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POREWORD 
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specifically to support the Department of Defense Nuclear Test Personnel 
Review (NTPR) Program. The objective is to facilitate studies of the low 
levels of radiation received by some individuals during the atmospheric 
nuclear test program by making as much information as possible available to 
all interested parties. 

The material which has been deleted is either currently classified as 
Restricted Data or Pormerly Restricted Data under the provisions of the Atomic 
Energy Act of 1954 (as amended), or is National Security Information, or has 
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or equipment vulnerabilities and is, therefore, not appropriate for open 
publication. 

The Defense Nuclear Agency (DNA) believes that though all classified 
material has been deleted, the report accurately portrays the contents of the 
original. DNA also believes that the deleted material is of little or no 
significance to studies into the amounts, or types, of radiation received by 
any individuals during the atmospheric nuclear test program. 



I 
ß 
1 

«I 

' es M 3S ^9 -a 38 "9 ^^ "^ ^^ "* na R5 58 ^^ *" S8 
' Rfl 98 ffa K8 »A Ü9 ÜR »A ft& »A KS 9ft KS 93 89 $A 99 
• aa 0| aj sg flä flä ^s ag 93 ag 03 ag 33 93 aj aj 33 

IS 
u ■ 

if 91 ilii •a a; Uli i| 

I 
i 
i 
g 

I 

2 

f 

I] *i f] I In 11 ll fi I ti I 111111 ii 

1 1 I* ii Ii li li if Ii if ii li if if ii 1' if *i Is 11 al 

I 1 g 1 1 1 3 i i 3 1 1 1 1 1 1 1 1 

11 i i t  i  t l  i  S  i  l  l  l i i i  i t 
ass aaaass^^aas 

I! ii j J I 

r 

111111111 n 1 

1 



-ZUNI 

Airvkiili Obe« AUt 
Alruktrtru Mttr BekobyudM Ml« 
Aomotn G«erf« ■ekeiMiim Baker 
ArrtlkM Yofct BokonfuMku ttm 
Bifirtn ItoCtr Bokeroryuru ■rt*e 
Bikini ■NT CMMrM« WlUltOl 

■nltlre Km« 

<*" m 
&• 

Cniirikk« Und. MockUural Lov. 
Cnlnmu Tkrt Romurlkku ro» 
Cnyx. Nu Nukoji Victor 
tonchrtl Mlkt Uorikku «wy 
Nunu Ch»»l»y Yemymru Jit 
OurukMn Z«br» YuroeM Do« 
IU«rt •u«tr 

Bikini Atoll«    Location« of tott dotonntlons during Optrttion REDWING 
urn ladleatod bj largo lottorlog and arrows«   Natlv» Island naass 
with corr» spending military Idsntlfisrs ars glvon In ths tabulation« 



HUftOH 

31.1** 

1 
H^B ^r 

»■« *»<«*• 

Awauibini Vtra Chlnl««ro Alvln Ifurln Ot«fui Rlbaie« Jam«« 
Altiu Oilvt Chlniml Qyd« Japtma David Rlflll L«roy 
AniyunU Bruet CeehiU Dtliy KlrUilM Lucy Roioa Ur«uU 
Aomoa S^Jy Coral H««d« Mhck, Otctr '■¥- Zona Ruchl Clara 
llljlrl Tilda Sbtrtru **y Mil H«nry Mont P«arl 
■efttrikk HalM Cluftlab nor» Mum Kat« Runll Yvenn« 
ttoftllua Alle« Cnfrtl JfeNH Pwrr CloMr StlMUld«(OIMO Una 
Bofomboco BMI« Cnlw«iok Fred Ptlruu WUma TMMlrlpueehl CM« 
Bo^oo Ir«M Glflinl«« lUttk Mu« If win Y«lri Nancy 
MwnMrippu «*ry 

EalMtok Atoll«   Location« of toit dotonation« durlag Opontion IBDWING 
ara indleatod by largo lottorisg aad arrow»,   Nati-rt Island nan« 
with corrtsponding military idoatiflaro art giTtn In tha tabulation. 



ABSTRACT 
A nuclear detonation generates three categoriea of characteristic phenomena which can be meas- 
ured from a high-speed aircraft: (1) low frequency electromagnetic radiation which can be re- 
ceived by an electric or magnetic artenna; (2) thermal radiation detectable by phototubes; and 
(3) pictorial characteristics which can be photographed. 

Airborne equipment has been designed for determining the location and yield of a nuclear 
detonation.   This equipment for indiiect bomb damage assessment (IBDA) determines yield 
from a measurement of the interval between the time of the burst and the time of the second 
peak in the thermal radiation intensity curve.   Flush-mounted ferrlte-core magnetic loop an- 
tennas, for use in detecting the electromagnetic signal and thus fixing the time of burst, per- 
formed successfully during Operation Redwing.   Two kinds of phototubes for detecting the second 
thermal peak were tested and were found about equally satisfactory.   The method selected for 
jrield detecsUnation gave results accurate to 116 percent for five shots with yields in the range . 
_ _ Ito 5.0 Mt. 

A detailed study of the collected data showed that the electromagnetic signal, consisting of 
a direct pulse followed by a series of ionosphere-reflected sky waves, could be used in many 
ways to give Information concerning the detonation and the ionosphere.   From the time intervals 
between the ground wave and sky waves it was found possible to compute both the distance be- 
tween burst and receiver and the height of the reflecting ionosphere layer.   From the oscillatory 
period of the individual sky waves or ground wave the yield could be estimated.   The wave form 
of a sky wave could be used for an estimate of the height of the receiving equipment.   The ampli- 
tudes in a sequence of sky waves could be used to give the radian frequency, u)r, characterizing 
the ionosphere, and to extrapolate to the amplitudes of other sky waves or the ground wave. 

For a number of test shots, the thermal radiation intensity data was compared with the ex- 
pected irradiance to give estimates of atmospheric attenuation due to clouds and haze.   Measure- 
ments of ambient light intensity and of the variability of ambient light were also made, to aid in 
the evaluation of the IBDA system. 

On the sequence photographs the position of the burst could be determined from: (1) the inter- 
section of bright radial lines; (2) the center of symmetry of the condensation dome (see below); 
(3) the fireball Itself; or (4) the stem of the nuclear cloud.   When the fireball was visible, its 
radius could be used as a measure of yield, provided that the timing of the picture and the range 
between burst and camera were known.   The condensation dome, produced in humid air by the 
rarefaction phase of the shock wave, appeared in all burst sequences and was found useful in 
determining a rough value of the range and of the time of the burst relative to the timing of the 
photographs. 



FOREWORD 
Thli repor: presents the final results of one of the projects participating in the military-effect 
programs of Operation Redwing.   Overall information about this and the other military-effect 
projects can be obtained from WT-1344, the "Summary Report of the Commander, Task Unit 3." 
This technical summary includes: (1) tables listing each detonation with its yield, type, environ- 
ment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussions of results 
by programs; (4) summaries of objectives, procedures, results, etc., for all projects; and (S) a 
listing of project reports for the military-effect programs. 
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Chapter I 

INTRODUCTION 
1.1    OBJECTIVES 

There would be great reconnaissance value to the Air Force in a bomb damage assessment 
system which could provide immediate information on bomb damage and which could be carried 
on an aircraft delivering the nuclear weapon.   Ideally, this system should measure the yield, the 
position, and the height of the detonation.   Of these, the measurement of yield has required the 
greatest amount of study. 

A nuclear detonation produces four characteristic effects which could be used for an airborne 
estimate of yield: (1) very-low-frequency electromagnetic radiation with a characteristic wave< 

form related to yield; (2) thermal radiation with a characteristic time dependence related to 
yield; (3) a visible fireball with a yield-dependent rate of growth; and (4) a nuclear cloud with a 
yield-dependent pattern of development.   Preliminary analysis based on earlier experiments in- 
dicated that the detection of Item 1 and the detailed measurement of Item 2 could provide a deter- 
mination of yield with a 20-percent accuracy under favorable meteorological conditions.   A more 
detailed measurement of Item 1 and measurements of Item 3 and Item 4 could provide auxiliary 
determinations of yield. 

For the determination of the height of the detonation and its range from the aircraft the analysis 
pointed to the use of a radio link with the bomb pod itself, but for angular location in azimuth a 
camera in the aircraft was necessary.   Auxiliary methods could be used for the measurement of 
range and detonation height   These are discussed later in this report. 

Airborne equipment has been developed for obtaining the measurements needed for the assess- 
ment system.   Project 6.4 was formed as a part of Operation Redwing to test certain portions of 
this airborne equipment and to accumulate data concerning the phenomena on which its operation 
was based.   Three categories of equipment were used.   (1) For the measurement of the very-low- 
frequency electromagnetic signal a specially designed flush-mounted antenna was utilized, along 
with associated amplification and presentation equipment.   (2) The measurement of the thermal 
radiation from the detonation was by means of phototubes with their associated electronic and 
recording equipment.   (3) A sequence camera was used to photograph the burst itself with its 
fireball and to photograph the nuclear cloud. 

In addition to the gathering of information concerned directly with the evaluation of the specific 
equipment under test, an effort was made in each case to extract from Operation Redwing meas- 
urements any information which might be of more general value.   Particular attention, from the 
point of view of both the general program and the specific equipment, was paid to the effect of 
ambient meteorological conditions, especially the variation of ambient light from the sky and 
from sunlit clouds as it affected the measurement of the burst-produced thermal radiation In the 
visible and adjacent ultraviolet and infrared portions of the spectrum. 

As originally phrased, in order of importance to the test program, the objsctlves of Project 
»•* were listed as follows: (1) to determine the effectiveness of flush-mounted airborne antennas 
»nd phototubes at various ground-to-air ranges in detecting characteristic low frequency electro- 



magnetic radiation and vUlble radiation, reapectlvely; (2) to determine the temporal and ampli- 
tude characterlatlcs of the low-frequency electromagnetic radiation at various ground-to-air 
range*; (3) to determine the temporal and Intensity characterlatlcs of visible radiation at various 
ground-to-air ranges; and (4) to determine ths effects of ambient conditions upon the satisfactory 
measurement of the parameter! specified In Items 1 and 2 above. 

1.2 BACKGROUND 

In accordance with the need for airborne assessment Information, Advance Industries, Inc. 
(formerly Ultrasonic Corporation), under Purchase Order 221 to the Convalr Division of General 
Dynamics Corporation, Fort Worth, Texas, on Air Force Prime Contract AF33(038)-21250, was 
made responsible for the development of an Indirect-bomb-damage-assessment (IBOA) system 
for incorporation in the B-S8 weapon system.   The B-S8 weapon system involves a supersonic 
aircraft capable of velocities up to Mach 2 and capable of delivering an atomic warhead at long 
ranges in compatability with the Strategic Air Command (SAC) requirements.   IBDA enables the 
B-58 weapon system to collect preliminary and perhaps final reconnaissance data during the pri- 
mary mission, thus effectively increasing the striking power of the Air Force. 

In the design of IBDA equipment which would be applicable to supersonic aircraft, two factors 
were considered of special importance: (1) All devices should be mounted flush or nearly flush 
with the skin of the aircraft; and (2) after release of the warhead the aircraft would evacuate the 
area as rapidly as possible, and the ground-to-air range between burst and aircraft could be as 
large as 250 naut mi. 

Participation in Operation Redwing provided the opportunity for the acquisition of quantitative 
data on long-range reception by flush-mounted devices, particularly flush-mounted aircraft an- 
tennas capable of detecting low-frequency electromagnetic radiation (approximately 15 kc). Prior 
to Operation Redwing no direct data existed on the problem of airborne reception of the low- 
frequency electromagnetic signal from a nuclear explosion.   Prior to Operation Redwing, also, 
there had been no long-range airborne measurements of thermal intensities received from the 
detonation under varying meteorological conditions. 

The IBDA system developed by Advance Industries, Inc., has as its core a bhangmeter-type 
instrument for collecting the characteristic data from which a determination of the yield of the 
explosion may be made.   At the time of Operation Redwing, the IBDA program had reached the 
equipment-design stage, and bhangmeter prototypes had been constructed.   It was this prototype 
equipment, In addition to standard laboratory instruments and other equipment specially con- 
structed for the tests, that was used in Operation Redwing. 

1.3 THEORY 

The airborne IBDA system was designed to use the very-low-frequency electromagnetic sig- 
nal as the fiducial mark fixing the moment of detonation.   For the determination of yield, the 
time Interval between the moment of detonation and the second peak in the thermal radiation in- 
tensity curve was selected as the most satisfactory yield-dependent parameter that could be 
measured from the aircraft.   The main purpose of the sequence camera In the IBDA system was 
to give a photographic record from which the azimuth location of the burst could be determined. 

The time of the electromagnetic fiducial signal, the time of the second radiation peak, and 
the angular position of the burst were the three Items of information which the IBDA system re- 
quired for the fulfillment of its operational function.   Operation Redwing measurements were 
undertaken for the primary purpose of obtaining data directly related to the first two of these 
three Items of information.   However, the actual measurements contained additional information 
of more general value concerning the electromagnetic signal, the thermal radiation, and the pic- 
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torlal a«p«ct« of the detonation«.   In thi» report the Intention has been to present in as useful a 
form as possible all the information obtained during the tests. 

1.3.1  Comparison of Time Scales.   Figure 1.1 gives a comparison of the time scales char- 
acterizing those nuclear detonation effects which are discussed in this report. 

The electromagnetic pulse received by a magnetic core loop antenna, of the type used in the 
tests, has a characteristic three-lobe wave form shown in Curve A of Figure 1.1 on a time scale 
measured in microseconds.   The spikes shown superimposed on the first lobe in Curve A were 
not actually received by the Operation Redwing equipment because its band width was too narrow. 
In the upper part of Curve B the wave form in Curve A has been compressed into a longer time 
scale measured In milliseconds.   It appears as the ground wave and is followed by a succession 
of sky waves.   These are separate versions of the same pulse received after having been reflected 
one or more times from the Ionosphere and from the ground. 

The lower part of Curve B shows the beginning of the thermal radiation intensity curve.   The 
thermal intensity rises to a first peak which has been shown compressed in Curve C where the 
time scale Is measured in seconds.   The thermal radiation falls to a minimum shown in Curve C 
and then rises to a broader second peak after which it falls off gradually. 

The growth of the fireball is illustrated in the lower part of Curve C.   At about the time of the 
first thermal radiation peak the shock wave moves out ahead of the fireball surface and continues 
to grow at a faster rate than the fireball.   When there is sufficient moisture in the air the rare- 
faction following the shock causes a condensation of the moisture into a visible dome known as 
the condensation cloud effect.   The growth of the fireball and of the condensation dome have been 
indicated on a still slower time scale measured in minutes in the upper part of Curve D. 

The development of the nuclear cloud has been suggested in the lower part of Curve O. As In 
the other parts of Figure 1.1 the sketches are not meant to be more than schematic.   Insofar as 
they could be considered to apply to a detonation of a given yield, however, the yield would be of 
the order of one Mt. 

1.3.2 Electromagnetic Signal.   The main features of the electromagnetic signal have been 
attributed to radiation by electrical currents consisting of Compton electrons ejected from air 
molecules by high-energy gamma rays from the nuclear detonation.   (See Reference 1 for a de- 
tailed discussion and for further references.)  The period and field strength of the main oscilla- 
tion are related to some extent to the total yield of the detonation. I  

Function as  Fiducial  Marker.    A measurement of the time from burst to the second 
peak of the thermal radiation curve could, in general, use either the electromagnetic signal or 
the fast rise to the first thermal peak as the zero-time reference point or fiducial marker.   How- 
ever, under the operational conditions for which the airborne IBDA equipment was designed, it 
was anticipated that the thermal radiation might be so highly attenuated that the first peak would 
not be detectable, even though the more Intense second peak remained strong enough to be 
measured. 

The electromagnetic signal was not subject to strong attenuation in the atmosphere.   It was, 
therefore, considered more reliable under operational conditions and was chosen as the fiducial 
marker for the measurement of the time to the second peak. 

However, the experimental data on which the choice was based was not very extensive.   The 
thermal radiation had been studied at relatively short ranges, but no data was available on 
thermal irradiance at long ground-to-air ranges, under varied meteorological conditions.   The 
tlectromagnetic signal had been studied in ground-to-ground situations, but no attempt had been 
made to record its characteristics in an aircraft.   Operation Redwing presented an opportunity 
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to obtain data which could either tend to reinforce the choice of the electromagnetic signal as 
the fiducial marker or lead to reconsideration of that choice. 

Antenna Design. Detection of the very-low-frequency electromagnetic signal by equip- 
ment carried on a supersonic aircraft presented a significant problem. The polarization of the 
electromagnetic pulse was known from prior teats to be vertical. The wave form was known to 
be a damped sinusoid with an oscillatory frequency of approximately 15 kc, ranging roughly 
from 7 to 30 kc as a function of yield. The magnitude of the electric field (at the peak of an os- 
cillation) was known to vary over a considerable range as a function of yield and distance. For 
most operational conditions it was expected to He between 0.1 and 50 volts per meter. 

Prior tests had been made with ground-mounted vertical wire antennas of high Impedance. 
Antennas of this character were not considered appropriate for supersonic aircraft.   Vertical 
protuberances on such an aircraft result in large aircraft performance penalties.   A vertical 
rod short enough to be aerodynamically acceptable would have to be operated at a very high im- 
pedance level.   It would then be vulnerable to many kinds of electrical interference picked up 
locally.   A longer vertical antenna would be more satisfactory, but the configuration of a super- 
sonic aircraft is such that there are no vertical dimensions of any appreciable length other than 
the vertical stabilizer.   If a vertical wire were Inserted flush in the side of the stabilizer, the 
resultant efficiency of this antenna would be very low because of the proximity of the remainder 
of the aircraft relative to the wave length (20,000 meters) associated with the 15-kc oscillations 
in the electromagnetic signal.   If the vertical stabilizer could be Isolated electrically from the 
rest of the aircraft, the stabilizer itself could become an effective antenna, but the mechanical 
and electrical problem of Isolating part or all of the stabilizer (and the equipment carried in it) 
made such a solution undesirable. 

As a consequence, attention was directed toward the magnetic component rather than the 
electric component of the low-frequency electromagnetic signal.   The magnetic field was known 
to be horizontal, in compatibility with the aircraft configuration, and was free from degradation 
in positions where the field lay parallel and contiguous to the metallic surface of the aircraft. 

Design studies indicated that a loop antenna would be satisfactory.   The size of this loop an- 
tenna was kept small, in accordance with the low weight and space objectives of supersonic 
weapon systems, by the use of a ferrite core.   The loop was wound on the core as a single-layer 
solenoid, a coil of maximum magnetic efficiency.   The coil was loaded capacitatively to give a 
tuned circuit resonating at approximately 15 kc, and loaded resistively to produce a circuit Q 
of unity.   The result was that the output of the terminated antenna included the energy In a broad 
band of frequencies centered at 15 kc. 

An incident electromagnetic wave with an electric field strength of one volt per meter has a 
magnetic field sttength of 0.0027 ampere-turns per meter.   The antenna was so constructed that, 
when properly »err. inated, it gave an output of 10 mv when placed in a 15-kc magnetic field of 
the above field str mgth.   For a given antenna length, the shape of the antenna cross section 
could vary over A tide range without greatly changing the effectiveness of the antenna, provided 
tfait there was na change in the product of the cross sectional area of the ferrite core and the 
number of turns in the coil.   The antenna could be burled almost any place within the aircraft 
•tructure as long as it was not completely shielded from the magnetic component of the incident 
•lectromagnetlc wave. 

