

transit used to align the gun barrel was also used to align the radar 

system. To align the radar system, the aluminum reflector was re¬ 

placed by a mirror, the dielectric window was removed, and the an¬ 

tenna lens was replaced by a set of orthogonal cross Siairs. With a 

point light source at the throat of the horn, the reflector and antenna 

were aligned by sighting the light source from the transit. The radar 

tripod was then bolted to the floor to maintain the alignment. The 

radar reflector Is of very rigid construction to assure stability at 
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projectile impact. When realignment ia neceaaury, the reflector 

mount.(which haa both azimuth and elevation control) la adjuated for 

maximum-received aignal tranamltted from the aimulator antenna 

(alao aurveyed on the flight uxla). 

ÎM.31-Qc/g Microwave Hqgj 

The 35-Oc/a CW doppler radar la a monoatatic radar which uaes a 

common antenna for tranamiHsion and reception. Autodyne mixing 1m 

uaed in the receiver and ia achieved by coupling some of the output 

power from the transmitter to servo um local oscillator RF bias at the 

receiver mixer cryatala. By mixing the received signal wi'h the local 

oscillator signal, the doppler frequency shift Is recovered um a video 
signal. 

A detailed block diagram of the 35-Qc/s CW doppler radar microwave 

head Is shown in Fig. 12-4. The transmitter source Is a reflex 

klystron set to oscillate at 3!i Gc/s with a power output of approxI- 

mately 100 milliwatts. A 10-db directional coupler at the output of 

the klystron Is used to obtain both the required local oscillator bias 

power nnd a reference signal for phase-locking the klystron In the 

doppler signal simulator, The klystron output is then fed through an 

Isolator and a sidewall short slot hybrid to the antenna where it Is 

transmitted. A 10-db coupler in the antenna arm is used to measure 

the power transmitted at this point. Power measurements are made 

with a thermistor mount and a power meter. At the coupler output 

a waveguide switches the signal from the thermistor mount to a 

matched termination during radar operation. 
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The itepa rat ion between the tranemitted and received eignal is 

obtained in the sidewall chort slot hybrid. The power from the trans¬ 

mitter klystron is divided equally into arms 2 and 3 of the hybrid, and the 

power received is divided equally into arms 1 and 4. Reflections of 

the name frequency as the transmitted frequency from the antenna and 

radar chamber are cancelled by tuning on arm 3, necessary because 

the reflections from the radar chamber could 1« sufficient to increase 

the bias on the receiver mixer crystals and Increase the crystal noise. 

Furthermore, If the background signal is comparable to the local 

oscillator (1,0) signal, phase Interference would produce large varia- 

lions In the mixer performance. A waveguide switch In the receiver 

arm of the hybrid Is used to switch the background signal to a crystal 

detector where It Is monitoring during background signal suppression. 

It is known that the transmitter and background leakage can be re¬ 

duced to less than 1 microwatt. 

WMh the waveguide switch In the receiver arm on receive position, 

the received signal Is mixed with the LO signal In the balanced mixer, 

and the doppler frequency shift Is recovered. An attenuator In the 

LO arm Is set lor maximum mixer conversion efficiency and minimum 

mixer crystal notse. 

The Video Amplifier 

In designing the video amplifier the following characteristics had to be 

maintained: 

1. A wide dynamic range because the radar ts used to observe 
an approaching target 

¡2. Low input noise 

12 14 
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3. A bandwidth adequate to handle the range of doppler fra- 
quenclei expected, Oecauae of the 1/Í noiae characteristics 
of mixer crystals, the low-frequency cutoff of the amplifier 
should Im as high us possible. 

The video amplifier input has been designed to match the impedance 

of the mixer crystals - 300 ohms. Since a single input is provided on 

the amplifier, a reversed pair of 1NS3C crystals is used in the 

balanced mixer. The amplifier is mounted on the microwave head 

dose to the balanced mixer. 

A circuit diagram of the video amplifie* is shown in Fig. 12-5. The 

unit Is completely transistorized to avoid microphonie problems 

present when using tubes. The frequency response of the amplifier Is 

rial within to. r> db from 300 kc 3. 0 Me. Since the doppler frequency 

shift of 35 Ck/B Is 71-kc per thousand !oet per second o( flight, this 

amplifier can be used to observe projectiles with velocities ranging 

from 4, 000-40,000 ft/sec. The amplifier gain is 35 db and will pro¬ 

vide a signal of 10-G40mv peak-to-peak over this frequency range, 

resulting In a dynamic range of 30 db. Since the output Impedance of 

the amplifier is 50 ohms, the output signal can bo fed to the recording 

oscilloscopes over long lengths of 50-ohm coaxial cable. 