Laboratory tests of such an antenna with radiation fields were virtually impossible.   Since the 
»ave length was of the order of 20,000 meters, the Induction field extended to a considerable dis- 
tance, well outside the confines of any building of normal size.   Preliminary tests were made 
with a standard magnetic-field test loop used for generating the Incident magnetic field.   Final 
verification of the validity and effectiveness of this type of antenna was left until Ope: ation Red- 
wiat, during which the actual electromagnetic signal from the test detonations was used as the 
incident field. 
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Eltctromagnetlc Wavt Form. / 

rtprcMnUtlon of the wavt form from a «mailer detonation (8 kt).   Curve A of Figure 1.2 ia an 
actual trace, allgfatly idealized, received at an Air Force Cambridge Research Center (AFCRC) 
station about 220 nautical miles from the detonation center.   The detonation was Shot Bee of 
Operation Teapot (see Reference 2 and Figure 1 (d) of Reference 1).   The ground wave and the 
first sky wave (the pulse arriving after on« reflection from the ionosphere) are shown as receive« 
with a vertical antenna reeponding to the electric component of the electromagnetic Signa 

Curve B of Figure 1.2 has been constructed from Curve A by differentiation.   It simul.' ••n the 
output wave form to be expected from a simple, non-resonant loop antenna.   The voltage induced 
in such an antenna is proportional to the rate of change of the incident magnetic field and is, 
therefore, proportional also to the rate of change of the Incident electric field, since the electric 
and magnetic fields are directly proportional in a traveling electromagnetic wave. 

In Operation Redwing tests the antenna used was not a simple non-resonant antenna and its 
response was somewhat more complicated.   However, for frequencies that were not too high, the 
general wave form shown in Curve B of Figure 1.2 was found to be a valid representation of the 
electromagnetic signal as received on the type of fiducial antenna used in Operation Redwing 
tests,   ft should be noted that the two lobes in the ground wave of the upper trace. Curve A, have 
become three lobes in the ground wave of the lower trace. Curve B, while the first sky wave In 
the upper trace, with Its three lobes, has become a four-lobed oscillation in the lower trace, 
after it has been differentiated to simulate reception by a loop antenna.   The fourth lobe, however 
Is considerably weaker In amplitude than the first three lobes. 

Period and Yield, ft was found In earlier tests that a correlation existed between the 
yield of the detonation and the period of the main oscillation in the electromagnetic pulse. The 
correlation Is shown In Figure 1.3, which was drawn from the data in Figure 9 of Reference 1. 

The curve of Figure 1.3 shows that a wide range of yields is covered by a relatively narrow 
range of periods.   Furthermore, experimental points from previous test detonations showed con- 
siderable scatter about the curve.   Consequently a yield determination based on the- measurement 
of the period of the electromagnetic pulse was not expected to be accurate, except perhaps for 
high yields.   The upper part of the curve, above 1 Mt shows a much faster variation of period 
with yield than does the lower part, near 10 kt. 

Field Strength.   The field strength of the electromagnetic ground wave was measured 
extensively in earlier tests.   There was a large scatter In the data, but a rough correlation be- 
tween peak field strength and detonation yield was found.   The correlation is shown in Figure 1.4, 
which is taken from Figure 11 of Reference 1.   The field strength has been referred to a range 
of 100 km or 54 naut mi (62 statute miles). 

The electromagnetic ground wave is not significantly attenuated by atmospheric absorption. 
For ranges which are not great enough for the ground wive to be blocked by the curvature of the 
earth, it is sufficient to consider the field strength to be i.iversely proportional to range.   The 
ground wave field strength, E<D), at a particular range, O, in nautical miles, can then be ob- 
tained from the field strength at 54 miles, £(54), through the use of Equation 1.1. 

E(D)  " 3- E(54) (1.1) 

In Figure 1.4 the field strength has been given as Emax, in volts per meter, center to peak. 
The corresponding magnetic field, Hmax, in ampere-turns per meter, can be obtained from Emag 
through division by 377 ohms, which is the characteristic impedance of a plane wave in free space 

Sky Waves.    The characteristics of sky wave propagation are discussed in considerable    ." 
mathematical detail in References 3 and 4.   Each sky wave has a different total path length and a» 
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1 

difltrent angle of arrival at the receiver.   Reference 4 Includes a tabulation of aky wave path 
lengths covering a range of values for the Ionosphere height and for the ground distance be- 
tween source and receiver.   Al-o tabulated are values for the angle of arrival, 6, and for the 
slightly different angle of reflection at the Ionosphere, ? 

The first sky wave follows a propagation path from the source up to the point of reflection at 
the Ionosphere and then down to the receiver.   The path of the second sky wave is up to the iono- 
sphere, down to the ground for a second reflection, up to the Ionosphere for a third reflection, 
and then down to the receiver.   When the receiver is itself located in an aircraft at a significant 
altitude above the ground, each sky wave is split Into two waves, the direct sky wave moving 
down toward the receiver from the ionosphere, and tbe ground-reflected sky wave moving up 
toward the receiver after one additional reflection from the part of the ground almost directly 
below the aircraft.   In Operation Redwing, the aircraft was generally   t an altitude of 18,000 
feet, and the time Interval between the reception of the direct sky wave and the reception of Its 
ground-reflected companion was In the range of 20 to 40 psec. 

Timing of Sky Waves.   As shown in Curve B (Figure 1.1) the sky waves form a train 
of pulses that follow the ground wave, on an oscilloscope presentation with a relatively slow 
sweep covering several milliseconds.   The actual time Intervals between ground wave and sky 
waves depend both on the range, O, from source to receiver and on the height, H, of the iono 
sphere.   A* indicated in the previous section, the time of reception also depends upon the altltu 
h, of the aircraft carrying the receiver. 

Figure 1.9 shows the time Intervals between the ground wave and the first few sky waves as 
(unctions of the range, O, for three values of ionosphere height, 90, 80, and 70 km, respectively 
During the night the ionosphere is usually at a height near 90 km. When the sun strikes the uppq 
atmosphere Just before dawn, the ionosphere starts moving down toward its usual daytime height! 
of about 70 km. Since most of the test detonations occurred just before or Just after dawn, the 
80-km curves were Included to allow for intermediate positions that the Ionosphere might assumi 
at the moment of burst. 

The curves of Figure 1.5 were drawn so they could be used in practice for a rough determinant 
tlon of the range from burst to receiver whenever a measurement had been made of several of thj 
time intervals between the ground wave and the sky waves. The procedure used Is illustrated in| 
" Timing of Sky Waves", Chapter 3. 

Numerical information similar to that contained in Figure 1.9 is tabulated in Table I of the    j 
first article in Reference 4.   In Figure 1.9, as in the referenced table, no allowance was made 
for the refraction of the electromagnetic wave near the surface of the earth, caused by atmos- 
pheric density gradients, or for diffraction effects. 

Dashed curves have been included in Figure 1.9 to show the modifications that were required 
when the receiver was located at an altitude of 18,000 feet, as it was during most of the Operatloi 
Redwing measurements.   For a particular value of n,  the dashed curve refers to the direct sky 
wave reaching the receiver after n reflections from the ionosphere and n - 1 reflections from tin 
ground.   There is also a ground-reflected sky wave reaching the receiver after n ionosphere re* 
flections and n ground reflections.   It would be represented by a curve lying Just to the right of 
the solid curve, about as far to the right as the dashed curve is to the left. 

Field Strength of Sky Waves.   The first sky wave has a longer distance to travel 
than the ground wave, and each successive sky wave travels a still longer distance.   The field 
strength of the sky waves is reduced because of the longer path, in accordance with Equation 1.1 
but in addition there is a further attenuation associated with losses during the reflection pro- 
cesses at the ionosphere and at the earth's surface. 

In Operation Redwing tests the reflections from the earth's surface were nearly always re- 
flections from sea water, which is a perfect reflector for frequencies below 20 kc.   However, 
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the lonoapbtr« wu by no ouana a perfect refltctor for the frequenclei contained in the electro- 
magnetic puls«. 

In Reference 4 there la an equation giving the reflection coefficient, R(7), for a single re- 
flection from the lonoaphere, ae a function of the angle, J, between the direction of propagation 
and the vertical a the point of reflection. 

_-y.      N'coag"- (N'-ain'y) " ., „ 
N1 coa^ * (N1 -ein1?) • ' 

The complex index of refraction, N, depends on the angular frequency, u, (which equals 2 v 
times the frequency, f), and on a quantity,  wr,  which is explained below. 

i wr 

ui 

The quantity,  wr,  la proportional to the conductivity of the Ionosphere and is stated on page 
769 of Reference 4 to have numerical values which are given in Equation 1.4. 

wr m  10* radians/sec, for night 

u)r - 2 x 101 radians/sec, for day (1.4) 

The reflection coefficient has been computed for eight different values of the ratio wr/ta). Tht 
amplitude, IR (?)l, has been plotted in Figure 1.6 and the phase angle has been plotted in Figure 
1.7. Table 1.1 gives the values of u>r/w which correspond to each of the curves in the two figur« 
and also gives the frequencies, f, which are associated with each curve, for the two choices for 
wr given above in Equation 1.4. 

An expression for the field strength of the nth sky wave would contain the factor |R( 7)1 , 
where 7a is the reflection angle at the ionosphere associated with the nth sky wave.   It would 
also contain the factor I/OR , where On la the path length traversed.   In addition, factors would 
be needed to include any directivity in the source currenta or in the receiving antenna.   The ratio 
of the field strength of the nth sky wave to that of the ground wave would be given by such an ex- 
pression as Equation l.S. 

17   " lJGi(ön,Ga(9n) IRO'nJi" (1.5) 

The angle,  dn, appearing in the gain factors for source, Gs, and for receiving antenna, G*, is 
the angle between the direction of propagation and the vertical, as measured at the ground, whett 
as 9^ is the similar but slightly different angle measured at the ionosphere. 

The practical application of Equation 1.5 in the reduction of sky wave data is Illustrated in 
"Amplitude Comparison", Chapter 3. 

Phase Shift of Sky Waves.    Figure 1.7 shows the phase shift accompanying a single 
reflection from the ionosphere.   The quantity plotted is the phase angle of the complex reflection 
coefficient given in Equation 1.2.   In each case the phase shift is negative, denoting a phase lag 
on reflection. 

At long ranges, for which the first sky wave strikes the ionosphere at an angle near grazing 
incidence. Figure 1.7 shows that the phase shift can approach 180 degrees.   Curve A of Figure 
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1.2 Üluitratei such a pha« reveraal.   The tky wave at the right of the curve starts with a posi- 
tive deflection, while the ground wave at the left starts with a negative deflection.   The angle of 
incidence at the ionosphere was about 70 degrees, for the conditions under which Curve A of 
Figure 1.2 was measured, and the phase shift estimated from Figure 1.7 Is about -120 degrees, 
which is consistent with the observed result. 

For conditions of Operation Redwing tests, the range was generally shorter and the angle of 
incidence at the ionosphere was smaller, closer to normal Incidence.   The phase shift was ac- 
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Figure 1.6 Amplitude of Ionosphere reflection coefficient for 
vertically polarized wave.   See Table 1.1 for frequency parameters. 

cordlngly in the neighborhood of -45 degrees or less, and the Initial deflection for the first sky 
was of the same polarity as the initial deflection for the ground wave. 

r^~—Tformal Radiation     The term thermal, as used in this report, refers to the incoherent 
violet radii0!"1 ^ fireba11"   ^ ha» * continuoui •P«ctru«. Including infrared, visible, and ultra- 
whlch is    h        The therm*1 radi*tion i« to be distinguished from the electromagnetic pulse, 
mi«..«    coherent and has a definite polarization and wave form involving a band of very low fre- 
quencies near 15 kc. 

>ng and Yield.   The temporal characteristics of the thermal radiation from the fire- 



ball hav« be«n dtscrlbcd In Reference S and on Pages 24 to 30 and 180 to 189 of Reference 6.   In 
general, when observed from a distance of at least several fireball diameters, the Irradiance 
from the detonation rises rapidly after zero time to a maximum value, decreases somewhat mot, 
slowly to a minimum value, and then rises still more slowly to a relatively long second peak, aft 

ncidsnct at lonotphtr« 

Figure 1.7  Phase angle of ionosphere reflection coefficient for 
vertically polarized wave.   See Table 1.1 for frequency parameters. 

which there is a slow decrease to ambient level.   This characteristic behavior of *he observed 
thermal intensity has been Illustrated in the upper curve of Figure 1.1, Curve C. 

The time intervals (measured from zero time) to the first peak, the minimum, and the seco* 
peak, are found to be roughly in the ratio 1:10:100 and are observed to be directly related to tht 
yield of the detonation.   Each of the three time intervals varies in proportion to the square root 
of the detonation yield. 

The longest of the three, the time to the second peak, was considered to be the most easily 
30 



mtafurtd. It was also conaidered to be the moft accurate and the most reliable of all the deto- 
nation parameter« which could have been chosen for the yield determination. Therefore, It was 
•elected (or the primary measurement of yield for the IBDA system. 

Within the limitations of Instrument response, and with allowance for varying weapon types, 
zero-point situations, and atmospheric conditions, the energy release, Y, may be determined, 
with an accuracy of 120 percent, by the empirical relation given in Equation 1.6. 

Y - T1 (1.6) 

Where:  Y ■ yield, megatons 
T ■ time to second peak, seconds 

Thermal Intensities. The intensity of the thermal radiation, as observed at a given 
distance, depends upon the surface temperature and the radius of the fireball, as well as upon 

TABLE 11    FREQUENCY PARAMETERS FOR CURVES IN 
FIGURES 16 AND 17 

u)/2)r - f. (kilocycles) 
Curve wr Night: Day: 

Identification w wr - 10* wr ■ 2 x 10' 

159.1SS 1 0.2 
79.678 2 0.4 
318310 8 1 
18.9158 10 2 

6 3662 28 5 
3.1831 SO 10 
2.1221 78 15 
1.8918 100 20 

the range between source and receiver and the atmospheric attenuation along the propagation path. 
The fireball temperature Is initially above one million degrees K, but falls rapidly as the fire- 

expands and the thermal energy becomes distributed over a larger volume.   The visible sur- 
ce, which coincides at first with the shock front, cools more rapidly than the interior.« Just 
tep the minimum In the observed thermal Intensity, the shock front has become so cool that the 
r iiJ0,ln8 its ability to radiate or absorb.   It then becomes transparent and allows the Inner 

atur  tt* firebaU t0 '»•c0»« U>« visible fireball surface.   The core is at a much higher temper- 
•ervld * *** the ih0C,t front Ju,t before " b«came transparent, and the result Is that the ob- 
sectl   aUriace te,nP«rature rises again to a second peak, which has been described in the previous 
detontti  ^ ,Urface temP«rature at this second peak is of the order of 6,000 K independent of 

at üJfneUc*' lt !■ difficult to give a very precise value for the color temperature of the fireball 
»tctlv *!h^Id Peak becauM tht black-body spectral distribution of the fireball is modified by se- 
lar—- .r*0rpUon ln a «MWUS layer which forms just outside the fireball, especially with the 

J£d«0n"lons (see Reference 7). 
The fir hlen*lty 0f the obi€rv*d dermal radiation depends in part on the size of the firebaU. 

•ball radius at the moment of the second thermal radiation peak has been measured for 
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many ttft detonation«.   It If given a« a function of yield In Figure 1.8, which haa been drawn 
from data provided by Edgerton, Qermcahauacn, and Grler, Inc.   Over the range covered In th 
figure It can be seen that the fireball radius varies approximately as the cube root of the yield. 
That la, the yield la proportional to the volume of the fireball at the second peak.   This propor- 
tionality could be used in the IBDA system for an auxiliary estimate of yield, provided that it 
possible to determine the fireball radius from the sequence photographs and to correlate the tin» 
ing of the photographs, with the timing of the second peak in the thermal radiation intensity cun* 

In the absence of atmospheric attenuation, the thermal irradiance at the second peak, meas- 
ured at a particular range, D, from a fireball with the radius, R, is given by Equation 1.7, 
which is taken from page 89 of Reference 8. 

H - w{*y (1.7) 

Where:   H ■ irradiance 
W ■ radiant emittance 
R ■ fireball radius at second peak 
0 > distance from source to receiver 

The radiant emittance, W, is a (unction of wave length, as will be explained In more detail 
In the next section. 

An equation of the form of Equation 1.7 could also be written to apply to the Irradiance at the * 
first peak.   The radiant eminence Is higher for the first peak than for the second peak because 
of the higher surface temperature of the fireball.   However, the fireball itself Is much smaller j 
at the time of the first peak.   Also, the radiated energy tends to be concentrated in the short 
wave lengths of the far ultraviolet.   These wave lengths are quickly absorbed in the atmosphere. 

It was concluded from the considerations mentioned above that the first peak would be sub- 
stantially more difficult to detect than the second peak, under anticipated operational condition!.. 
The IBOA equipment was accordingly designed to make full use of the second thermal peak, but 
to use the electromagnetic signal Instead of the first thermal peak as the fiducial mark establish 
ing the moment of detonation from which the second peak could be timed.   Substantiation of this 
design philosophy waa obtained during Operation Redwing. 

Spectral Olstributions.   The radiant emittance of the fireball, given aa W in Equatiot 
1.7 is really not a single number.   Instead, it is a distribution curve, W(X), dependent on wave 
length.   Aa stated in the previous section, the fireball has a color temperature of about 6,000 K 
at the second peak.   The black-body spectral distribution for 6,000 K, which is shown in Figure 
1.9, is therefore an approximate representation of W(x).   Figure 1.9 was plotted from data on 
page 84 of Reference 9. 

The distribution shown in Figure 1.9 can be Integrated over any particular wave-length band 
to give an emittance, W, referring to that band.   On page 90 of Reference 8 a value is given for 
the radiant emittance at the second peak over the wave-length band from 3,500 to 5,000 A, the 
approximate wave-length range of a phototube with S-4 response.   The radiant emittance was 
given as the value in Equation 1.8, which is expressed in a form permitting it to be used directlf 
In Equation 1.7. 

W(S-4 response) » 2 x lO1 watts/meter* (1.8) 

In Operation Redwing tests, the thermal radiation was detected photoelectrically.   Two dif- 
ferent phototube« were used.   One, the 1P39, had an S-4 spectral response peaked at about 
4,000 A at the violet end of the visible spectrum, but extending partly into the ultraviolet as 
well as into the blue and green portions of the visible spectrum.   The S-4 response curve has 
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been rtproductd from Reference 10 and if Included in thi» report a« Figure 1.10.   The S-4 re- 
•ponee U «omttlmei called a blue-green reiponse. 

The other phototube ueed wa« the 6570, with an S-l reepome curve as shown In Figure 1.11 
which has also been reproduced from Reference 10.   The main response peak is at 8,000 A In 
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Figure 1.10 S-4 response curve (spectral seneltivlty of 1P39 phototube). 

portion o/fh *^ed, *Äendin« »omewhat farther into the Infrared and also extending into the red 
which is sho* Vrf ^ regl0n'   ^ addition' ther* ll * nwrow response peak in the ultraviolet 
to»d from   *"       ***ln FlP,re ^l'. because neither it« position nor its magnitude is held 
match«. « ü"* tUbe t0 the next-   However, an S-l phototube is not marketed unless its response 

wite t!^,     y the iolid part of the curve ln ri«ure 1-11- 
POMlble to aUk     the*e reipon,e ""«^ *** the HrebaU distribution curve of Figure 1.9, it is 

Inak« an estimate of the value of W appropriate from the S-l response.   Because the 

35 



3000 5000 7000 9000 

Wavtltngth in Angstroms 
IIOOO 13000 

Figure 1.11  S-l responae curve (spectral sensitivity 
of 6570 phototube). 
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(trtbtU clvti about two thlrdi as much radiant energy near 8,000 A as It glvei near 4,000 A, 
th» radiant tmittance, W, for the S-l response could be expected to be roughly two thirds of 
the vaJ« in Equation 1.8.   However, the presence of the narrow peak at 3,600 A, ehown dotted 
in Figur« l-ll> >ugK*st* that a Phototube wlth S'1 response will give a somewhat greater output 

4000 5000 «coo 

Wovtltngth in Angttromt 
T000 

Figure 1.12 Standard luminosity curve (spectral sensitivity 
of average human eye). 

»bly be ^ ^ C0mPuted iron W» infrared peak alone.   As a result, the value of W should prob- 
raised somewhat.   The rough estimate which was made is given in Equation 1.9. 

W(S-1 response) -  1.5 x io2 watts/meter* U-9) 

^l the aJrP*rt*0n ^^ the P*10101"1» response curves, the standard luminosity curve represent- 
rage response of the human eye is shown in Figure 1.12.   (This, too, is from Refer- 
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i 
•cct 10.)  For further comparison, the responte curve for the Weston llghtmeter ueed In some 
of the measurement« is included aa Figure 1.13 (Reference 11). 

Attenuation of Thermal Radiation.   Moat of the earlier studies of thermal radlat 
from nuclear detonations had been made in a ground-to-ground environment.   Several phototube 
bhangmeters l ad been operated in aircraft, but the resultant data had not yet yielded information 
on absolute irradiance levels.   (See References 8 and 12.)  During Operation Redwing it was 
planned to accumulate some of the needed information concerning thermal intensities under var^ 
ing meteorological conditions. 

Under the wide variety of operational conditions for which the IBOA system was designed, thei 
range of thermal Intensities expected from the burst covered from six to eight orders of magni- ■ 
tude.   That is, the ratio of the largest intensity to the smallest was between 10* and 10*.   The 
possibility of heavy atmospheric attenuation over the longest path, 250 nautical miles, was pri- 
marily responsible for this wide range in expected Intensities.   It was necessary in the design 
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Figure 1.13  Response curve for photocell used in Weston exposure meter. 

of the bhangmeter equipment to compress the intensity variation to about two orders of magnitudi 
for convenience in recording, but it was important that the compression should not degrade the 
temporal characteristics of the wave form to the point where the measurement of the time to tin 
second peak could no longer be made with sufficient precision. 

The circuit devised for the compression was found to be satisfactory from the point of view 
of time measurements on the thermal radiation intensity curve, but it was less satisfactory for 
intensity measurements which could not be made with any great accuracy.   Nevertheless, a 
number of intensity measurements were made during Operation Redwing tests.   The thermal 
intensity at the second peak was measured for a number of different distances and yields and 
for varied cloud and atmospheric conditions.   A comparison was made between the observed 
intensity and the intensity predicted from Equation 1.7.   The observed intensity was less than 
the predicted intensity and the reduction factor was attributed to scattering and absorption by 
the atmosphere and by specific clouds that could be identified in the sequence photographs taken 
shortly after each detonation. 

A difference is to be expected between the attenuation of the thermal radiation within the S-4 
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and th« itttnuaüon In tht S-l band.   Attenuation can be by acatttrlnj or by absorption.  Th« 
ttttrln« !• by «mall partlclts of duet and by water droplets In cloud or haze and also by the air 

molecules themstlves (Raylelgh scattering).  The scattering is wave-length dependent In part, 
ind is generally more severe for the shorter wave lengths.   The absorption can be by small 
ptrtldes or by specific molecules, such as osone or water vapor, and may be wave-length de- 
pendent In either case.   Water, in particular, has strong absorption bands in the Infrared.  Thus, 
settttrlng should be more Important in the S-4 band (blue-green) than in the S-l band (infrared), 
wbiii absorption might be more important for the S-l band than for the S-4 band. 

Both absorption and scattering will attenuate the direct beam from source to receiver, but 
scattering can also serve as a transmission route over an indirect path.   A detonation may be 
tuddtn behind a cloud, for example, and yet be visible to the bhangmeter because of scattering 
ol its emitted thermal radiation from haze or cloud particles in the air above it or around it. 
There are examples of this effect among the Operation Redwing photographs shown In Chapter 3 
of (hie report. 

Ambient Light. The ambient light intensity which reaches the phototube comes ordinar- 
ily from either the portion of the horizon sky which lies within the 20-degrte field of view of the 
photohead optical system or from sunlit clouds that drift Into that field of view. 

The brightness of the horizon sky is discussed on Pages 83 to 88 of Reference 8.   It is con- 
cluded there that the maximum skylight reaching the phototube within its M-degree field of view 
will be 1.6 watts/meter2 in the wave-length band between 3,500 and 5,000 A, the approximate 
range of sensitivity of the 1P39 phototube with its S-4 response (Figure 1.10). 

The spectral distribution of sunlight is given in tabular form on Page 87 of Reierence 8 and 
also on Pages 721 to 723 of Reference 9.   It is shown in graphical form in the two curves of Fig- 
ure 1.14.  Curve A is for sunlight arriving at the top of the earth's atmosphere, and Curve B is 
(or sunlight reaching the earth's surface en a clear day at a time when the sun is 30 degrees 
above the horizon. 

The spectral distribution of direct sunlight varies with the angular height of the sun in the sky, 
with the altitude of the observer above sea level, and with the moisture content of the air and its 
content of scattering and absorbing particles.   The spectral distribution of scattered skylight 
to»lowe the distribution of direct sunlight to some extent but tends to have relatively more energy 
jn the shorter wave lengths and relatively less energy in the longer wave lengths.   Curve B of 
Figure 1.14 would Indicate that there was more sunlight in the S-l band than in the S-4 band 
jsee Figures 1.10 and 1.11).   However, the skylight is formed from scattered sunlight, and scat- 
MJao l* ,trongtr ta th9 s'* band to*»» in the S-l band, so that the ambient skylight reaching the 
»«»phototube is expected to be about the same as that reaching the 8570. 
Dllli d mMlaiu,n liBht lrom mu>ut clouds can be estimated by the foUowing argument.   As a sim- 
s^mllrt♦m0d,l ^ * Cl0Ud, con,id,r *" Weally rough white surface oriented normal to the Incident 
Isth a If Vi,W€d fPOm a dlrectlon ««Wng »n «ngle, ♦, with the normal to the surface.   If D 
In th* hH1"0' tTOm th9 Whtt€ su^fac• t0 th9 photohead, and if 0 is the solid angle contained with- 

• Photohead field of view, then the area viewed will b« that shown in Equation 1.10. 

cos« u-10' 

Aw dIiirt^Unt ^ ,unI1»,* Intercepted by the area. A, will be PA, where P is the sunUght radiant 
toose sho2i? Watt- P,r ,<,ua^• m«t««'.   P l« actually a function at wave length, a curve like 
l»w (roflS^Jj1 ri«urt I«"-   H the surface Is diffusely reflecting as aaaumed and obeys Lambert's 
M a di«.       ^•Mlty proportional to cos ♦), then the flux density in the diffusely reflected wave, 

—««ce, D, and angle, ♦, will b« P'. 

(1.11) 
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Figure 1.14 Spectral distribution of sunlight, in watts/meter2 per 100 A 
(0.01 micron), on a surface perpendicular to the sun's rays.   (A) Outside 
the earth's atmosphere.   (B) At sea level, with the sun 30 degrees t rave 
the horizon. 
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Tht nuintrJcal fictori aft to chottn that tht total rtflecttd flux, Inttgrau^ over tht htmUphere 
above the •uriact. will equal the Incident flux, PA. 

Subeutution of A from Equation 1.10 Into Equation 1.11 glvea the reault shown In EquaUon 1.12. 

That la. the diffusely reflected flux density, P' Is proportional to the sunlight flux density, P, 
with a proportionality factor equal to four times the ratio of the photohead solid angle, 4 f. 

The phototube In the bhangmeter has a 20-degree field of view, which means a conical field 
of vtew with a half angle of 10 degrees.    The solid angle, n, enclosed In such a cone Is as shown 
in Equation 1.13. 

Q -  2ir[l-cos lOdeg] (1.13) 

Substitution In Equation 1.12 gives Equation 1.14. 

P'  - 0.03 P (1.14) 

An actual cloud will transmit some of the Incident sunlight and absorb a further portion so that 
It will not act as the ideally rough reflecting surface considered above does. Equation 1.14 should, 
therefore, be considered as an upper bound to the light reflected from a cloud. 

The result can be stated In words.   The light received by the photohead from the brightest 
cloud will not be more than three percent of the light that would be received from the sun viewed 
directly. 

A compuution from Fifcure 1.14 shows that direct sunlight in the band from 3,500 to 5,000 A 
amounts to about 250 watts/meter2 at the top of the atmosphere and about 110 watts/meter2 at 
sea level with the sun 30 degrees above the horizon.   At 18,000 feet, at noon on a clear day, a 
reasonable estimate might be 190 watts/meter2 for direct sunlight.   Three percent of this, or 
about 6 watts/meter2, is therefore the extreme upper limit of the radiant flux density to be ex- 
pected from the brightest clouds during Operation Redwing tests.   This can be compared with 
he estimate given earlier of 1.6 watts/meter2 as the expected maximum light, in the same wave- 

length band, from the horizon sky. 

1'?'41 
S*yi*nce Photograoha.   A 35-mm sequence camera waa Incorporated In the IBDA sys- 

emaesign for the primary purpose of locating the angular position of the burst.   In Operation 
mi^r.8 •,*"lp'n,nt *** 3i-mm »«quence camera served the general purpose of pictorial docu- 
««.«TK    ^ IMM«"m«nts of light Intensity.   The burst pictures, taken at one frame pei 
thJB«Lhi       the Cl0Ud ,tructupt at tl» "«• of burst, but they could also be used In evaluating 
the fireSii a!ISC^Cy 0f *"* location-   The **** Pictures were of added usefulness In showing 
could be deri^    fCOnd*Mati0n Cl0Ud £rom which auxiliary information concerning the detonation 
detonation irrfor Pictur*« of the nuclear cloud development could be used to give further 

of the poiL tfd.»t *0 n *   In th* IBDA -yitem' th* UM o* the sequence photographs in the location 
to ensure that ?*      Uon re<>uirM »" elaborate system of alignment synchronization and recording 
aircraft   TI.*   1

m,Mur,,n«nt on the sequence film can be properly corrected for the motion of the 

h Operauon R2I?1CUlarly ^ f0r chang-s ^ aircraft headln»- 
•*«. OperatiM BÜH"' t*iti th* orientatlon •ytUm mentioned above was not being tested.   How- 
program sine, th bUrit picturM w«re themselves of Importance to the IBDA evaluation 
burst center «  L-a!CUPacy ^ bur,t location can be no better than the precision with which the 

There Je m^*1'^ 0n ^ Mquence P^ographs. 
photographs   un.       methods which can be used to locate the detonation point from the sequencr 

-      wnere the fireball Itself is visible, the location of its center is not difficult.   When 
41 



th« firtbaü 1« hidden but the condensation cloud can be seen, the center of the condensation donn« 
can be used a« the burst point.   S both fireball and condensation dome are obscured by clouds, 
there may be rays of light penetrating through openings In the clouds and appearing as radial 
streaks on the picture.   The central Intersection of these rays of light then can be taken as the 
point of burst.   Pictorial examples are included In Chapter 3 of this report. 

Fireball Growth.   Figure 1.8 shows the radius attained by the fireball.at the time of u« 
second peak (t|) in the thermal« radiation curve.   Later, at 10 t,, the fireball radius has increu«, 
to between 1.2 and 1.3 times the value given in Figure 1.8 and has then reached its maximum ei^ 
Earlier, at the time of the minimum (0.1 t,), the fireball radius is roughly 0.6 as large as the 
value given in Figure 1.8. 

When the fireball is visible on one of the sequence photographs and when the approximate tim 
of the photograph is known with respect to the time of detonation, the fireball radius can be used 
to give an arxlllary estimate of yield if the range is known.   Conversely, if the yield is known 
from other measurements such as the measurement of the time to the second peak, the fireball 
radius, as scaled off the sequence film, can be used, together with the knowledge of the focal 
length of the camera, to give an estimate of the range to the detonation. 

Condensation Cloud.   When there is sufficient moisture content in the air, the rarefac- 
tion wave which follows the shock front can cool the air sufficiently to cause the moisture to con« 
dense into a visible cloud.   Since the condensation process is similar to that in a Wilson cloud- 
chamber, the condensation cloud has been described as a cloud-chamber effect.   (See Pages 26 
to 38 of Reference 0.) 

The condensation cloud, forming a dome above the fireball, is lighted from within by the fire- 
ball and may Itself be mistaken for the fireball on a photograph.  It may be distinguished from 
the true fireball by its size because it generally becomes two or three times as large as the fire- 
ball.   It may also be distinguished by the characteristic horizontal atrlatlons into which it breaki 
as it fades in successive sequence photographs.   The strlatlons are believed to be caused by al- 
ternating layers of moist and dry air which characterize the lower atmosphere, at least in the 
areas of the Pacific where Operation Redwing tests took place. 

The condensation cloud does not form immediately.   B is necessary for the shock front to 
move beyond the fireball far enough to develop the cooling rarefaction wave or negative phase, 
which is discussed on Pages 46 to 51 of Reference 6.   Even then, the condensation will not take 
place unless the humidity is sufficiently high.   During Operation Redwing tests in the Pacific, 
the humidity was very high and many of the burst photographs in Chapter 3 show the condensation 
cloud very clearly. 

The rate of growth of the condensation dome is related to the velocity of the shock wave movun 
away from the fireball.   At first the shock wave moves very rapidly.   Then later it slows down 
as described in detail in Reference 6.   From the sequence photographs, the growth of the con- 
densation dome could be measured and these measurements could be used in much the same way 
as the fireball growtn measurements to give auxiliary information about the yield of the detona- 
tion, when the range was known, or to give range information when the yield had been determined 
by other measurements. 

Nuclear Cloud Development.    When the detonation takes place during the day, It 
may be possible to photograph the development of the nuclear cloud.   Both the rate of rise of 
the nuclear cloud and the maximum height reached by it have been found to be correlated with 
the yield of the detonation, though with so much scatter in the data that the covrelation can be 
considered only an auxiliary method for yield determination, not a primary one.   The experi- 
mental correlation is described on pages 16 to 28 of Reference 8, where a similar correlation 
Is also shown between the yield of the detonation and the lateral growth rate and maximum diam- 
eter of the nuclear cloud. 

Most of Operation Redwing tests took place at dawn when there was insufficient light to photo- 
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graph UM dtvtloplng nuclear cloud from the rangt at which the aircraft waa uaually flying.   Pho- 
tograph« were taken later In the day, aa shown In Chapter 3, but the nuclear cloud by that time 
had loet Mine of it» dlctinctive atructure. 

Ambient Condition!.   For aid in meaauring and evaluating the ambient light condition» 
which could be anticipated in operational altuatione, the sequence camera waa used in Synchro- 
nisation with the photohead equipment.   Photographs were made of the horizon sky and of various 
cloud configurations at the same time that the Inttnslty of the thermal radiation was being meas- 
ured in the spectral bands of the two phototubes.   These measurements are included in Chapter 3. 



Chapter 2 

PROCEDURE 
The requirement (or Ultratonic Corporation (now Advance biduatrlei, Inc.) to participate in nu- 
clear taita had been a contractual obligation (or aome time prior to Operation Redwing.   Initially, 
permiaeion was requested to attend the (all teats erf 1955.   When those tests were cancelled, per. 
mission was requested (or participation in Operation Redwing.   Authorization to proceed with 
confidence was received during February 1956, and a project number was assigned, Project 6.4. 
About six weeks remained (or the procurement and fabrication o( equipment, formulation of ten 
plans, and installation of equipment in the aircraft.   The Instrumentation and operations descrtb« 
below are not considered to be optimum.   More extensive preparation would have led to the re- 
covery of more data. 

2.1    OPERATIONS 

The aircraft used in the operations was a C-97 military cargo plane, which flew primarily to 
satisfy the objectives of another project, Project 6.3.   Since Project 6.4 participated in the use 
of the aircraft on a non-interference basis, the experiments described in this report had to be 
curtailed to conform to the requirements of Project 6.3.   As a consequence, most of the data 
refer to the larger detonations of the aeries, and the range is generally not as great as would 
have been selected if only Project 6.4 had been using the aircraft.   On the other hand, the air- 
craft was flying at its maximum altitude, broadside to the burst. In accordance with the needs 
of Project 6.4. 

2.1.1 Flight Plans. The (light plans (or an actual burst were regulated closely by the opera- 
tional group at the Pacific Proving Ground (PPG). The major requirement presented by Project 
6.4 was that the aircraft be broadside to the burst at H hour, with the burst to starboard. Figure 
2.1 shows the geographical position of the aircraft for the bursts on which data were successfully 
recorded in the air. For (our shots the aircraft was not available (or (light, and measurements 
were made (rom ground sites. These sites are Included in Figure 2.1 with an asterisk (or Iden- 
tification. 

2.1.2 Operating Procedure.   In Chapter 1, three categories of burst-generated phenomena 
were considered.   These were the electromagnetic signal, the thermal radiation, and the picto- 
rial aspects o( the burst.   The Project 6.4 equipment (or measuring these phenomena Is describee 
In detail in Section 2.2, Instrumentation. 

For the purpose o( describing the operational procedure, it Is sufficient to list the equipment 
used (or each kind o( measurement.   For the measurement of the electromagnetic signal, there 
were two magnetic antennas (fiducial antennas) and one whip antenna, together with amplifiers, 
oscilloscopes, and scope cameras.   To measure the thermal radiation, there were two photoheadi 
and a Heiland recorder.   A sequence camera was used for the photographic record.   During the 
series of test shots, the equipment was operated In several different ways.   These are described 
in the following three sections. 

Automatic Operation.   The system design Included a synchronizer package which was 
Intended to make the operation of the equipment as automatic as possible and to present the opera- 
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tor with UM Itact amount of work at the critical time.   However, In anticipation of the need for 
flexibility, the aynchronlxor provided a lemiautomatic mode of operation a« well a« an automatic 
mode.   In either mode, the eynchronizer provided ilmultaneout operation of the two photoheada, 
the recorder, and the sequence camera.   In the automatic mode, the oecilloscope cameras were 
operated automatically along with the photoheada, recorder, and sequence camera.   In the semi- 
automatic mode, either the photohead system and sequence camera, or the fiducial system, with 
the two scope cameras, could be operated Independently.   The synchronizer also provided means 
by which the recorder and oscilloscopes were calibrated in time and in amplitude, and provided 
counters whose numbers could be recorded for correlation of the data from the various instrument« 

It was originally planned to operate in the following manner.   The semiautomatic mode would 
be used by the operator for calibrating the equipment and recording the calibration results on film. 
The equipment would then be switched to the automatic mode.   When the count-down for H hour 
was broadcast, preset counters in the synchronizer would allow the operator to synchronize his 
equipment with the count-down, approximately 30 seconds before H hour.   Operation would then 
become completely automatic.  At minus five seconds, the oscilloscope cameras would open, the 
Heiland recorder would start, the sequence camera would begin taking pictures, ard the relays 
In the photoheada would activate.   At plus two seconds, the scope cameras would automatically 
close.   At plus 12 seconds, the recorder would stop running, and the photohead relays would de- 
activate.   The sequence camera, however, would continue to run to take pictures of the nuclear 
cloud.   After several minutes, the operator would switch back to semiautomatic operation and 
recalibrate his equipment.   The above procedure was used for the first four shots. 

Ground Station.    The aircraft was not available at the proving grounds for the fifth and 
sixth shots.   Upon returning to the PPG, it encountered difficulty and waa unable to participate 
In the next four shots.   However, part of the equipment was removed from the aircraft and set 
up in a tent on Site Elmer (Parry Island, Enlwetok Atoll).   The testing of the fiducial antenna 
was the objective of highest priority, and the equipment set up at the ground station was con- 
cerned with this objective.   Included were one dual-beam oscilloscope (Dumont Model 333), two 
fiducial antennas, a scope camera, and the necessary power supplies and cables. 