THE 35-Oc/s OOP PI EH SIGNAL SIMULATOR 

The 35-Oc/s doppler signal simulator bas been designed to calíbrale 

the 35-Gc/s doppler radar. Cal ihr at ton is necessary because absolute 

radar cross section measurements are being made. 

1215 
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The reflex kJyxtron In the wlinulutor 1m phnwe-locked to í¡,e 35.(fc H 

trunxmltter frequency ul u vnrluble offset frequency, By sett ln« the 

oilnet ftequency e(|uul to the expected doppler frequency, mid by 

varying the output of the simulator to obtain a simulated power vm 

radar voltage output curve, a complete calibration of the doppler 

radar can be obtained. The simulator can also be used to measure 

the frequency response mid sensitivity of the radar receiver and the 

conversion loss of the mixer crystals, with the simulator antenna on 

the flight axis of the projectile, mousuremontH of frce-Mpace path loss 

can be made to check the radar reflector and antenna alignment. 

A block diagram ol the 35-Gc/m doppler simulator Is shown In Fig, 

12-6, A 36-Gc/h reference signal from the transmitter klystron is 

fed into a crystal modulator. With the modulator tuned to suppress 

the original carrier, the modulator output frequencies are 33,000 

i (30 » 1^) Me, where (30 • !(|) Me Is the modulator frequency and f 

Is the doppler frequency. A bandpaMS filter at the output of the 

balanced modulator is set at the upper sideband (35,000 + (30 ♦ f ) 

Me. Some of the power from the simulator signal source, a reflex 

klystron, Is coupled to a balanced mixer and mixed with the upper 

sideband signal derived from the reference signal. With the simulator 

reflux klystron frequency sc! at (35,000 . f(|) Me the difference fre¬ 

quency at the output of the balanced mixer Is 30 Me. This 30-Mc 

difference signal Is amplified in a wideband 30-Mc locking amplifier, 

rile output signal from the locking amplifier Is fed into a 30-Mc phase 

defector where II is compared to a 30-Mc reference signal from a 

stable crystal oscillator. When the simulator rellex klystron Is 

phase-locked lo the reference signal, t.a> output of the phase dele toi¬ 

ls a DC signal proportional to the relative phase between the 30-Mc 
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r«f«r«nc* fignal from the cryetal oectlUtor and the 30-Me difference 

frequency between the upper sideband reference signal and the kly¬ 

stron output signal. This DC correction signal Is fed to the reflector 

of the reflex klystron. The simulator reflex klystron now oscillates 

at (38,000 + fd) Me, fd Me above the transmitted frequency. The 

simulated doppler frequency Is set by varying the modulating frequency 

on the balanced modulator. The lock-in range of the phase-locking 

circuit is broad enough to permit variation of the simulated doppler 

frequency fron» zero to approximately 4 Me 

The output of the simulator klystron is fed through a powei-set atten¬ 

uator to a waveguide switch. At this point, the power output ol the 

simulator klystron Is measured with a thermistor and can be preset 

to any desired level with the power-set attenuator. The simulator 

output is then fed to the simulator antenna. A precision attenuator at 

the simulator output is used for calibration of the 38-Qe/s doppler 
radar. 

Meeause of the distance from the simulator output to the simulator 

horn, a circular waveguide Is used between these two points. Propa¬ 

gation In this waveguide Is in the low-loss TÇ, mode. 

OPERATION AND CALIBRATION OK 35-Gc/s DOPPLER RADAR 

With the 35-Qc/s doppler signal simulator, the 38-Oc/s doppler radar 

'•an be calibrated both in frequency and in amplitude. The simulator 

• an also be used to measure the path loss between the simulator 

a itenna and the radar antenna, and to check the reflector and radar 

antenna alignment. Once the path loss has been determined, the 

sensitivity of the radar receiver can be measured. 
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When the simulator la transmitting towards the radar, the path loss la 

calculated to be 

P 
i 

p, 

« 0 
P c 

if ‘ A 

H 

Q 

power received 

power transmitted from the 
simulator 

gain of the simulator antenna 

wavelength 

distance between the two 
antennas 

gain of radar antenna 

The gains of the simulator and the radar antenna are 13.8 db and 34.8 

db, respectively. The wavelength at 35-Gc/s Is 0.337 In., and the 

distance between the two antenna Is 24.4 ft (293 In.). Using the above 

equation, the path loss Is calculated to be 32.2 db. The path loss be¬ 

tween the two antennas has been measured to be within »0.5 db of this 
figure. 