At the ground station the equipment was operated manually.   The shutter of the scope camera 
was opened at minus two seconds and closed at approximately plus one second.   Because the 
magazine of the scope camera had given difficulty on the earlier shots, it was replaced by a 
Polaroid film magazine for operation at the ground station and for airborne operation during 
the later tests. 

Manual Operation.   When the aircraft was ready for further participation, the equip- 
ment which had been taken out was reinstalled.    Based on experience gained during the first 
four shots and during the operation at the ground station, the automatic operation was replaced 
by a procedure which was almost entirely manual.   It had been found, for example, that the 
switching action in the synchronizer and in the sequence camera caused Interference that was 
picked up by the sensitive fiducial and photohead circuits.   Because there was not enough time 
to install sufficient shielding and filtering, the procedure was changed instead. 

The procedure for manual operation was the following.   At the count of minus five seconds, 
the Heiland recorder was turned on and the relays in the photohead were activated.   At the count 
of minus 2 seconds, the scope camera shutters were opened.   The shutters were held open until 
either the fiducial signal was seen on one of the scopes or the visible light from the detonation 
was observed through the windows of the aircraft.   Immediately after the burst, the sequence- 
camera switch on the synchronizer was turned on to start the sequence camera which took pic- 
tures at one frame per second.   At plus 15 seconds, the Heiland recorder was turned off.   At 
plus 80 seconds the sequence camera was turned off, since the aircraft changed heading at this 
time and the nuclear cloud was no longer in view.   The equipment was then calibrated. 
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11 9 Ott* awtU.   E»ch tlint a icop« plcturt WM üüctn, a notation WM made on a data ahtet, 
rtfgtK tlat. tiw tatpoaurt numb«r on th» turn, tht oicUloicopt typt (333 or 324), tht aweep 
IflMtb and pin atttlnga. and ptrtlntnt Information concerning tha content of the picture.   Similar 
Bouuona were gentrally made for each Interval of operation of the Heiland recorder and for each 
•trtei of (ramea on the aequence camera. 

rigure 3.2 Uluatratea a aample four-page data aheet containing the notation« for the scope 
picture• during Shot Navajo (Page 1), sequence camera data and Heiland recorder data during 
OK* Havajo and for cloud studies (Page 2), camera and recorder data for further cloud studies 
(Page 3), and photohead calibration data taken on the ground after the shot (Page 4).   The addi- 
tional notation« needed to Identify the particular shot, the film rolls, the geographic location of 
the aircraft with respect to the burst, and other similar details concerning the mission are 
shown at the top of Page 1 of the data sheet. 

2.1.4 Cloud Measurements.   An Important source of ambient light Is the reflection of sunlight 
from clouds that lie within the field of view of the photohead.   Quantitative data was needed on 
the bright neu of the clouds and on the fluctuations of the light from clouds as the aircraft flew 
near or through them. 

On several flights, the light received from clouds was recorded on the Heiland recorder, and 
synchronised photographs were taken by the sequence camera, so that the changing appearance 
of the clouds could be correlated with the varying output of the photohead«.   The data sheet in 
Figure 2.2 includes notations concerning such cloud measurements made with the two photohead« 
and the sequence camera. 

2.1.5 Photohead Calibrations.   So that the deflection of the Heiland recorder trace might be 
used as a quantitative measure of light Intensity, a number of calibration measurement« were 
«ade on the ground.   A light bulb wa« placed at one end of a «pecially con«tructed cylindrical 
tube.  One of the photohead« was placed at the other end, with its output connected to a channel 
« the ReUand recorder.   The bulb was turned on and off while the recorder was operating, and 
the resulting HeUand recorder deflection was compared with the setting of a Variac which con- 
trolled the brightness of the bulb.  A comparison wa« al«o made with th^ reading of an eapoeure 
meter which wu substituted for the photohead to give a measure of the Incident light from the 
ouib.  Some of these calibration measurement« are noted on the data sheet in Figure 2.2. 

TWO bulb« were used, one a photoflood bulb giving white light, and the other, an infrared bulb. 
some extent, however, the filament temperature of such a bulb depends on the Variac setting. 

The ■Hü?*??1 dl*trlbuUon ^ *** «nittted light depends. In turn, on the filament temperature, 
changed       "■tPlbutlon <* the light source was, therefore, changed whenever the Intensity wa« 

•tawa^lTFi1*010?**1- and th9 •,po-ur- m9t*r ■U *** different spectral response curve«, a« 
Interpreted MILH      ^ * PeiuU' ^ Photol»«! calibration measurement« were not a« eaaily 
of thm nmti^rZ b*tn e^Pectt<i'   They could, neverthele««, be u«ed in the tranelation of «ome 

A düf.r!S ^,,Cti0n r€adlnfi ^ 7ÄluM ^ "«« inteneity. 
"•d'Hflg te«t d*t    * iaeMurwa,nt * the photohead re«pon«e wa« carried out after Operation 
•■ »function of «II*11011* W,^, 0?,r'   Tht output currwit ^ Ö» HeUand recorder wa« mea«ured 
"«•d.  Several i  CUrr*nt thnn9h the phototube it«cU when the light «trlking the phototube wa« 
therefore obtainJi/* 0f ainbi,nt U»ht were «imulated, and «everal characteriatic curve« were 

""»•a.   <The curve« are «hown later in thi« report in Figure 2.19.) 

12   DWTRUMENTATION 

^a»I7<^t0 ^ gathered in Project 6.4 consi«ted of record« of the electromagnetic 
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pulit and tht thermal Intemlty and pictures of the fireball and the nuclear cloud. In no case was 
there anything to bt transmitted, and the Instrumentation was accordingly all of the passive type, 
designed for reception only. Specially built detection Instruments, including prototype equipment 
for the IBOA system, were combined with standard laboratory test equipment Mid Installed In the 
aircraft, a C-97 military cargo plane. The principal requirement placed on the aircraft installa- 
tion was that tht detection equipment be provided with a clear line of sight to the nuclear explosion. 

2.2.1 Block Diagram.   Figure 2.3 is a block diagram showing the connections linking the more 
Important pieces of equipment.   The specially built detection instruments are Indicated in the 
blocks at the top of the figure.   The remaining blocks show the power sources, the synchronizer, 
and the instruments necessary for presenting and recording tht electromagnetic and thermal 
signals. 

A whip antenna was Included in Operation Redwing equipment for comparison with the loop an- 
tennas.   For all shots, the whip antenna was connected to its cathode follower, as shown in Figur* 
2.3, and the two ferrlte-core loop antennas were connected to the fiducial amplifiers.   However, 
for some shots tht three outputs were presented on tht three channels of the two oscilloscopes 
with connections that were different from those shown in the block diagram.   For example, the 
dual-beam oscilloscope was sometimes used to present the signals from tht two ferrlte antennas, 
leaving the whip antenna signal for presentation on the single-beam oscilloscope.   Two scope 
cameras were used to make a permanent record of the presentation. 

Two photoheads were used, one containing a 1P39 phototube and tht other containing a 6570 
phototube.   The outputs from tht two photoheads were fed to separate channels of the six-channel 
Heiland recorder, which recorded directly onto a moving strip of light-sensitive paper.   On some 
early shots, there was an extra connection to the Heiland recorder.   A pulse from the sequence 
camera was Introduced onto a third Heiland channel, to indicate tht timt at which each frame was 
exposed, for correlation of the sequence photographs with the varying output currents from the 
photoheads. 

The primary power source, as Indicated In Figure 2.3 was a 115-volt, 400-cycle Inverter, 
which was powered by the 28-volt, direct-current power from the aircraft generator (or from 
an auxiliary power unit during ground operation).   The 400-cycle power was used for the direct- 
current power supplies and also for the alternating-current power requirements of all the instru- 
ments. 

The synchronizer was designed to throw switches, controlling the other pieces of equipment, 
at predetermined times relative to the time of burst.   The switch controls are shown as dashed 
lines In Figure 2.3.   Tht procedure was changed midway through the program of test detonations 
and a number of automatic functions of the synchronizer were transferred to manual operation. 
For example, the operation of tht two scope cameras was made manual, although the timing of 
the sequence camera exposures, at one per second, was left under the control of the synchronizer. 

2.2.2 Installation.   The installation of the equipment in Aircraft C-97A S/N 49-2596 was con- 
ducted at the Air Force Cambridge Research Center, Laurence G. Hanscom Field, Bedford, 
Massachusetts.   Ottalls of the installation are contained in Reference 13. 

Figures 2.4 to 2.11 show the equipment and Its Installation in the C-97 aircraft.   Most of the 
primary equipment is shown in Figure 2.4, with the exception of the antenna and Its cathode fol- 
lower.   In the category of secondary equipment are tht Inverter, the power supplies, the various 
cables and the junction boxes.   Figure 2.5 Is a sketch of tht C-97 showing the location of the 
main items of equipment used by Project 6.4. 

Power. The 400-cycle inverter was located beneath tht forward crew compartment Direct- 
current power for the Inverter could come directly through the aircraft 28-volt supply, which waJ 
powered either by tht aircraft generators or by an auxiliary power unit (APU) plugged Into the air 
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craft (or ground operation of tht aircraft's electrical aystem.   Alternatively, for ground operation 
of Project 8.4 equipment only, an APU could be connected to a power receptacle provided on the 
project relay box, located inside the aircraft just forward of the forward entry door.   The direct, 
current power source to be used (aircraft power or external power) was selected by a switch at 
the power control box, located on the forward left-hand side of the upper cargo compartment. 
Alternating-current power from the project inverter was routed through the power control box 
to the power distribution box, which was Installed on the lower forward end of the main equip- 
ment rack at the operator's position (Figure 2.6).   From this point, the alternating-cur rent' 
power was distributed to the individual project components. 

All direct-current power requirements for Project 6.4 were satisfied through the use of 
power supplies and rectifiers operating from the 400-cycle inverter output.   In order to avoid 

Htiiond 
Rtcordtr 

Synchronixtr 

Photohtod« 

Light M«ttr 

333 Otcillotcop«      /     Scqutnei Camtra 
and Camara      / and Mount 

Fiducial Antanna Ground Glat« 
Camtra Back 

Polaroid  Sacks 
For Scop« Camtra 

Figure 2.4  Primary equipment. 

Interference with Project 6.3, which used equipment particularly sensitive to any voltage fluc- 
tuation on the 28-volt, direct-current line, there was no direct use of the 28-''olt, direct-current 
aircraft power except for the operation of the Inverter Itself.   The inverter could be turned off, 
and all Project 6.4 wiring de-energized, by means of an on-off switch on the flight engineer's 
panel, for the flight engineer's use whenever the need might arise. 

Equipment  Racks.    In addition to the power distribution box, the main equipment rack 
at the operator's position (Figure 2.6) also contained the two direct-current power supplies, for 
- ISO volts and ♦ 250 volts, on the left and right sides, respectively, of the lower shelf.   The 
Heiland recorder was located in the center of the lower shelf, between the two power supplies, 
and the synchronizer was In the center of the upper shelf, between the two oscilloscopes. 

The main equipment rack held most of the equipment needed for presenting and recording the 
received Information.   However, most of the instruments used for the actual detection were lo- 
cated a short distance away on a smaller rack designed to hang Just Inside one of the aircraft 
windows.   This window provided the sequence camera and the two photoheads with a clear view 
in the direction of the nuclear detonation when the aircraft maintained the correct orientation. 
The window used was the one farthest aft on the starboard side of the aircraft.   The operational 
location of the window equipment rack Is Indicated in Figure 2.5. 

This window was also used by a crew member for scanning purposes during takeoff and land- 
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Figure 2.6 Main equipment rack. 

Figure 2.7  View of C-97 installation. 
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Figure 2.8  Window equipment rack. 
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Figure 2.9 Fiducial antennas. 
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Ins of the aircraft. Therefore, an alternate position for •ecuring the window rack was provided 
several fest forward. Figure 2.7 shows the location of the main equipment rack and the location 
of the window rack for normal operation. Between the racks, on two of the aircraft ribs, can be 
seen the lugs for the alternate mounting position of the window rack. 

Figure 2.8 Is a close-up view of the window rack.   The two photoheads are at the top of the 
rack, the sequence camera is below them, and the two fiducial amplifiers are on the outside of 
the rack, at the left side of the figure.   The two fiducial antennas were mounted close to the 
window, above and below the sequence camera lens. 

Antennas.   The two fiducial antennas are pictured in Figure 2.9.   Each was mounted with 
its longest dimension horizontal, and with the partly curved surface facing the window.   The 
larger antenna was above the smaller one, with about three Inches of separation between them. 

Figure 2.10 Whip antenna on top of C-97 fuselage. 

Previous laboratory measurements had established that coupling between two fiducial antennas 
was unimportant for this configuration. 

Plans nad been made for mounting the fiducial antennas outside the aircraft, in case the Initial 
tests Indicated poor performance by the antennas in their locations Just inside the window.   For 
the last six shots, one of the two antennas was mounted outside, with its output brought through 
the pressurized skin of the aircraft by means of a coaxial connection.   The antenna was positioned 
with its curved side outward, as in the window location.   However, the antenna was turned end 
for end when it was mounted outside.   The output connector from the antenna appeared at the 
upper rear corner, whereas it was at the lower forward corner in the window Installation.   The 
180-degree rotation from the inside location to the outside resulted in a 180-degree phase shift 
In the received electromagnetic pulse.   (See "Polarity and Wave Form", Chapter 2, and "Polarity 
in Chapter 3.) 

The whip antenna was installed on top of the C-97 aircraft as shown In Figure 2.10.   The base 
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«. can bt Mtn in Figure 2.11, penetrating the roof of the upper cargo compart- 
4 * «tip »»•"".r" whlp „^nna UMU IS the conducting rod »hown encased In the plaatlc 
■,- - tt* C-9T-   *       JUJUOB |pp-ari in the uiu»tratlon.   A wire leads directly from the 

m "^upMtenna to the cathode follower a few Inches away.   Two cables lead down from 

Figure 2.11 Base of whip antenna Installation, 
on celling of C-97 compartment. 

the «hi!0'1* followeri on* t0 th« synchronizer for volUges needed by the cathode follower, and 
other to an oscilloscope for presentation of the received pulse. 

"> t • r f e r e n c e.   The fluorescent bulbs shown In Figure 2.11 were part of the aircraft I; pu- 
"•^ystem.   However, it was discovered that they caused Interference with Project 6.4 equip- 

; ther*fc>re, they were turned off whUe the project Instruments were In operation.   The 
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other electronic equipment in the aircraft, belonging to Project 6.3, also wai found to came in- 
terference which eould not be removed by field modificationa of the project initallation.   Thia 
latter interference waa serious during the first four shots.   For the later shots, the Project 6.3 
equipment was not in operation during the time Interval from two minutes before detonation time 
until two minutes after detonation. 

Other interference picked up by the antenna systems came from the switches and solenoids 
used for automatic operation of the scope cameras and the sequence camera.   To remove this 
interference, the scope cameras were operated manually and the sequence camera was not 
turned on until Just after the time of burst, when the electromagnetic pulse had already been 
received and photographed. 

2.2.3  Fiducial Antenna Systems.   Figure 2.9 shows the two types of fiducial antenna used in 
the tests.   Except for form factor, they were nearly identical, with the same cross sectional 
area, the same length, and the same number of turns.   Each antenna had a core of Ferramic 
"Q", Part No. F-429, made by General Ceramics Corporation, Keasbey, New Jersey.   This 
is a ferrite-core material whose initial (ring) permeability is known to be nearly constant over 
the large temperature range to which the planned IBDA system could be subjected in operation. 
Each core contained ten ferrite bars, measuring 7 % Inches by \ inch by %/u inch.   For the 
smaller or narrower antenna, the one at the lower left of Figure 2.9, the ten bars were simply 
stacked to a width of ten times V« inch, or 1 'V» inches.   For the larger or wider antenna in 
Figure 2.9, the bars were arranged in two flat layers of five bars each, to form a slab 3 % inches 
wide and */n inch high.   Each core had a length of 7 Vj inches and a cross sectional area of slightly 
more than 1 in2. 

Two thousand turns of No. 42 wire were wound around each core in the form of a single-layer 
solenoid.   Core and solenoid were then impregnated in a thermosetting plastic for physical pro- 
tection.   The antennas were mounted so that the axis of the loop was horizontal with respect to 
the earth and normal to the direction of propagation of the burst radiation when the aircraft was 
properly oriented to give the photoheads and the sequence camera the desired view of the burst. 

The wider antenna, when so mounted, presented to the incident wave a greater area than did 
the narrower antenna.   According to theory, the loop antenna should behave as a simple mag- 
netic dipole, and the intercepted area she Id not be a significant variable.   The two shapes were 
built and tested in order to check the theoretical prediction. 

There were, however, certain other differences between the narrow and wide antennas.   For 
the wider antenna, the greater perimeter of the core required a longer length of wire for each 
turn and resulted in a larger direct-current resistance for the winding, 2,500 ohms for the wider 
antenna as compared with 1,600 ohms (or the narrower antenna.   There was also a difference In 
inductance, 0.S2 henry for the wider antenna. 0.4 henry for the narrower one. 

There is a small turn-to-turn capacitance in the winding, and it resonates with the induct- 
ance of the solenoid to give the unloaded antenna a highly peaked response, centered at about 
50 kc, with a Q of about 30.   Addition of a terminating network, consisting of a 150-MMf capaci- 
tance and a 56-kilohm resistance in parallel, moves the peak response to about 15 kc and reduces 
the Q to the order of unity.   Figure 2,12 Heft portion) Is a simplified illustration of the response 
curve that would be obtained from a fiducial antenna so terminated, if the voltage picked up by 
the loop were constant with frequency.   However, the voltage induced in a loop antenna is actually 
proportional to the time derivative of the incident magnetic field and, therefore, increases in pro- 
portion to the frequency if the peak field strength produced by the energy source is kept constant 
and only the frequency is varied.   The response is then as shown in Figure 2.12 (right portion). 

When terminated as described above, the fiducial antenna was designed to give an output of 
10 mv for a peak input magnetic field equal to 0.0027 ampere-turns/meter, oscillating at a fre- 
quency of IS kc.   This is the peak value of magnetic field associated with an electromagnetic 
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wave having a peak alectrlc field strength of 1 volt/meter.   For laboratory calibration of the 
antenna, the magnetic field waj generated by an oscillatory current from a laboratory signal 
generator fed through a standard loop of 15 turns with a mean diameter of 10 Inches.   (See Refer. 
«nee 14 for descriptions of the standard loop and test procedure.) 

Antenna Shields.   When Installed on the window rack, the ferrite-core loop antennas 
were very close to the aircraft window, but enough space was left to allow each antenna to have 
experimental metallic shields placed over it or around it.   Plans had been made for a study of 
the effect of electrostatic shielding on the performance of the fiducial antennas.   However, be- 
cause of the many difficulties encountered and because of the absence of data from the first few 
shots, the shielding study program was not carried out. 

Polarity and Wave  Form.   The polarity of the signal received by a magnetic antenna 
depends on the way it is connected and on its orientation in space.   As pointed out on Page 13 of 
Reference 1, the electric vector In the pulse radiated from a nuclear detonation is initially point- 
ing upward in space, tending to drive positive charge to the top of a whip antenna, negative chargi 
to the bottom.   The pulse received by a whip antenna is usually viewed on an oscilloscope which 
Ip connected to the bottom of the whip and, as a result, the initial scope deflection Is negative a« 
in Curve A of Figure 1.2. 

Associated with the initial upward-pointing electric vector there Is an initial magnetic vector 
which points horizontally, at right angles to the electric vector and to the direction of propagation. 
In Operation Redwing tests, with the aircraft positioned so that the burst was directly to starboart 
the initial magnetic vector pointed forward along the axis of the aircraft. 

Each of the two ferrite-core loop antennas was checked in the laboratory to establish the polar- 
ity of its solenoid.   A ISO-volt battery was connected to the antenna, sending a direct current of 
0.1 ampere or less through the antenna winding.   The resulting magnetic field was examined with 
a small pocket compass.   With the positive terminal of the battery connected to the Inner con- 
ductor of the antenna cable, it was found that the antenna behaved as an electromagnet with its 
north pole at the same end as the cable connection.   For the inside mounting position on the 
window rack, the cable connection was on the forward end of the antenna.   The direction of the 
winding, as determined with the pocket compass, is indicated at the left of Figure 2.13. 

Figure 2.13 also shows the direction of the initial electric vector and the direction of the ini- 
tial magnetic vector.   The loop antenna gives a voltage output which is proportional to the time 
rate of change of the magnetic field.   The Induced voltage tends to drive a current whose mag- 
netic field opposes the change in magnetic field within the loop caused by the Incident wave. With 
the polarities as shown in Figure 2.13, the initially induced output voltage is positive.   For the 
outside mounting position, the antenna is turned over, with the cable connection toward the rear 
of the aircraft, and the initial output voltage is negative. 

The loop antenna gives an output pulse which is the first derivative of the pulse received by 
a whip antenna if the frequency is less than 15 kc.   The differentiation is expressed in Figure 
2.12 (right portion) by the 45-degree upward slope of the left-hand part of the response curve, 
and by the phase response, which has not been included in the figures.   Above 15 kc the down- 
ward slope Indicates an integrating action introduced by the inductance and capacitance in the 
antenna circuit.   The received pulse from the burst contains a band of frequencies, including 
frequencies on both sides of IS kc.   At least in the case of a detonation larger than 500 kt, 
whose period would ordinarily exceed 67 MSCC (Figure 1.3), the wave form received by a loop 
antenna should resemble the first derivative of the wave form received by a whip antenna.   Any 
high-frequency components, such as the superimposed spikes discussed in Reference 1 and il- 
lustrated in Figure 1.1 A, would tend to be smoothed out by the Integrating action at the higher 
frequencies. 

Curve A of Figure 1.2 is actually a wave form with a period near 50 M*«C and, therefore, 
with a frequency band centered near 20 kc.   Figure 2.12 (right portion) shows that for such a 
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i «mitncy buid tht loop antenna circuit does not almply differentiate the incident wave form. 
However  for larger detonation» iuch aa Shot Tewa (see Chapter 3), the frequency band is cen- 
i.red near 10 kc and •Imple differentiation is a more adequate reproaentation of th« action of 
the fiducial antenna circuit.   For such detonations, Curve B of Figure 1.2 is a close approxi- 
mation to the type of wave form actually received on one of the fiducial antennas. 

In Curve B of Figure 1.2 the differenUated wave form Is drawn with the Initial deflection 
ntptlve.   This corresponds to the outside mounting position for the fiducial antenna.   The 

Initiol  Electric Victor 
Points Upward 

s*\ 

Antenna Loop 
with Currant and 
Voltog» Induced 
by Initiol Field 

V 

Direction of 
Propagation 
from Burst 

initial Mognotic Vtctor 
Points Forward 

Starboard 
Window 

Figure 2.13 Polarity relationships for loop antenna. In its position 
Just inside starboard window.   Sectional view is toward nose of 
aircraft, with antenna on left and incident wave arriving from right. 

mV«",!?**01*1 from a ,n*«ntUc antenna mounted inside on the window rack would be the 
nepiuve of the wave form of Curve B of Figure 1.2. 
side iHÜtV c R * n • c * i0 n •   The magnetic field which reaches the fiducial antenna In its in- 
burst   &miP0,iti0n' FlgU^, 2'13, ia Mienti*11y ">• incident field arriving diractly from the 
from diffraeti    2 <*[*tortion ^ ^ be expected from currents in the mounting bracket» and 
distortim. «T»!11« f? ***• ^ ^ window •*•*»»••   Operation Redwing tests showed that the 

b^Tä^S Mda ^ n0 *•* eaect on ^ "«P0— * ">• fiduciaTantenna. 
which actTtol* m0Untln' P0,itl0n ^ ü*utM antenna l» »»«tod by the akin of the aircraft. 
In the ameml   "J? •*!!* M * p,fl-ctor * *• incidant wave. Increasing the voltage induced 
•*« can Jf^; t^!0'J!C'U-• ?f ^ local ^torUon of the magnetic lines Of force, the metal 
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one-ihot multivibrator which operate! a relay.   A minimum of ten volt« li needed for thie pur- 
poee, whertM UM minimum antenna output was expected to be only 10 mv.   Accordingly, the 
fiducial amplifier wa* deeigned to have a gain of 1,000. 

The ichematic of the amplifier, Figure 2.14, fhows two stages of amplification, each with 
a gain of between 30 and 33, leading to a cathode follower for a low impedance output.   For ap- 
plication to Operation Redwing tests, the output went directly to the oscilloscope presentation. 

The actual termination of the antenna In Figure 2.14 is not quite as Indicated earlier In 
Figure 2.12.   The shielded cable from the ferrite rod antenna introduces a capacitance to ground 
of about 50 mif leaving only 100 ^xf to be included as a lumped shunt capacitance at the ampli- 
fier Input.   An added series capacitance of 1,000 mi Is used In Figure 2.14 to protect the grid 
of the first stage and to reduce the low-frequency response of the terminated antenna. 

Between stages in the amplifier the capacitor combination of 100 mit in shunt and 1,000 mxt 
in series is repeated to give the amplifier a bandpass characteristic. In combination with the 
resistor values used in the circuit, the series capacitors tend to block the frequencies below 

Figure 2.14 Schematic diagram of fiducial amplifier. 

about 5,000 cycles while the shunt capacitors short out the frequencies above about 100 kc.  The 
resulting response curve of the amplifier alone is approximately as sketched In Figure 2.15 
(left portion).   Each of the three series capacitors contributes 6 decibels per octave of low- 
frequency attenuation, and each of the two shunt capacitors following the amplifier stages con- 
tributes 6 decibels per octave of high-frequency attenuation.   The amplifier characteristic thus 
cuts off at 18 decibels per octave below its passband and 12 decibels per octave above the band. 
The third shunt capacitor, at the input to the first stage, has been Included in Figure 2.12 as 
part of the antenna termination and should not be considered part of the amplifier. 

The product of the amplifier response, Figure 2.15 (left portion)  and the response of the 
terminated antenna, Figure 2.12 (right portion), is the combined characteristic shown in Figure 
2.15 (right portion).   Although largely a calculated curve, it does not differ greatly from meas- 
ured curves over the frequency ranges covered by the measurements. 

The fiducial amplifiers used in Operation Redwing tests appear in Figure 2.4 and at the left 
side of tne window rack in Figure 2.8. The output cables from the fiducial amplifiers lead di- 
rectly to the oscilloscopes on the main equipment rack at the operator's position. 

Saturation.   The fiducial amplifier was designed for a specific function, the generation 
of an output signal of at least 10-volts amplitude from an input which might be as small as 10 mv, 
corresponding to an Incident electromagnetic wave with a field strength of about 1 volt/meter. 
In Operation Redwing tests, the Incident (leid was usually much greater than the minimum,  the 
fiducial amplifier was not designed for linearity over a large dynamic range of input signals be- 
cause linearity was not important for the EDA application.   As a result the amplifier often sat- 
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urated on Un «trong slgnalf received from the detonation« of Operation Redwing.   The saturation 
would have been leei severe If the aircraft had been flying near the extreme range {250 nautical 
miles) of the IBOA design requirements, but the needs of Project 6.3 kept the aircraft restricted 
to shorter ranges. 

In practice, with a fiducial amplifier of the design shown in Figure 2.14, saturation generally 
occurs in the second stage of amplification, after the signal from the antenna has been amplified 
by the first stage with its gain of about 30.   A positive input voltage from the antenna la convert^ 
by the first stage into an amplified negative voltage which is applied to the grid of the second 
stage.   When this applied grid voltage reaches a level of about - l.S volts, the second stage is 
cut off.   A negative input from the antenna, on the other hand, becomes a positive voltage on 
the grid of the second stage.   If this applied grid voltage exceeds +1 volt, grid current flows In 
the second tube.   The grid current will charge the 1,000-mii condenser and may make the grid 
bias considerably more negative than its normal value of about -1 volt. 

The charged 1,000-^Mf condenser can discharge through the 220-kilohm resistor and the plati 
circuit of the first tube, but the time constant for discharge is several hundred ßaec.   During 
this Interval, the extra bias voltage will distort the response of the second stage.  The tube will 
be nearly cut off, so that negative Input voltages to the second-stage grid will have only the effect 
of cutting off the tube somewhat more firmly.   A positive input to the grid will have a large volt- 
age swing available, since it must first overcome the extra bias voltage before it can drive the 
grid to the point where grid current can flow again. 

Each of the two stages of amplification inverts the polarity of the signal.   The final cathode- 
follower stage has a gain approximating unity and does not Invert polarity.   When the saturation 
phenomena are expressed in terms of the amplifier output voltage (the signal that is carried to 
the oscilloscope), it is found that the maximum positive swing of the output voltage, occurring 
when the second stage is entirely cut off, is about +40 volts.   A negative swing of the output 
voltage to - 30 volts will mean that grid current is drawn at the second stage, preventing a 
greater negative deflection of the>output during the time that the 1,000-mit condenser is charg- 
ing.   The extra grid bias results in a positive displacement of the output voltage, even when 
there is no input signal to the amplifier.   The positive displacement, which can be no larger 
than +40 volts, drops back toward zero with a time constant of several hundred ßsec while the 
1,000-MMf condenser Is discharging, and serves as a slowly falling base line for any succeeding 
signals that may be received. 

The electromagnetic signal for Shot Tewa, which is discussed in detail in Chapter 3, shows 
the effects of amplifier saturation which have been described above. 

Oscilloscopes.    Two DuMont oscilloscopes were used for Project 6.4 Instrumentation. 
Both were fitted with cathode-ray tubes having P-ll phosphors to facilitate photographic record- 
ings.   One oscilloscope was a Type 324, with a single beam, and the other was a Type 333, with 
a dual beam.   The ^-Al beam oscilloscope had two inputs. Channels A and B, with separate ver- 
tical amplifiers, but with only one horizontal sweep control. 

From measurements made after Operation Redwing, it was found that the sweep speed on the 
Type 324 oscilloscope was sensitive to the voltage level of the 400-cycle power.   When the sweep 
speed was set at 100 Msec/inch, or 400 ßaec for the full sweep length (four large divisions), it 
was found that the time required for the trace to travel the four large divisions changed some- 
what as the line voltage was varied.   For 400-cycle line voltages of 115, 110, 109, and 100 volti 
the time per sweep length was 403, 400, 384, and 354 MUC, respectively. 

The Type 333 oscilloscope was also examined after the tests, but unfortunately not until after 
changes In tubes and in screwdriver adjustments had altered its sweep lengths to some extent. 
It was found to be more stable with changes in line voltage but consistently slower in its sweep 
velocity than the dial setting indicated.   Furthermore, the two channels showed somewhat dif- 
ferent sweep speeds.   For the same four values of line voltage, and with the dials again set for 
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a nominal iweep time of 400 n»tc, the actual times per «weep length were measured to be 420, 
422, 423, 420 ß»ec for Channel A, and 412, 413, 413, 411 MI«C for Channel B.   At the beginning 
of the iweep, the »pot for Channel B was a short distance to the left of the spot for Channel A. 
About one small division (one-fifth of a large division, one-twentieth of the full horizontal scale) 
to the right of the center line, the two spots were even, and at the right-hand end of the sweep. 
Spot B had moved beyond Spot A.   This detailed comparison between the two channels is of im- 
portance in the interpretation of some of the results, particularly in the scope photograph of the 
Type 333 oscilloscope presentation for Shot Tewa. 

The horizontal sweep on the Type 333 oscilloscope cou'd be set to trigger either from a signal 
on Channel A or from a signal on Channel B.   During the tests it was always set to trigger on 
Channel B, and Channel B was always adjusted to have its base line just below the center of the 
•cope, while the base line for Channel A was set just above the scope center. 

On both the Type 324 and the Type 333 oscilloscopes, the triggering could be set either for a 
positive signal or for a negative signal, but not for both.   For some of the scope pictures the 
polarity of the triggering was opposite from the polarity of the Initial signal deflection.   The 
first lobe of the signal on these pictures was unfortunately lost 

Audio Generator.    A calibration signal was used to check the gain of the fiducial ampli- 
fier, the gain of the scope amplifiers, and the speed of the scope sweep circuits.   For generation 
of the calibration signal a Heathklt audio generator. Model AG-8, was used.   A laboratory check 
showed that the frequency of the Heathklt was Insensitive to 400-cycle line voltage fluctuations 
over the range 102 volts to 115 volts, but that the dial settings were not accurate.   The dial set- 
tings of 10, 12, and IS kc actually gave output sine waves with frequencies of 9.6, 11.5, and 14.4 
kc, respectively.   Since these were steady with changes in line voltage, they were satisfactory 
as calibration frequencies to check variations of the oscilloscope sweep speeds under operational 
conditions. 

Artificial Signal Generator.   For aid in servicing and adjusting the equipment on the 
ground, a simple, self-contained artificial signal generator was constructed.   It contained a small 
battery, a pushbutton switch, a spare fiducial antenna and a condenser.   The capacitance of the 
condenser was chosen to resonate with the Inductance of the loop antenna at a frequency of about 
IS kc.   When the switch was closed, a damped sinusoidal current, about six or eight cycles long, 
passed through the winding of the antenna.   When the switch was opened, a similar train of six 
or eight oscillations passed through the winding. 

The spare antenna was held parallel to the antenna in the bhangmeter equipment and about a 
foot or two away from it.   The magnetic coupling between the two antennas was sufficient to pro- 
duce an oscillatory trace on the oscilloscope in the fiducial system when the switch on the artifi- 
cial signal generator was operated.   From the size and shape of the trace it could be determined 
whether the fiducial system was in adequate working order and whether the scope adjustments 
»•re satisfactory. 

2.2.4 Whip Antenna.   The whip antenna was Included in the installation to provide a correla- 
tion with measurements by other organizations on this series of tests and on earlier tests.   It 
*** Intended to be used as a reference antenna, so that the performance of the magnetic antennas 
could be evaluated by comparison with an electric antenna of conventional design. 

The whip antenna was a quarter-inch aluminum rod housed within a fiberglass mast   There 
»a« an external length of 33 inches projecting vertically upward from the aircraft (Figure 2.10). 
The induced voltage at the base of the antenna was fed directly to the cathode follower, located 
about four Inches away, as shown in Figure 2.11.   The output of the cathode follower was carried 
through approximately 25 feet of regular coaxial cable to one of the oscilloscope channels on the 
"Min equipment rack (Figure 2.6). 

The schematic of the cathode follower is given in Figure 2.16.   The input impedance of the 
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circuit Is high and tw« gain is slightly less than unity.   Without the cathode follower, the whip 
antenna would have been loaded down with the distributed capacitance of the 2S-foot cable and 
the output voltage reaching the oscilloscope would have been considerably reduced.   If there 
were no loading whatever at the base of the whip antenna, the output voltage would be the product 
of the incident field, in volts per mei »r, and the effective height of the antenna, in meters.   The 
effective height of a short antenna is about one half its physical height.   The field strength of the 
incident wave will bo modified by the shape of the aircraft.   The reflection of the wave by the 
curved surface of the aircraft. Just below the whip antenna, should nearly double the effective 
field reaching the antenna, but there could also be a partial shielding of the antenna caused by 
the concentration of the vertical electric lines of force on the high tail of the aircraft, and per- 
haps also on the radio antenna wires which run from the forward part of the plane to the top of 
its tail surface. 

Of more Importance, however, in affecting the voltage delivered by the whip antenna, is the 
terminating circuit at its output.   Because of the voltage drop across the Internal impedance of 

Whip 

A +230» 
10 mo 

<0«*-tf 
Seep« 

B,E Ground 

Figure 2.16 Schematic diagram of cathode follower for whip antenna. 

the antenna, when the antenna is loaded down by an output impedance, only a portion of the re- 
ceived voltage will appear across the load.   The internal impedance of the whip antenna is com- 
puted to be a capacitance of about 9.4 wii, in series with a radiation resist?nee of the order of 
10-* ohms, which can be neglected, and an impedance associated with the f .elds inside the wire, 
which can also be neglected. 

The antenna capacitance was computed from Equation 2.1, which is a modified form of Equa- 
tion 46 on page 147 of Reference .15.   The modified form is only valid for antennas which are 
very short compared to the wave lengths included in the received or transmitted radiation. 

^antenna 9x10» 1 
+ 2 + 2 log 

r d (2.1) 

Equation 2.1 applies to linear antennas perpendicular to a conducting plane.   The antenna 
height,  h,  and radius,  a,   are to be expressed in meters, and the capacitance will then be give* 
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(iradf.  A center-fed antenna of height 2h with no ground plane will have one half the capacl- 
IJndiwnbyEquaUonM. 

An txpreMion for the radiation reslatance, valid only for very short antennae, can be ob- 
tained in t similar way from Equation 4a. Page 147, Reference IS. 

«rtdlatlon "  10("T") 

2 logt(Q) * 4 * 4 loge 2 

2 1oge(Y).2*21oge2 
(2.2) 

Equation 2.2 gives the radiation resistance In ohms of a linear antenna of height h over a re- 
flecting ground plane.   A symmetrical, center-fed antenna of height 2h will have double the 
radiation resistance given by Equation 2.2. 

As stated above, the Internal Impedance of the whip antenna is almost entirely capacitative, 
a capacitance of about 9.4 mit in series with the voltage Induced by the incident electric field. 
At IS kc, this is an internal reactance of 1.13 megohms.   The output loading at the base of the 
antenna Is partly capacitative, partly resistive.   The capacitances associated with the wiring 
from the antenna to the cathode follower and the input capacitance of the cathode follower are 
believed to total no more than 10 mxt.   There are leakage resistances associated with the di- 
electrics around the antenna and the insulators in the cathode follower.   The leakage resistances 
vary with humidity, and the humidity is often very high.   Even so, provided that the dielectrics 
had net deteriorated seriously, the resistive loading of the whip antenna is believed to have been 
equivalent to a leakage resistance of at least a megohm. 

The loading mentioned above could reduce the effective output voltage to as linie as one third 
of the open-circuit voltage.   However, such a reduction does not account for the complete lack 
of an observed signal large enough to be recorded on the oscilloscope with the scope sensitivities 
that were used.   The absence of any recorded pulse during Operation Redwing tests could be ex- 
plained if there had been an additional loading.   A possible source for the additional loading 
might have been an unusual accumulation of moisture in the dielectric supporting the antenna. 
Another possible source of leakage current, which has not been studied in detail, might be the 
exchange of charge between the aircraft projections and the air through which they move.   If 
the exchange of charge, due to air friction and the interception of ionized air particles by the 
"hip antenna, were influenced by the electric fields induced on the antenna, then the result could 
M the loading ot the antenna and the reduction of the volUge it could deliver to the cathode fol- 
lower and to the oscilloscope. 

2.2.5 Photohead Systems.   Each photohead system contained a photocell detector with a lens 
•ystem and an ambient-light-correcting circuit.   The photoheads were cubic enclosures about 
•« Inches on each side, with the object lens mounted in one side and all controls mounted on the 
opposite side. 

The lens system was designed to restrict the photohead field of view to 20 degrees; that is, 
to the region within a cone with a half-angle of 10 degrees.   For light which reached the photo- 
head from a source within its field of view, the lens system had an effective area of about one 
■flwre inch, focusing onto the photocell the portion of the Incident radiation Intercepted by this 
«rea. 