Since lho simulator output power Is measured accurately and can be 

attenuated with the precision attenuator, the sensitivity of the radar 

receiver can be measured. This Is done by attenuating the simulator 

output power until the received signal Is attenuated Into the receiver 

noise. This experiment has shown that with a simulator output power 

of -78 dbW, the signal*to-noise ratio at the receiver Is unity, 

faking Into account the 32. 2-db path loss and the 34. 8-db Insertion 

loss in the hybrid In the microwave head, the minimum detectable 

signal of the radar receiver is -112. 0 dbW. Allowing a 10-db 
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Mltfiml-to-MoiMo rallo, the minimum readable altfiiai for rudur crons 

McctlOM culculatloiiM In >102 dbW , 

UhIiik the above figure for a minimum detectable «ignal, it In poaalble 

to ol)tuin a fttfure on the smallesl obmervable target, With a mono¬ 

static radar, the alifnal received from a target of cross sections at 

a distance D from the radar is 

From this equation, it Pr is the minimum readable signal of *102 

db W, the minimum radar cross section that can be measured Is 

i 1 

PT c. AT 

At a distance 1) of 10 ft, with a transmitted power l\j, of 4 x 10’2 watts, 

the minimum radar cross section Is 22.it db below one square ware- 

length. Since the received signal decreases as the Inverse of the 

fourth power of the distance, & *.« is 10. ft db below one square 

wavelength at 20 ft and 1.5 db above one square wavelength at 40 ft. 

The project lies observed with this equipment have been mostly spheri¬ 

cal nose shapes with radar cross section;; of 10 db above one square 

wavelength or greater. The signal-lo-noise ratio Is adequate with 

these shapes for detecting any decrease in radar cross section due to 

I hi' plasma. 
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Prg-Firing OUlbrstign 

I 
I 
I Before radur calibration immediately preceding a firing, the radar 

performance muet be checked out to aeeure accurate and conaietent 

resulte. 

A frequency check of the transmitter klystron is made to assure that 

its frequency is 3* Qc/s. To obtain maximum transmitted power and 

minimum receiver noise, it is important that the klystron should oscil¬ 

late on the center of its reflector mode. Under optimum transmitter 

conditions the background leakage signal at the receiver is canceled by 

using the E/H tuner in the short slot hybrid. 

The simulator reflex klystron is then phase-locked to the transmitter 

reflex klystron, und the doppler simulated frequency Is adjusted to 

approximately the same doppler frequency shift oxiwcted from the 

projectile. A check on the radar alignment, with the simulator output 

set at a known level and noting the signal on the oscilloscopes, is now 

possible. In most cases, the change in signal level for the same sim¬ 

ulated power remains within » 1.0 db from firing to firing. To cali¬ 

brate the radar, the simulator output power is preset at 1.0 mw 

measured with the thermistor at the simulator output. With u loss 

of 0.0 db in the circular waveguide path between the simulator output 

and the simulator antenna, the transmitted simulator power Is -30.0 

db W. A calibration curve of radar output voltage versus power sim¬ 

ulated Is plotted by varying the calibrated attenuator at the simulator. 

The doppler signal Is recorded on two dual-beam oscilloscopes. The 

scope sweep mode Is sel on single-sweep with a total sweep duration 

\'l-n 
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by a pulse from velocity Station S located at the end of the 2-ft section 

of the range. The other scope Is triggered by a microwave trigger 

located the same distance from the reflector as the simulator antenna. 

To Increase the effective dynamic range of the receiver, different 

oscilloscope amplifier gains are used on each beam of the dual-beam 

oscilloscopes. 

THK 70-Gc/s CW DOPPLER RADAR 

The 70-Gc/s CW doppler radar 1h located on the physics range directly 

opposite the 35-Gc/a CW doppler radar. Since the two systems are 

of the same design, It Is unnecessary to describe the system thoroughly 

at this point. In addition, operation and calibration procedures are 

Identical for both systems. 

A photograph of the 70-C»c/h CW doppler radar system Is shown In 

Fig. 12-7. A detailed photograph of the 70-Gc/s microwave head Is 

shown ln Fig. 12-H. 

A block diagram of the 70-Gc/s radar microwave head Is shown In 

Fig. 12-W. With the doppler frequency shift of 142.0 kc per thousand 

feet per second of model velocity, the high-frequency response of the 

video amplifier has been Increased to 4.0 Me to provide a capability 

of observing projectile velocities up to 28,000 ft/sec. 