Two different phototubes were used, the 1P39 and the 6570.   Their spectral response curves 
T *'hown ^ Figures 1.10 and 1.11 and are discussed in "Spectral Distributions", Chapter 1. 

* 1P39» *lth an S-4 response, has a sensitivity of 0.042 u* of output current per M* of incident 
Miant flux at 4,000 A. Its greatest sensitivity is at this wave length, which lies at the violet end 

w k* **•*!• spectrum.   For other wave lengths the sensitivity of the 1P3» falls off in accordance 
«h its resronse cur/e. Figure 1.10.   The 6570, with an S-l response, has a sensitivity of 0.0027 
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ßz/uw at Its p«ak in the near Infrared at 8,000 A, falling off on tithtr •Id« in proportion to its 
reaponae curve, Figure 1.11, and rising again to a narrow peak in the ultraviolet. 

Each photohead included a circuit designed to correct for the ambient light at the time of bur« 
and to compress the large dynamic range of visible light from the buret, manifesting itself as a 
large variation of phototube current, into a relatively email range of output voltage and current 
to the recorder.  The compreieion was needed in order to record the whole of the wide range of 
light variation within the narrower range covered by available recording instruments. 

Photohead Circuit Operation.   Figure 2.17 is a photohead schematic.   As may be 
seen, the photohead contained, beiides its phototube, a 6138 pentode (or its equivalent, 6AU6), 
a CK8111 subminiature dual triod-   a thy rite resistor (838811801), a 90-^a meter, a relay, and 
various rcfiston and condenser . 

Ideally, the photohead circu      .»old be adjusted so that with the relay closed all the current 
from the phototube due to anblsnt light would pass through the pentode and register on the meter. 
The thyrlte, with no current through It, would have its highest Impedance value, about SO meg- 
ohms.   The degenerative loop in the circuit served to readjust the grid voltage on the pentode 
each time there was a change in ambient light.   This occurred in such a way that the changed 
phototube current was balanced by an equal change in the pentode current, preventing the incre- 
ment of current from flowing through the thyrlte and changing its Impedance. 

When the relay was activated, the degenerative loop opened, and the pentode grid bias was 
held fixed by the charge on the I-M* capacitor.   The pentode then served as a constant current 
device.   Any added current from the photocell necessarily passed through the thyrlte.   The volt- 
age developed across the thyrlte was impressed on the cathode follower, and nearly all of the 
cathode follower output was carried directly to one of the channels of the Heiland recorder throug 
the 1.5-megohm resistor.   When the Heiland recorder was operating, the current change was re- 
corded as a deflection on the Heiland paper tape. 

In the operation of the photohead during the test shot, the pentode plate current, held fixed 
when the relay was activated, was equal to the phototube current from the ambient light.   The 
added current, passing through the thyrlte and appearing as an output voltage and as a Heiland 
deflection, was the added phototube current from the thermal radiation produced by the nuclear 
detonation.   The weak radiation from a small or distant burst or from a burst obscured by cloudi 
gave a phototube current which was small but which could nevertheless develop a significant volt* 
age across the thyrlte when the latter was in its state of highest impedance.   The stronger light 
from a large, near, unobscured burst gave a much larger phototube current.   However, the thy- 
rlte's distinctive property is that its Impedance drops quickly as the current through it rises, sc 
that the much larger phototube current gave a voltage drop and Heiland deflection which were 
only moderately large, well within the range of the Heiland. 

Photohead Circuit Adjustment. Inpractice, the adjustment of the photohead cir- 
cuit was by means of the 2S-kilohm potentiometer in the cathode of the cathode follower, which 
effectively controlled the voltage difference between the grid and plate of the pentode. During 
Operation Redwing tests, the potentiometer was adjusted to give about 1 Ma through the meter 
in the cathode circuit of the pentode when the phototube was dark. One conclusion from Opera- 
tion Redwing tests was that the above adjustment was not the best possible, that a more satis- 
factory potentiometer adjustment gave a current of about 0.2! ^a. 

Figur« 2.18 is a typical thyrlte characteristic showing the thyrlte'• resistance as a function   • 
of the current passing through It.   The production tolerance for the thyrlte used is about t SO 
percent In the impedance at a given current.   The thyrlte characteristic is temperature-dependi* 
with a change in resistance at constant voltage of between -0.4 and -0.73 percent per degree C  : 

over the temperature range from 0 to 100 degrees C.   Furthermore, under the high-humidity 
conditions that prevailed during Operation Redwing tests, it is probable that the maximum tfayriHf 
resistance of SO megohms, shown in Figure 2.18. was shunted by a leakage path over a thin film > 
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Figure 2.17  Schematic diagram of photohead. 

«OH 

Thyrit« Currant In Miereompmt 
1000 

Figure 2.18  Thyrite resistance as a function of thyrite current. 
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of molaturt, «vtii though thor« wu a coating on the thyrlte to pravtnt any lubatantlal accumula- 
tion of molsturfl on tht thyritt Itaalf. 

As a reault of tht above conaldtratlona, a photohtad analysis which Is based on the thyritt 
curve of Figure 2.18 should not be expected to represent the exact behavior of the photoheads 
used in Operation Redwing tests.   Nevertheless, the qualitative behavior of Operation Redwing 
photoheads can best be understood through a quantitative photohead analysis.   In the following 
analysis. It Is assumed that Figure 2.18 gives an exact thyrlte characteristic for the thyrlte In 
the photohead. 

The current flowing out of the pentode cathode Is equal to the sum of the currents flowing In 
at the plate and grids.   Grid No. 3 Is tied to the cathode, and the current through grid No. 1 
(the control grid) is negligible here.   Screen grid current Is one third to one half as large as the 
plate current when the screen and plate both have voltages of about +42 volts.   Thus, for a cath- 
ode current of 1 jxa, the plate current is about 0.7 ^a.   Since the phototube dark current is of 
the order of 0.01 jxa, rearly all the plate current must flow through the thyrlte when the photo- 
tube Is dark.   A current of 0.7 ^a, through the thyrlte of Figure 2.18, gives a resistance of 
about 18.5 megohms, and therefore, a voltage drop of 13 volts across the thyrlte.   The direction 
of current is such that the voltage at the plate of the pentode is negative with respect to the sere«« 
voltage.   That is, if the pentode screen is at + 42 volts, the pentode plate will be at + 29 volts. 
The cathode of the cathode follower then will be about 5 volts higher, or + 34 volts, since 5 volts 
bias is needed on the cathode follower for the total current of 2.S ma necessary for the 184-volt 
drop across the 72-kUohm cathode resistance.   The tap on the potentiometer will be about - 3 
volts, the pentode grid voltage needed to cut the pentode current down to about IM»-   To give 
these voltages, the 25-kllohm potentiometer should be divided with 14.5 kllohms on the cathode 
side and 10.5 kllohms on the side of the 47-kllohm resistor and the -150 volt supply. 

For a pentode cathode current of 0.25 jia the plate current is about 0.17 «xa, the thyrlte im- 
pedance is 42 megohms, and the voltage drop across the thyrlte is 7 volts.   For a pentode screen 
voltage of -»-42 volts, the pentode plate will be at +35 volts and the cathode of the cathode follower 
will be at about +40 volts.   The pentode grid voltage is again about -3 volts, and the 25-kilohm 
potentiometer is divided with 16 kllohms on the cathode side and 9 kllohms on the supply side. 

The potentiometer setting may be specified indirectly by a specification of the current Ijyj, 
which is defined as the current flowing through tse pentode cathode when the feedback loop is 
closed and the phototube is dark.   The two potentiometer adjustments described above can thus 
be specified by I^d > 1 jia, and I^ > 0.25 jxa, respectively. 

Once the potentiometer setting has been fixed, the behavior of the photohead circuit is deter- 
mined.   If the feedback loop is opened (by activation of the relay) while there is no light on the 
phototube, and if light is then admitted to the phototube, the output of the photohead will follow 
an S-shaped curve as a function of phototube current.   For the potentiometer adjustment giving 
Ikd ■ 0-25 Ma, the curve followed is the first curve at the left of Figure 2.19. 

The curves of Figure 2.19 were measured in the laboratory after the conclusion of Operation 
Redwing tests.   The photohead used was the 1P39 photohead from Operation Redwing equipment, 
but the conditions were somewhat different from those at Operation Redwing.   In particular, the 
humidity was much lower in the later laboratory measurements than at the Pacific Proving 
Grounds. 

As the light striking the phototube Is increased, the increasing phototube current flows througi 
the thyrlte in the opposite direction to the current that was passing through the thyrlte when the 
phototube was dark.   The phototube current first reduces the thyrlte current to zero and then 
reverses it.   While the current Is reversing, the thyrlte passes through its region of maximum 
sensitivity.   This is shown in Figure 2.19 by the steepness of the first curve just after its first 
rise.   As the phototube current continues to increase with increasing light input, the curve flat- 
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ttoB  •howüif U» rtductd stnslttvlty and output comprtstlon that rtmiit from UM reduced Im- 
peduict of the thyrlte at higher current levels. 

If the feedback loop la kept closed while the light Input to the phototube Is varying, the loop 
holds the photobead output very nearly fixed.   The output voltage, which la the same as the volt, 
age on the pentode control grid, varies Just enough to make the plate current In the pentode fol« 
low the phototube current.  The high gain of the feedback loop makes the change In the control 
grid voltage very small.   The pentode cathode current, Ifa however. Increases In close proper- 
tlon to the phototube current, Iph, approximately following the linear relationship In Equation 2.3 

Iph -  (0.7) (Ik-Ikd) (feedback loop closed) (2.3) 

By means of Equation 2.3, the pentode cathode current can be used as a measure of the photo« 
tube current resulting from ambient light. 

The parallel curves in Figure 2.19 show the variation of the photobead output with phototube 
current for several values of ambient light, specified by the pentode cathode current, I^, at tht 
time the feedback loop was broken.   The curves are all very similar, the characteristic S-ihapt 
being a result of the thyrite characteristic of Figure 2.18.   The steepest part of each curve cor. 
responds to the region of highest thyrite impedance, where the voltage across the thyrite is pan. 
ing through zero.   The curves appear to be symmetrical about the steepest region, which is 
centered at about ♦ 3 volts on the output voltage scale, 6 volts above the line near - 3 volts rep- 
resenting the output voltage when the feedback loop is closed.   The 6 volts can be compared witl 
the previous estimate of 7 volts as the voltage across the thyrite when the feedback loop was 
closed, for the potentiometer adjustment giving I^ «0.25 JA. 

That potentiometer adjustment divided the 28-kilohm potentiometer Into 16 kUohms on the 
cathode side and 9 kilohms on the supply side.   The total cathode resistance of 72 kilohms was 
thus divided into 16 kilohms between the cathode and the potentiometer tap, and 56 kUohms be« 
tween the tap and the - ISO volt aupply.   A voltage change at the cathode produced a somewhat 
•mailer voltage change at the output, with the reduction factor equal to the resistance ratio 58/71 

A given voltage change acroas the thyrite is transmitted unchanged to the cathode of the cath- 
ode follower, but is reduced by the factor 56/72 at the photobead output.   In particular, a 7-volt 
Increase at the thyrite is reduced to 5.5 volts at the output.   This voltage la in rough agreemant 
with the estimate from Figure 2.19 of 6 volts as the voltage difference between the output with 
the loop closed and the output with the thyrite at its greatest sensitivity. 

The curves of Figure 2.19 were all drawn for the potentiometer adjustment giving 1^ ■ 0.2S 
M».   In Operation Redwing tests, the potentiometer was usually adjusted to give a pentode cathodi 
current nearer 1 jxa, but the adjustment could not be held to any great precision on the 0 to 50 m 
meter. The general effect of a different potentiometer adjustment is not to change the shape of 
the curves In Figure 2.19, since these depend primarily on the properties of the thyrite, but to 
displace the region of greatest sensitivity upward or downward with respect to the line repreaut- 
ing the loop-closed condition.   For certain limited purposes, the upward displacement of the 
curves can be replaced by a downward displacement of the loop-closed line. 

The amount of displacement can be estimated for the circuit adjustment giving I]^ - 1 /xa. 
With Ifcd « 1 jxa, an earlier calculation gave a thyrite voltage drop of 13 volts when the loop wai 
closed. With the loop opened, a voltage rise of 13 volts at the pentode plate, or 10. S volts at tin 
potentiometer Up, would be needed to bring the thyrite to its most sensitive position. An atudl- 
iary base line has been drawn on Figure 2.19, 10.S volts below the position pf greatest steepni* 
of the curves. 

With the potentiometer adjusted for I)^ - 1 jxa, a steadily Increasing Illumination of the pbotr 
cell will not cause a steadily Increasing deflection of the Heiland trace.   Instead, Figure 2.19 
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lh0«t that th« trac« will move ilowly at fint, starting from the auxiliary bast line; will move 
nor« rapidly aa the phototube current reachta th« value which reversea the current In the thyrlte; 
ud «ill move more «lowly again a« th« r«v«rs«d thyrlt« current Increasea and th« thyrlt« imped- 
uice i> reduced.   Th« «fleet la to glv« th« Heiland trac« th« appearance of a "step" «ach tlm« th« 
deflection paaeea through th« region of highest sensitivity. 

On most of th« Heiland traces obtained during Operation Redwing tests, the step could readily 
be distinguished.   M«aaur«m«nta could be made of the difference between th« deflection corre- 
«pondlng to ambient light and the deflection corresponding to the center of the step.   This differ- 
ence could then be interpreted aa the amount of displacement needed In Figure 2.19 for positioning 
of the auxiliary baa« line. 

In practice, however, It was found that other adjustments were needed to make the curves of 
Figure 2.19 fit Operation Redwing photohead data. Photohead calibration measurements during 
Operation Redwing tests showed that the two photoheads used there contained thyrlt«« who«« re- 
mtances differed by about a factor of 2. This ratio la well within th« manufacturing tolerances 
mentioned earlier. The difference between thyrlt«« could, to some extent, be considered equiv- 
alent to a change In the vertical scale for the curves of Figur« 2.19. (See th« discussion in Sec- 
tion 3.3.9 of the photohead calibration measurements.) 

Heiland Recorder.   The output currents from th« two photoheads wer« f«d to separate 
channels of the Heiland recorder.   Th« recorder used was a six-element, blfilar-typ« oscillo- 
graph employing light-sensitive paper film traveling at a rated speed of about 12 in/sec.   Each 
element responded to frequencies from 0 to 30 cps, and had a sensitivity of approximately 20 
Ma/in of deflection. 

There was an Internally generated 100-cycl« signal which was used for marker lines that were 
recorded photographically at the edge of the paper strip. These 10 m-sec markers provided a cali- 
brated time base for the signals recorded on th« tap«.   The timing of th« markers was much more 
accurate than the tap« movement, which was found to be as slow as 10 in/sec.   However, th« 
time marker mechanism was loose and subject to vibration.   Time readings were sometimes 
difficult but could always be made, either directly from th« tlm« markers or indirectly from th« 
paper movement.   Th« »peed of the paper movement could then be checked against th« marker 
••paration at a nearby position where th« tlm« markers were clear enough to measure.   The 
mechanism waa later repaired, but not until it had been brought back from th« Pacific after th« 
conclusion of Opsratlon R«dwing. 

Photohead Test Box.   A specially constructed test box was used in the photohead cali- 
bration measurements described in Section 2.1.5.   Two open-ended box««, about 8 inch«« on a 
side and 12 inches spart, were connected by a cylindrical tub« 1.5 inch«« In diameter.   The tub« 
Protruded on« inch Into «ach box.   Th« interior of the boxes and the Inside of th« tub« were painted 
dull black.   In on« of th« box««, at on« «nd of th« tub«, a photoflood bulb could be mounted.   At 
Uw other end of th« tub«, in the other box, the photohead could be set and aligned to receive the 
"ght transmitted through the tube. 

The whit« bulb used was a rellector-typ« photospot, Typ« RSP2, with a color temperature of 
3,400 K at full voltage (about 115 volts).   An infrared bulb was also ussd.   Its color temperature 
»t full voitag« was about 2,500 K.   The light intensity was controUed by a Varlac which unfor- 
tUnU«ly changed not only th« intensity but also th« color temperature of the light, aa pointed out 
w Sactlon 2.1.5. 

jr« Synchronlaar-   According to th« original plan, th« «quipm«nt would be fully automatic 
'rom id seconds b«for« burst until s«v«ral minutes later.   The photoheads,.ths Hsiland recorder, 
«• ««quence camera, and the two scop« cameras would all b« tlm«d and op«rat«d by th« synchron- 
««a aotor and the various relays and clrcuita in th« synchroniasr.   Ths synchronizsr wa« conse- 
Vwntly a rather elaborate instrumsnt.   R will not b« dsscrlbsd in d«taü because most of its auto- 
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ouktic ftaturt« wtr« not In uit during tto later teits In UM MrlfS, when the more lucceasful 
mtaaurtmtnta wert being made. 

However, the «jmchronoue motor In the eynchronlxer waa alwaya ut«d when the aequence 
camera waa operated.   The 400-cycle motor waa geared down to turn an output ahaft at one ro- 
tation per eecond.   On the «haft waa a cam which cloaed a normally-open mlcroawltch for an 
interval of about SO maec once a eecond.   The microawitch activated a relay which cloaed a 
heavier ewitch to give a 50«maec current pulse for the operation of the sequence camera.   The 
camera consequently took pictures at one frame per second, but In order to keep the switching 
currents from interfering with other portions of the equipment, particularly the fiducial systems, 
the camera was not started until Just after the burst. 

Certain other parts of the synchroniser were also used In addition to the synchronous motor. 
For example, the switch for activating the relay In each photoheid circuit was located on the sya. 
chronlxer.   Also, the *• 150 volt supply came from a circuit in the synchroniser which gave a sep. 
irately regulated > ISO volt output, using aa Input the voltage from the + 230 volt power supply. 

2.2.7 Cameraa.   The sequence camera, which was uaed to photograph the burst and the nuclev 
cloud and to make a photographic record of the ambient light conditions, was a Beattie Model 0 
unit with a SO-mm focal length and an f/l.S lens.   The camera was modified for 400-cycle opera, 
tlon, had magaxlnea capable of holding 100-foot rolls of 35-mm film, and was instrumented to 
operate at one frame per second.   Tri-X film was used. 

Photographed simultaneously with the main picture waa a format which appeared at the corner 
of each frame.   The format Included a counter to Identify each frame by number, and a clock to 
record the time at which the picture was taken.   Usually the code name of the shot waa alao In- 
cluded In the format. 

Each of the two cameraa photographing the cathode-ray tubes of the oscilloscopes was a modi- 
fied IXMont 302 scope camera with an 1/1.9 lens and with a modified Beattie 70-mm film maga- 
zine.   Becauae the magazines gave considerable trouble, their use waa discontinued after the 
fifth shot and Polaroid film holders were substituted.   There was space on one end of each Pola- 
roid frame for a small amount of written data Identifying the picture. 

2.2.8 Flltera.   Two kinds of filters were used.   For the sequence camera, neutral density 
(liters were provided to cut down the amount of light reaching the film.  These filters cut down 
the light evenly over the visible wave length region to which the camera and film were respon- 
sive.   The rendition of the scsne on the (Um waa not nc.lceably affected by the filters. 

Neutral density flltera were provided In three different values:  2.0, which transmits 1 per- 
cent of the available light, absorbs 99 percent; 1.0, which transmits 10 percent, absorbs 90 
percent; and 0.S0, which transmits 32 percent, absorbs 68 percent. 

In addition to the neutral density filters (or the sequence camera, other filters were provided 
for the photoheads, to cut down the amount of thermal radii tlon reaching the phototubes.   Then 
filters were simply metal screens with holes that let the llfjit through.  Two sizes were providid 
one transmitting 10 percent and the other transmitting 1 percent of the Incident radiation. 

2.2.9 Light Meter.   A Weston Mastsr II exposure meter waa uaed In some of the photohead 
calibration measurements described In Section 2.1.S.   The meter scale readings were in camüM 
per square foot.   However, the meter readings needed to be reinterpreted,   in the photohead 
calibration measurements, the light meter waa used to measure Incident light from a small 
source, the photoflood bulb, whereas the meter scales were made to read correctly for light 
reflected from an extended field. 

The exposure meter, when directed toward an Illuminated surface, gives a reading for the 
brightness of the surface In candles per square foot   One candle Is a source radiating a flux of 
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out lumen ptr »ttradlan (unit folid angle).   Tht lumen Is a mtaiurt of radiant Qux, a« weighted 
by the spectral sensitivity curve of the eye.   One watt of radiant flux at 5,500 A Is equivalent to 
610 lumens; one watt of radiant flux at any other wave length, k, Is less than 680 lumens by the 
luminosity factor at the wave length \, given In Figure 1.12. 

It can be seen from a comparison of Figure 1.12 and Figure 1.13 that the exposure meter, 
unless used with a special filter, does not follow the same response curve as the eye.   In partic- 
ular, It is sensitive to ultraviolet (and to some Infrared) wave lengths outside the eye's sensi- 
urity.   For example, the exposure meter will give a nonvmnishing reading in candles per square 
foot when eaposed to ultraviolet light of 3,500 A, even though that wave length has no luminous 
power since it is outside the luminosity curve.   The exposure meter readings needed to be cor- 
rected and interpreted on the basis of the sensitivity curve in Figure 1.13, with 5,500 k used as 
the reference point for the correction. 

For light of 5,500 A, the expoeure meter will give a reading which can be converted from pho- 
tometric units to radiometric units, from lumens to watts.   A surface of area S, in square feet, 
with a luminance (or brightness) of B, in candles per square foot, viewed from a distance D, in 
feet, will give an illuminance of SB/D1 in lumens per square foot at the point of observation. The 
exposure meter is ordinarily used to view a surface which is larger than the solid angle of ac- 
ceptance, ß.   The area, S, from which illumination is received, is then equal to D'fl, and the 
Illuminance reduces to Eft, in lumens per square foot, where B is brightness in candles per 
square foot and O is solid angle in stsradlana. 

The Weston exposure meter has two scales.   There is a baffle which can be closed to reduce 
the amount of light reaching the photosensitive surface.   The baffle is a disk with 46 small holes, 
and acts partly by reducing the acceptance angle, ft, and partly by blocking some of the light in 
the narrowed field of view.   With the baffle open, the meter has a 60-degree field of view and an 
acceptance solid angle, ft, of about one steradian; the lower scale is used, with its 'na«<'m"« 
scale reading of 50 candles/ft].   With the baffle closed, the field of view Is about 30 degrees and 
the solid angle, ft, la about V4 steradian; the upper scale is used, with 1,600 candles/ft2 as its 
maximum reading. 

Since ft is equal to one for the lower scale (baffle open), the brightness reading; B, is also 
a reading of illumination In lumens per square foot at the position of the meter, because of 
sources contained within the 60-degree field of view.   The exposure meter can then be used di- 
rectly as an incident light meter to measure the Illumination from any source, such as the photo- 
flood bulb discussed in Section 2.1.6, provided that the bulb is contained within the 60-degree 
field of view and that no other Important light source is In the same angular field.   For the upper 
scale (baffle closed), ft is equal to !/4, and therefore the Illuminance is B/4, one fourth of the 
scale reading.   When the exposure meter Is used with its upper scale for incident light measure- 
ments, the scale readings should be divided by four, to give Illuminance in lumens per square 
foot. 

Measurements of illuminance in lumens per square foot, for a wave length of 5,500 A, can 
be converted to irradiance in watts per square meter through multiplication by the factor 
0.01583.   If the measurement refers to a wave length other than 5,500 A, a further factor is 
necessary.   The additional factor Is the reciprocal of the relative sensitivity of the instrument 
ussd for the measurement of illuminance.   For example, at 3,500 A the sensitivity of the ex- 
posure^ meter is shown in Figure 1.13 to be about 0.28, referred to a sensitivity of unity at 
5,500 A.   The reciprocal of 0.28 is 3.6.   Ultraviolet light of 3,500 A which gave an illuminance 
measured by the meter as E lumens per square foot would have an irradiance in watts per 
square meter which was the product of E and 0.01583 and 3.6, or 0.057E watts/meter2. 

As ussd with the photohead test box, ths light mster readings on the two scales were found 
to match after a correction factor was applied to ths readings on ons of ths scales. However, 
the correction factor was found to be two rather than four, indicating that the bulb in the test 

77 



box wai not acting M a true point tourct.   Most probably thla could be attributed to Incomplete 
light absorption by the black paint on the Inside of the cylindrical tube.   This caused a portion 
of the light striking the Inside tube surface to be reflected and to reach the exposure meter from 
directions outside the 30-degree field of view for the upper scale, but Inside the 60-degree field 
of view for the lower scale.   (See Section 3.3.9.) 

2.3   DATA REQUIREMENTS 

The required data can be considered from two standpoints. In form, the data consisted of 
scope photographs, Heiland records, and sequence camera pictures. In addition to the meter 
readings and general Identification Information written on the data sheets. 

From a functional standpoint, Uie burst data, directly recorded on the equipment In response 
to the different forms of radiation from the nuclear detonation, was supplemented by auxiliary 
data needed for calibration and interpretation of the burst data and for evaluation of the per- 
formance of the equipment. 

2.3.1 Electromagnetic Signal. Scope pictures of the electromagnetic pulse from the burst 
were bracketed by scope pictures used for calibration. The calibration signals were of three 
kinds. 

1. There was an Internally generated calibration signal In each oscilloscope.   This was a 
square wave whose amplitude covered the full scale of the graduations on the scope face when 
the scope amplifier was correctly adjusted.   The vertical semitivity of the scope presentatlor 
was then equal to the Indicated value set into the dials on the «cope.   When the amplitude of tne 
square wave differed from full scale, the ratio of full scale tc square wave amplitude was then 
a correction factor to be applied to the dial settings to give the actual vertical sensitivity of the 
scope. 

2. A sine wave from the Heathklt oscillator was fed directly to the oscilloscope, to give an 
Independent calibration measurement of the vertical sensitivity of the scope and to give an os- 
cillatory signal for the calibrated measurement of the oscilloscope sweep length. 

3. A sine wave from the Heathklt, set at a much lower amplitude, was fed to the Input of 
the fiducial amplifier, whose output led to the oscilloscope.   Together with Item 2 above, this 
gave a measurement of the gain of the fiducial amplifier at the frequency of the Heathklt signal, 
which was usually set at 12 kc or lä kc.   It also gave a second scope picture for use In deter- 
mining the sweep length, which sometimes was significantly different from the dial setting on 
the oscilloscope. 

Both slow and fast sweeps were used, to show both the succession of sky waves and the de- 
tailed structure of the ground wave and the separate sky waves.   In many of the fast-sweep pic- 
tures, however, the detailed structure was distorted by saturation in the fiducial amplifier, a 
result of the strong signals from the burst and the relatively short ranges between burst and 
aircraft. 

For reduction and Interpretation of the electromagnetic data, certain general Information 
was needed concerning the shots, such as the time of burst, from which an estimate of Iono- 
sphere height could be made, and the range from burst to aircraft, which was provided by the 
central radar net controlling all participating aircraft during Operation Redwing. 

The method of reduction used for the electromagnetic data Is Illustrated in detail In Chapter 
3, in the sections dealing with the signal received from Shot Tewa. 

2.3.2 Thermal Radiation.   The Heiland records of the photohead outputs were the direct data 
from the burst.   Calibration of the time scale was provided Internally by the 0.01-sec markers 
recorded at the edge of the paper tape, to one side of the traces for the two photoheads. 

For calibration of the Heiland deflection sensitivity, a measured current of about 69 M» was 
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(«d Into the flvt IMUnd chanmlf, connected In parallel so that 13.8 ^a paased through each 
cjunntl.  A strip of the Heiland paper tape was run, before or after the ehot, to record the de- 
flection produced by the calibration current. 

However, the Heiland calibration checked only now close the Heiland was to Iti rated eenel- 
tinty of 20 /ia/ln.   It was a calibration required for determining the photohead output current 
from the Heiland deflection.   A different kind of calibration was needed to permit the translation 
of photohead output current values Into values of phototube current or values of Incident radiation. 
Photohead calibration measurements were made on the ground with the use of the photohead test 
box and the Westen exposure meter.   Later measurements of the response of the photohead cir- 
cuit were made In the laboratory after the conclusion of Operation Redwing. 

General Information needed for interpretation of the Heiland data included such meteorological 
details as the description of the altitudes and densities of any layers of clouds located in the re- 
gion between the detonation and the aircraft.   For daylight shots, a measurement of ambient light, 
by means of the microammeter in each photohead, aided in data reduction.   It was also important 
that the two Heiland channels ueed for the photohead outputs be clearly distinguished by a dis- 
placement In their zero settings so that no question could arise as to which trace referred to the 
1P39 phototube and which to the 6570.   The usual practice was to place the 1P39 trace above, and 
to place the 6570 trace below, nearer the edge of the Heiland paper strip.   When a filter was used 
with either photohead, its value was noted on the data sheet. 

As an aid in evaluating the performance of the equipment in the presence of ambient light, 
Heiland records were taken of the light from sunlit clouds.   The same kind of direct and calibra- 
tion data was needed for cloud measurements as for burst measurements. 

2.3.3 Sequence Photographs.   The sequence camera was used to photograph the burst and the 
nuclear cloud.   It was also used for a photographic record of the intervening cloud layers between 
the burst and the aircraft and of the cloud formations studied during the measurements of ambient 
light variations resulting from sunlit clouds. 

In all these applications, it was important that some means of synchronization be established 
between the groups of frames on the sequence film and the corresponding portions of the Heiland 
recorder tape.   The sequence camera included a format with a counter, so that the counter num- 
ber was photographed on each frame and changed by one unit from each frame to the next.   On 
the data sheet a notation was made of the hour at which each group of frames, identified by coun- 
ter number, was run off, and the same identification by counter number was written on the back 
of the Heiland paper tape after each interval of synchronized operation of sequence camera and 
Heiland recorder.   This identification procedure was especially important for the cloud measure- 
ments. 

The lens openings used with the sequence camera, in different applications, were Included in 
the data recorded on the data sheets. Whenever a filter was used, the filter value was also re- 
corded. 



Chopttrd 

RESULTS ond DISCUSS/ON 
The results obtained during Operation Redwing have been grouped under three headings: electro» 
magnetic results, photohead results, and sequence camera results.   For convenience, the dis- 
cussion of these results has been included with their presentation. As preface, an operational 
synopsis has been prepared in tabular form. 

3.1 OPERATIONAL SYNOPSIS 

The operational procedure used in Operation Redwing was discussed at the beginning of Chap- 
ter 2. A description was given there of the changes which were made in the method of operation 
as experience was gained on the first few test shots. 

Table 3.1 summarizes the tests in which Project 6.4 participated and shows that increasingly 
valuable data was obtained on the later tests as the equipment and the operating procedures were 
improved. 

3.2 ELECTROMAGNETIC RESULTS 

Because of the amplifier saturation discussed in "Fiducial Amplifiers", Chapter 2, many of 
the recorded electromagnetic pulses were badly distorted in wave shape, making it difficult to 
draw quantitative conclusions from them.   However, during Shot Tewa a very slow sweep was 
used on the oscilloscope, and a number of sky waves appeared, most of which had amplitudes 
small enough to avoid saturation in the fiducial amplifier.   From the detailed analysis of these 
sky waves, a considerable amount of information was obtained, making it easier to understand 
and interpret the electromagnetic signals from the other shots. 

3.2.1 Shot Tewa.   During Shot Tewa, the sixteenth of the seventeen Redwing test shots, 
the aircraft was 96 naut mi (178 km) south of the detonation, at the 18,000-foot altitude which 
was usual for the flights.   The signals received on the two fiducial antennas were both shown In 
the dual-beam oscilloscope. Type 333.   The amplified signal from the smaller fiducial antenna, 
mounted Inside the aircraft on the window rack, was displayed on Channel A, while Channel B 
displayed the signal from the larger antenna, mounted outside the aircraft skin. 

Figure 3.1 (left portion) is a photograph showing the signals received on the two fiducial an- 
tennas and displayed on the dual-beam oscilloscope; Figure 3.1 (right portion) Is a tracing made 
from the photograph.   Before the shot, Channel A was positioned about two small divisions above 
the center line, and Channel B was positioned below the center.   The sweep was so slow that 
about six sky waves, in addition to the ground wave, can be identified on the sweep.   The first 
part of the sweep, containing ground wave and first sky wave, shows very strongly the effects 
of amplifier saturation.   The saturation Is gone by the second sky wave, whose pulse shape can 
therefore be studied In detail and compared directly with the form of pulse expected from a loop 
antenna.   The periods, the separations, and the amplitudes of the sky waves and ground wave 
can all be used as sources of information, as will be demonstrated in the following sections. 

Oscilloscope Calibration.   The oscilloscope was adjusted to a nominal vertical sen- 
sitivity of 100 volts full scale, or 25 volts per large division, on both channels.   However, cali- 
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bratlon picture! taken of the oicllloicope display before and after the shot showed that the deflec- 
tion voltages were low.   The calibration pictures showed that the sensitivity was actually about 
140 volts full scale, or 35 volts per large division. 

The sweep length was set at a nominal value of 4,000 fxsec full scale, 1,000 ^sec per large 
division.   Calibration measurements, discussed In "Oscilloscopes", "Audio Generator", and 
Section 2.3.1, Chapter 2, showed the sweep circuits to be slow, so that the sweep time per large 
division was 1,100 Msec for Channel A and somewhat less for Channel B. 

There was some distortion in the presentation on Channel B.   This particular dual-beam os- 
cilloscope was one of the first of its model and was not entirely free of distortion in its electron 
optics.   In the calibration picture for Channel B, the calibration trace was not in the part of the 
oscilloscope face that was used for the Channel B signal trace in Figure 3.1.   Consequently, the 
precision of the Channel B sweep calibration is open to question.   From the calibration picture 
a sweep time of 1,090 /isec/dlv was inferred.   However, certain internal evidence in the Shot 
Tewa photograph suggested that the sweep time was nearer to 1,070 usec/dlv.   A still closer 
examination of the Shot Tewa data suggested that the Channel B sweep time was between 1,070 
and 1,080 ^sec/div in the center of the oscilloscope with an added distortion near the corners 
of the presentation. 

For the reduction of the Channel B data, the value 1,090 ^sec/div has been used in tables and 
figures, but the consequences of a different calibration value for the Channel B sweep have been 
mentioned at several points in the text. 

Pulse Shape,   Period,   and Yield.   The second sky wave on Channel B in Figure 3.1 
is relatively small in amplitude and is not affected by saturation in the fiducial amplifier.   At the 
same time, it is large enough on the oscilloscope to permit a fairly detailed study of its pulse 
shape.   The Polaroid print from which Figure 3.1 was made contains somewhat more detail than 
is shown in the reproduction.   An area including the second sky wave or. Channel B was enlarged 
photographically.   Figure 3.2 (left portion) is a drawing made from the enlargement, with the 
help of the orig^al print. 

Figure 3.2 (left portion) is thus the pulse shape of the second sky wave as received on a loop 
antenna.   It resembles very closely the pulse shape at the right of Curve B of Figure 1.2, the 
time derivative of the first sky wave as received by a vertical whip antenna from a shot in an 
earlier series of tests.   Figure 3.2 (right portion) has been computed from Figure 3.2 (left por- 
tion) by numerical integration, and can be compared directly with the pulse shape received on a 
vertical whip antenna.   It resembles the right-hand part of Curve A of Figure 1.2. 

From the (corrected) time scale shown in Figure 3.2 (left portion), it can be seen that the 
period of the oscillation is about 94 jiaec.   The pulse shape is not a simple sinusoidal curve, so 
that a precise period cannot be defined, but a measurement of the time interval between the first 
and third peaks gives about 94 ßMtc, and a measurement of the time interval between the second 
and fourth peaks also gives about 94 ^sec.   Figure 1.3 associates a yield of about 4.0 Mt with a 
pulse period of about 94 jisec. 

The time .icale in Figure 3.2 is based on the sweep calibration value of 1,090 fisec/div.   If 
the value of 1,070 ßaec/div had been used, the measured period of the oscillation would have been 
a little more than 91 Msec, and the yield inferred from Figure 1.3 would have been about 3.7 Mt. 

The official yield for Shot Tewa was 5.0 Mt.   The two yield estimates given above are low by 
20 percent and 26 percent, respectively. 

A period of 94 M«ec corresponds to a frequency of 10.6 kc, which is within the frequency band 
for which the fiducial antenna and amplifier are considered to act as a differentiating system, as 
shown in Figure 2.15 (right portion) and discussed in "Fiducial Amplifiers"^ Chapter 2.   The 
close resemblance between the pulse shapes of Figure 3.2 and the pulse shapes on the right-hand 
side of Figure 1.2 is verification that the ferrite-core magnetic loop antenna, with its amplifier, 
does give a pulse shape which is approximately the first derivative of the pulse shape received 
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I-1 vertical whip antenna responding to the electric field of the electromagnetic wave from the 
burft. 

polarity.   On Channel B the characteristic pulee shape la a pair of negative deflections 
uprated by a positive deflection and followed by a small positive overshoot and sometimes by 
further oscillations of small amplitude.   On Channel A the same characteristic pulse shape ap- 
pears, but the polarity is reversed and the Initial deflection is positive rather than negative.  The 
polarltlts as shown in Figures 3.1 and 3.2 agree with the polarities described in "Polarity and 
Wave Form", Chapter 2, and establish that the phase shift for ionospheric reflection was not far 
from zero for the Shot Tewa measurements, whereas the phase shift was closer to 180 degrees 
(or the first sky wave in the Operation Teapot measurements mentioned In "Electromagnetic Wave 
Form", Chapter 1. 

Ground Reflection.    In the wave form of Figure 3.2 (left portion) there Is an indentation 
on the left side of the second peak, roughly 30 to 40 n§tc after the first peak.   The indentation 
can be interpreted as the result of reflection by the ground beneath the aircraft. 

With the aircraft at 18,000 feet, the second sky wave received directly from the ionosphere is 
followed after a brief time Interval by the ground reflection of the same sky wave. For the con- 
ditions of Shot Tewa measurements, the time interval was computed to be 32.4 usec for the 
second sky wave. Table 3.4, which is given later, includes the computed time Intervals between 
direct and ground-reflected paths for the first six Shot Tewa sky waves. Indentations similar to 
those of Figure 3.2 can be found on other sky waves on both channels In the Shot Tewa photograph. 

It is the narrow first peak of the ground-reflected wave which is added to the broader second 
peak of the direct sky wave to produce the indentation.   The broader second and third peaks of 
the ground-reflected wave are also added, but they are not so easily distinguished since they com- 
bine with equally broad peaks of the direct sky wave and produce only a resultant change of phase 
and amplitude. 

The wave form of Figure 3.2 (left portion) would have been more complex if the ground-reflected 
wave had been equal in amplitude to t> direct sky wave, as it should have been If the aircraft were 
flying over the open ocean.   However, the aircraft was actually over Wotho Atoll, and the land 
areas may have reduced the amplitude of the ground-reflected wave.   In addition, the angle of 
Incidence was about 28 degrees from the vertical direction, so that the path of the direct sky wave 
was 62 degrees above the horizontal, while the path of the ground-reflected wave was 62 degrees 
below the horizontal.   There might have been a difference in the antenna reception from tho.e 
two directions, caused perhaps by field distortions around the aircraft.   A difference In antenna 
reception would have had the same effect as a difference in signal amplitude and could have con- 
tributed to the observed amplitude difference between the direct sky wave and the ground-reflected 
wave that accompanied it. 