The sensitivity of the 70-Gc/s doppler radar receiver has been deter¬ 

mined with the use of the 70-Gc s doppler signal simulator. The free 

path loss between the simulator and radar antenna Is calculated with 

the formula to be 38.4 db. A power output from the simulator antenna 

12-23 



path loa« 

O - gain of almulator antenna 
c * 13.S db 

0 - gain of radar antenna 
« 34.8 db 

X - wavelength » 0.109 In . 

R » dletance * 24,1 ft 

of -00. S dbw produces unity elgnal-to-nolee ratio at the radar re¬ 

ceiver. Taking the 3.1-db Ineertion loas of the radar head, the sensi¬ 

tivity of the radar receiver Is -108.0 dbw. Allowing a 10-db slgnal- 

to-nolse ratio as a minimum acceptable ratio using the radar equation 

for a monostattc radar, the minimum detectable radar cross section 

at a distance of 10 ft from the antenna Is found to be 4.75 db below 

one square wavelength with a transmitted power of 00 milliwatts. 

The minimum detectable signal decreases to 7.25 above one square 

wavelength at 20 ft and 19.25 above one square wavelength at 40 ft. 

Because of the possibility of absorption by the plasma which would 

result In a decrease In radar cross section, the 70-Gc/s doppler radar 

Is suitable for observing targets with a minimum radar cross section 

of 10 db above one square wavelength. 

THE 70-(1(7 s DOPPLER SIGNAL SIMULATOR 

The 70-Gc/s doppler signal simulator has boon designed to calibrate 

the 70-Gc/s CW doppler radar. The simulator signal can also be 

used to Investigate the performance of the radar system as Indicated 

In the procmllnu section. 
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A block diagram oí the 70-Gc/e elmulator la ahown In Fig. 12-10, 

The balanced modulator and bandpaaa filter combination, aa deacribed 

In the 3S-G(/* doppler simulator paragraph, could not be used to 

produce the upper sideband at 70,000 ♦ (30 + fd) Me alnce a aultable 

filter was not available, Inatead, a single sideband generator has 

been designed for this purpose. The single sideband generator Is 

adjusted to cancel the lower sidebands produced at the two crystal 

modulators. This cancellation is accomplished by shifting their rela¬ 

tive phases so that they are In quadrature. Reduction of the lower 

flldeband by 20 db is adequate for this application. The operation of 

the 70-Oc/s and 35-Gc/s doppler signal simulator Is similar. The 

topic hau been covered thoroughly In previous sections. 

ANALYSIS OF A TYPICAL RESULT 

I he object of the 35-Go/s and 70-Gc/s CW doppler radar systems is 

the measurement of the absolute radar cross section of a projectile 

shielded by a plasma sheath. The radar cross section of a model 

measured In flight is compared to the radar cross section of the 

same model measured in a static radar range and the change in radar 

cross section is attributed to the plasma sheath, 

The accuracy of the experiment is .trlbuted to the doppler signal 

simulatoi which Is used to calibrate the doppler radar system over 

a wide dynamic range at the expected doppler frequency. During cali¬ 

bration, the power received by the doppler radar is equal to 

I’r power received at radar 

PM simulator output power 
» î C., C-A 

I2-2H 



0H • ffiln oí fimulator antenna 

0 > gain of radar antenna 

R * distance between the two 
antennae 

3 * radar wavelength 

The calibration procoae consists oí varying the simulated power 

over a wide range to obtain a plot of receiver voltage output as a 

function oí simulator power, 

The data from round 148, a typical result, Is shown In Fig. 12-11. 

Figure 12-12 shows the pre-firing calibration curve of the radar sys¬ 

tem. These results were obtained with the 70-Gc/s doppler radar, The 

upper photograph (Fig. 12-11) depicts the signal buckscaltered from 

a sphere as It approaches the radar. The top beam ts triggered from 

the microwave trigger located 10.1 ft uprunge from the radar reflec¬ 

tor. The duration of the top sweep was set to last longer than the 

duration of model flight from the trigger position to the radar reflec¬ 

tor. In this particular case, the reflector Impact occurred 1,64 mil- 

llsecs after the trigger pulse. As the projectile approaches the radar, 

the ilgnal received at the radar Increases Inversely us the fourth 

power of the projectile distance,, Assuming a linear sweep and a 

constant velocity, the distance of the projectile on the photograph can 

be located. 

In the lower beam, the doppler signal Is displayed on a faster time 

base to obtain a sample of the fine structure of the doppler signal. 

The sweep start for the bottom trace Is delayed from the sweep start 
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oí the top trace by 1.0 mlllleece ae ehown by the firightoned \ortÍL»il 

line In the top trace. 

Both eweepa in the lower photograph are triggered fron» velocity 

Station 5, located 81.1 it uprange. The duration of modd flight for 

this distance la 4.8 mllllsecs. Two oscilloscope amplifier gaina are 

used to Increase the dynamic range of the display system. 

In both photographs, the erratic signal received by the radar after 

Impact Is caused by the radar reflector vibrations. 

When the radar Is used to observe a target at any distance D from the 

radar, the power received, Pr, Is 

The calibration curve Is produced under the conditions given In the 

equation at the beginning of this paragraph. The signal that Is back- 

scattered from the projectile and received from the radar Is produced 

under the conditions given by the preceding equation. 

To obtain a value of the radar cross section of the projectile at a 

distance D from the radar, Em|t Is read from the photograph at this 

point. This E t will coincide with a value Eout on the calibration 

curve. Since both output voltages arc the same, the power received 

at calibration and at recording are the same. It Is now possible to 

equate the two equations In terms of Pr 
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and aolve for the unknown radar cross section 

*tfb 

In the above equation, ^ Is a constant, K. Since R Is used as a 

reference distance, It Is preferable to express D In terms of R, Let 

D equal K-d, d beln# the distance of the projectile from the calibration 

point. This can be written in simplified form 

a (,-ov 
cr~ *■ 0 

't 

1’ Is the power from the simulator determined from the calibration 

curve, and Is the power transmitted measured immediately after 

the flrtni, *. Therefore, is determined from this equation. 

To date, approximately 350 firliiKS have been ohMPrv^d with the rw 

doppler radar equipment. This large volume of results has made 

It necessary to use computers for data analysis. 

With a data reader, a larger number of points from the photograph of 

voltage us a function of time can be recorded. The accuracy of the 

data reader (which magnifies the photograph) Is definitely superior to 

manual scaling of the photograph. Tnese advantages In reading have 

provided an accurate value ol radar cross section as a function of 



~1 

Anothrr diMadvunlaM« of nmnuiil Hnalynl* of the reaultM In (he cllfilcuHy 

In obtalninK “ value of model rang® (R-d) from the photograph, Thlx 

problem exlata eapeclally when the model Is decelerating and the 

velocity during flight la not constant. From the velocity-measuring 

stations located In the 2-ft section of the range, the drag coefficient 

of the model Is determined, With this Information, the velocity for 

any model range can be calcualted. Using this Information in the 

computer analysis, the model range on the photograph is located, 

A typical output from the computer analysis Is shown In Fig, 12-13, 

Radar cross section of the model Jl is plotted as a function of range. 

The radar cross section Is shown to be constant for a range of 10 — 

30 ft from the radar. The decrease In radar cross section ns lije 

model approaches the radar Is due to the poor near-fteld Illumination 

of the model. The Increase of radar cross section beyond 30 ft Is a 

result of the low signal-to-nolse ratio at extended distance. The radar 

cross section, as measured In the Intermediate range, is considered 

accurate and is used In the final analysis. 

Figure 12-13 also plots velocity as a function of range. The change 

In velocity with range Is shown to be very small al the atmospheric 

pressure ol 10 mm. Ilg. 

CONCLUSIONS 

( 
A an-Oc/s and a 70-Oc/s CW doppler radar have been dew *’|bed, The 

radars were developed to measure the absolute radar cross section of 

model project lies with velocities from 3,000 - 40,000 ft/sec In free 

11 If,hi range, 

l2-:ir, 



Th« radar« hav« capablim«« oí d«t«ctlng targ«t« with a radar croa« 

••ction of 10 db abov« on« aquar« wav«l«ngth ov«r a rang« oí 10 - 30 

it irom th« radar antenna, allowing a sufficient margin oí algnai-to- 

nolse ratio ior reduction of radar croas «action du« to the plasma 

ah«ath. As a result of the doppler signal simulator«, the abe Mute 

radar crose section of a projectile is measured to * 1.0 db. Computer 

analysis of the results provide a value of radar cross section as a 

function of range. 

As a result of the heavily ionized plasma present at the stagnation 

region, higher frequency radars are planned. A 140-Gc/s CW doppler 

radar will be in operation in the near future. 

The present radar systems, as des:rlbed, have been adequate for 

observing targets with high radar cross sections. Since firings of low 

cross section models are planned, the sensitivity of the syetems will 

be improved. In addition, the feasibility of dlplexlng the two systems 

for simultaneous operation is being inveetlgated. 
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