There can be reflection from the ground belcw the aircraft, as described above, but there can 
also be reflection from the ground in the nelghoorhood of the source of the electromagnetic radia- 
tion, the nuclear detonation.   The character of the wave form emitted upward from the detonation 
should then depend on the altitude of the b\rst and the resulting time Interval between the pulse 
from the burst and the pulse reflected from the ground below the burst. 

The Shot Tewa detonation was on a barge, but there have been other detonations that were po- 
sitioned at various altitudes.   The examination of wave forms from these higher-altitude detona- 
tions reaching a receiver over sky-wave paths should show whether the direct sky wave can be 
distinguished from the wave reflected from the ground beneath the burst.   If It were possible to 
measure the time delay between these two waves, that measurement could be used to determine 
the altitude of the burst.   In case the burst and the receiver were both at a high altitude, there 
would be four alternate paths for each sky wave and the resulting wave forms might be difficult 
to analyze. 

In principle, with a broad-band receiving system, it should be possible to use as reference 
points the spikes which are often included in the radiated pulse from a high-yield detonation. 
(See Reference 1.)   The duration of a spike is of the order of a few usec or-ltss, and the fre- 
quencies Involved are accordingly relatively high, most of the energy being concentrated in 

85 



frequencle« above 100 kc.   Th* fiducial syr   m used In Project 6.4 wu atrongly attenuating (or 
euch (requenclea. a« shown in Figure 2.15    ight portion).   Conaequently, any spike« which may 
have been present In the electromagnetic wave were eliminated from the signal which reached 
the oscilloscope. 

Saturation.   In Section 2.2.3, the saturation in the fiducial amplifier wa« diacuaaed.  The 
effects described there are illustrated In the left-hand portions of the two traces in Figure 3.1. 
The trace on Channel B shows clearly the effect of grid current at the second stage of amplifi- 
cation. 

The grid current drawn by the first large pmse charged the grid condenser and established 
a displaced grid bias on the tube and a displaced zero point on the output of the tube.   Succeed- 
ing pulses produced deflections away from the displaced zero, but the tube was then nearly cut 
off and its amplification characteristic was, therefore, very unsymmetrlcal.   The deflections 
were quite one-sided during the several hundred jxiec needed for the grid condenser to discharge. 

In Figure 3.3 the first portions of the two Shot Tewa traces have been drawn in detail.   K 
partial reconstruction of the peaks clipped off by saturation has been made, to show that the 
characteristic loop antenna pulse shape (a triple peak plus overshoot) was applicable to the 
ground wave and first sky wave aa well as to the later sky waves.   The amplitudes of the deflec- 
tions, especially the ground wave amplitudes, may have been considerably different from those 
indicated in the figure.   A rough estimate of the ground wave amplitude is made under "Ampli- 
tude Comparison", a later section of this chapter. 

The late«- sky waves appeared to be largely unaffected by saturation, but there may have been 
certain residual effects.   Figure 3.1 shows that the two traces were slightly lower for times be- 
tween 1,000 and 2,000 Msec than they were for times between 2,000 and 4,000 iiaec.   This dis- 
placement could perhaps have been associated with the charging of the third 1,000-^if condenser 
In the fiducial amplifier (Figure 2.14) by grid current in the cathode follower, drawn during the 
high-voltage peaks of the ground wave and first sky wave. 

An additional possibility is that the grid current drawn during the high signal peaks might 
have affected the performance of the tubes themselves, perhaps changing the gain of the circuit. 
F9r a precise quantitative interpretation of the amplitudes of the various sky waves in Figure 
3.1, a thorough study of the performance of the fiducial amplifier under overload conditions 
would be desirable.   Without such a study the analysis of comparative amplitudes, as carried 
out under "Amplitude Comparison", should be considered very tentative.   On tne other hand, 
amplifier saturation could have little effect on the time interval measurements discussed im- 
mediately below. 

Timing of Sky Waves.    The time intervals between the sky waves were determined 
from the traces shown in Figure 3.1.   They are listed in Table 3.2.   A careful measurement of 
the intervals was made.   Because of scope distortions and doubts concerning the calibrations, 
some of these measurement do not really carry the precision that is implied in the tables and 
graphs.   However, the tables and graphs illustrate the procedure that could be used with data 
from more elaborate instrumentation.   Time measurements can, in principle, be made with 
very high precision. 

As a reference point on each sky wave, for measuring its separation from the ground wave, 
the first peak of the characteristic ihree-peak pattern was used.   A small error may have arista 
here because the later sky waves did not rise as sharply to the first peak as did the ground wart, 
but an attempt to measure from the initial rise would also have given errors for the laier sky 
waves, because the initial rise was often partially submerged in noise.   The distances between 
the various waves and the second heavy scale marker on the scope face were measured on the 
original Polaroid print with the aid of a microscope.   The direct measurements in inches were 
listed in the second column of Table 3.2.   In the third column of the table the distances were re- 
ferred to the ground wave as the zero point. 

Measurements on the original photograph showed the heavy vertical lines.on the oscilloscope 
grid to be separated by 0.410 inch, which is thus the length of one large time division in inches. 
The separations in the third column were converted to the time intervals in the fourth column 
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through dlvlilon by 0.410 Inch and multiplication by the calibration (actor, in Msec per diviglon, 
that haa been diacuaaed above; that la, 1,100 «xaec/div for Channel A, and 1,090 MMC/CUV (or 
Channel B. 

From «ach tin» interval in the fourth column of Table 3.2 it la poaalble to calculate a value 
of the range from burat to receiver if the height of the ionoaphere la known.   If the height, H, 
la not known but la aaaumed to have a given value, H„ then the calculated range will depend on 
Ht and on the number,  n, characterizing the aky wave uaed for the calculation.   A plot of cal- 
culated range agalnat time Interval will be a horizontal atraight line at the actual range, DQ, if 
the aaaumed ionoaphere height Ht happen« to equal the actual height, HQ.   If not, the plot will 
«till be a atraight line (unleaa the aaaumed altitude la very wrong and the range la very great), 
but the line will have a nonvanlahing alope. 

The laat three column« of Table 3.2 «how calculated ranges, for aaeumed ionosphere height« 
of 90, 80, and 70 km, a« read from the dashed curves of Figure 1.5.   As pointed out in " Timing 

TABLE 32 REDUCTION Or TIME INTERVAL DATA FROM SHOT TEWA OSCILLOSCOPE 
PHOTOGRAPH 

Distance from 
Second Scale Marker 

Distance from 
Ground Wave Time 

Rang« 
H -90 km H - 80 km H - 70 km 

In in it see naut ml naut ml naut ml 
Channel A 

Ground Wave -0.1S3 0.000 0 — — — 
First Sky Wave -0.06» 0.084 228 107 79.8 54.8 
Second Sky Wave ♦ 0404 0.287 690 108.8 735 42 
Third Sky Wave > 0.297 0.480 1.207 118 72 30.8 
Fourth Sty Wave ♦ 0500 0.683 1.780 121.8 65 1« 
Fifth Sky Wave + 0.716 0.P69 2,330 120 54 -3 

Channel B 

Ground Wave -0.180 0.000 0 — — — 
First Sky Wave -0.08« 0.092 248 98 70 4« 
Second Sky Wave + 0087 0.267 710 102.8 68 38 
Third Sky Wave + 0.288 0.468 1.23« 108 64 28 
Fourth Sky Wave + 0.498 0678 1.800 no 588 7 
Fifth Sky Wave + 0.7U 0.891 2.370 112 47.8 -9 
Sixth Sky Wave + 0.918 1.098 2,910 ^^ ^m ^mm 

of Sky Waves", Chapter 1, the use of the dashed curves Implies that the time measurement re- 
fers to the sky wave which wa« traveling downward toward the aircraft, not to the companion 
sky wave traveling upward after one additional reflection from the earth.   The ground-reflected 
wave did not arrive at the aircraft until after the first peak of the direct sky wave had been re- 
ceived.   Since the time meaaurement« were baaed on the location of the first peak of each aky 
wave, the ground-reflected wave could have had no effect on the time measurements. 

In Figure 3.4 (left portion) the calculated range« for Channel A are plotted, with the time in- 
terval as abscissa and the range as ordinate.   For each of the three assumed ionosphere height« 
there are five points lying roughly along a straight line.   Three straight lines have been drawn 
intersecting at a point with the ordinate value of 96 naut mi, which was the range measured by 
the radar control center at the time of Shot Tewa.   If the time intervals had b^en measured with 
an instrument of greater precision in time, such as a scope presentation with „ime markers and 
a raster scan or a gradually spiraling circular sweep, then the points themselves could have be«« 
used to determine the positions of the three straight lines, and the range could have been obtained 
from the point of their intersection. 

For ranges that are short enough, so that the curvature of the earth does-not play an important 
role, the point of intersection of the straight lines lies along the focus line shown in the figure. 
This is a line whose slope equals minus one half the velocity of light.   In the unite of Figure 3.4, 
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the vtlocity of light equali 0.162 naut inl/»i»«c, and th« slop« of the focus line Is thsrefort equal 
to-0.081 naut ml/MS«c. 

The focus lint can be located mafhematlcally by the condition In Equation 3.1. 

(n.) . o (3.i) 
VdH/x-constant 

Where:  X and Y > abscissa and ordinate in Figure 3.4 
H ■ assumed height of the Ionosphere 

The equation locating the specific points on the Intersecting lines Is: 

cX -VY1 >(2nH),-Y (3.2) 

provided that the curvature of the earth can be neglected.   The velocity of light Is written as c, 
and n is the number labeling the particular sky wave associated with each point along the line. 
If the actual Ionosphere height, H > HQ, IS used, then the line Is horizontal and Y equals the 
actual range, D0.   In that case, 

cX -VDo* *(2nH0)2-D0 (3.3) 

Equations 3.2 and 3.3 can be combined to eliminate n: 

-(IH uv ;^6 <3•,l 
This Is the equation of a family of straight lines whose Intersection, defined by Equation 3.1, 
is located by: 

cX - -2D0 (3.5) 

If D0 Is now considered the ordinate and allowed to vary, then Equation 3.5 becomes the equation 
of the focus line, as described above, with slope equal to -c/2. 

There is an additional line shown In Figure 3.4 (left portion) with twice the slope of the focus 
line.   Along the dashed horizontal line representing the actual ionosphere height this additional 
line, which locates the burst time, Is displaced from the vertical line locating the ground wave 
by an Interval in Msec equal to the time between the burst and the arrival of the ground wave at 
the receiver. 

The three lines In Figure 3.4 (left portion) corresponding to the three selected ionosphere 
heights belong to the family of lines contained in Equation 3.4, as does the horizontal line that 
would have been obtained if the actual height, HQ , had been used.   Equation 3.4 shows the slope 
to be a linear function of H*.   Plotting H2 against the slope should give a straight line from which 
the Ionosphere height for zero slope can be found by interpolation.   In Figure 3.5 the circles rep- 
resent the slopes obtained from Figure 3.4 (left portion), and the point of zero slope comes at 
H' - 7,400 km1, or H « 86 km.   That is, 86 km is the ionosphere height which can be inferred 
from the Shot Tewa data on Channel A and the corresponding calibration data. 

In Table 3.2 there Is a second set of ranges, which was calculated from the data on Channel 
B, by the same procedure used with Channel A.   The ranges for Channel B have been plotted as 
small squares on Figure 3.4 (right portion), and three straight lines have been drawn through 
the points, as they were on Figure 3.4 (left portion), intersecting on the focus line at the 96 naut 
mi range.   The slopes of the three lines are plotted as small squares on Figure 3.4, and the in- 
terpolated value of the ionosphere height is found to be 87.5 km. 

In Table 3.2 the sweep calibration used for Channel B was 1,090 M«ec/div.   If 1,070 M«ec/div 
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lad been used Instead, the point« on Figure 3.4 (right portion) would have been diaplaced upward, 
changing the flopee of the three line« and bringing them very close to the position« of the line« 
in Figure 3.4 (left portion).   In Figure 3.5 the small squares would have been displaced toward 
me small circles, and the interpolated value for the ionosphere height would have been 86.2 km. 

It should be noted that the points in Figure 3.4 (right portion) do not fall as closely to the 
itrtight lines aa they did in Figure 3.4 (left portion).   The first few sky waves give points that 
are too low, and no improvement is found when 1,070 Maec/dlv is used as the sweep calibration 
instead of 1,090 Msec/div.   The points are displaced but they do not move any closer to a straight 
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Figure 3.5 The square of the assumed ionosphere height plotted 
against the slopes of the straight lines in Figure 3.4. 

line.   It seems necessary to attribute the curvature of their positions to a distortion in the elec- 
tron optics of Channel B, particularly at the edges of the scope face.   A change, for instance, 
of 0.005 inch in the position of the ground wave on the scope face would mean a substantial 
straightening of the rows of points. 

Amplitude Comparison.   In the Shot Tewa photograph, Figure 3.1, it can be seen that 
the characteristic wave form was changing somewhat from one sky wave to the next.   The sharp 
initial peak tended to lose its sharpness and to be attenuated more rapidly by successive reflec- 
tions than the second and third peaks of the wave form.   An explanation can be found In Figures 
1.6 and 1.7. 

The curves of Figure 1.6, considered together with Table 1.1, ihow that reflection from the 
ionosphere is accompanied by absorption that is greatest for the high-frequency portions of the 
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•ptctrum o£ tht pulM.   That ia, tht ab^rption la greatest for the »ptctral region! rtfpoMibl« 
(or the relatively «harp initial peak of the wave form.   The phaae shift given by tht curves of 
Figure 1.7 also ha« ita effect on the wave form of auccesaive iky wavei, tending to reduce the 
initial peak and to add •mall oaciUatlona at the end of the pulae. 

In addition. It fbould be noted that fuccefiive sky waves were radiated upward from the source 
at angles increasingly cloaer to the vertical, and that the original radiated wave form may have 
depended somewhat on the direction from which the radiating electrical currents were viewed. 
Also, the steeper angles for the later sky waves meant that the delay time between the direct sky 
wave and the ground-reflected wave was a little different from one sky wave to the next, affect- 
ing the resultant wave form. 

The changing wave form made it difficult to compare amplitudes of the different sky waves. 
As a reference voltage which seemed least affected by the wave form changes, the average of 

TABLE 3 3    REDUCTION OF AMPLITUDE DATA FROM SHOT TEWA PHOTOGRAPH 

Voltage Center to Peak. Transformed Into an 
DeflecUon Average Equivalent Ground Wave at 100 km. (or Various 

Second Peak 
to Third Peak 

DeflecUon 
Center to Peak 

lonoaphere Reflection Curves 
Curve a Curve b Curve c !   Curve d Curve e Curve ( 

Inches volts volts volts volts volts volts volts 
Channel A 

Ground Wave — — — — — — — — 
First Sky Wave — — — — — — — — 
Second Sky Wave 0 069 3 86 41 46 5« 70 11« 209 
Third Sky Wave 0 022 123 29 33 49 62 128 280 
Fourth Sky Wave 0010 0.M 2S 30 44 68 189 473 
Fifth Sky Wave 0 004 0 22 17 21 34 58 17« 630 

Channel B 

Ground Wave — — — — — — — — 
First Sky Wave — — — — — — — — 
Second Sky Wave 0 189 10.57 112 125 193 192 317 561 
Third Sky Wave 0 066 369 86 100 138 186 37« 840 
Fourth Sky Wsve 0 031 173 76 93 136 209 522 1.483 
Filth Sky Wave 0 Oil 062 47 59 99 163 497 1.778 
Sixth Sky Wave 0 005 028 34 45 79 180 562 2.974 

the second and third peaks waa chosen.   The vertical displacement of the trace from the second 
peak to the third peak waa measured on the scope photograph and is recorded in the second column 
of Table 3.3, for each sky wave not badly distorted by amplifier saturation.   The measured dis- 
placement was divided by two to give the average of the two peaks, was then divided by the height 
of one large vertical division. 0.313 inch, and was multiplied by the scope sensitivity, 35 volts/ 
div.   The resulting voltage values are given In the third column of Table 3.3.   (The other columni 
of Table 3.3 will be explained below.) 

A reconstruction of the ground wave amplitude from the measured sky wave amplitudes was 
considered desirable.   In preparation (or this reconstruction a number of quantities were cal- 
culated and included in Table 3.4.   The calculations were based on a range of 96 naut ml and an 
Ionosphere height of 86 km.   (See "Timing of Sky Waves" in a previous section of this chapter.) 
The earth's radius was assumed to be 6,368 km. 

There waa uncertainty aa to the directivity of the source, the directivity of the receiver, ana 
the reflection coefficient of the ionosphere.   In Table 3.4 six different curves from Figure 1.6 
were used, to represent six alternative conditions of the ionosphere.   Of these six. Curve D most 
nearly represented the ionosphere condition that would have been predicted from the data in Ref- 
erence 4. 

No directivity was assumed for the receiver In the vertical plane.   That is. the receiver di- 
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recUvlty was ajaumed to ba that of the fiducial antenna itself, a simple magnetic dlpole.   Induced 
currents on the aircraft surface could distort the radiation pattern to some extent, but the whole 
structure is so small in comparison with the average wave length of the radiation that the induced 
currents could hardly introduce any significant radiation that was of higher order than magnetlc- 
dlpole or electric-dipole.   The resulting directivity pattern could only be a very simple one, vary- 
ing gradually with angle. 

The source, however, had in each case a dimension that was a significant fraction of a wave 
length.   (See Reference 1.)   Furthermore, the Compton electrons believed responsible for the 
radiation moved at velocities which were close to the velocity of light.   The radiation from such 
a rapidly moving electron tends to be concentrated in the forward direction.   Whether such a rel- 
atlvlstic narrowing can affect the directivity of the source as a whole must depend on such factors 
as the detailed distribution of the Compton currents in the air above and around the detonation. 
The quality of the data from the Shot Tewa photograph did not appear to Justify such a detailed 
theoretical discussion for inclusion in this report.   Instead, the source was considered to have 
the directivity of a simple electric dipole. 

A factor F can be defined by the following equation: 

F ' TOO" iüT?   iR(f)iir (3,6) 

Where:  L ■ path length, km 

This factor was used to reconstruct from the amplitude of the nth sky wave the amplitude which 
a ground wave at a range of 100 km should have had, provided that the assumptions described 
above, concerning the source and receiver directivities, were valid.   It was assumed that the 
reflections from the ground which alternated with the ionosphere reflections gave no loss of 
amplitude, and that the ionosphere reflection coefficient was given by R(S).   Since six alternate 
choices for the ionosphere reflection coefficient were included in Table 3.4, there were also six 
sets c' F-factors, labeled Fa, Fb, .... Ff. 

The F-factors did not Include the contribution of the ground-reflected wave following each di- 
rect sky wave.   In "Ground Reflection", a previous section of this chapter, it was concluded that 
the amplitude of the ground-reflected wave was substantially less than the amplitude of the direct 
sky wave.   Furthermore, comparison of the calculated time» delay (Table 3.4) with the 94-Msec 
period of the oscillation in the section "Pulse Shape, Period and Yield"showed that for the second 
through the sixth sky waves the phase shift associated with the time delay ranged from about 120 
degrees to about 140 degrees.   A vector construction showed that the resultant amplitude of the 
two waves was very nearly equal to the amplitude of the direct wave alone, no matter how poor or 
how good a reflector the ground under the aircraft might have been.   The effect of the ground re- 
flection was to reduce the resultant amplitude, but in no case among the second through sixth sky 
waves was the resultant amplitude less than 70 percent of the amplitude of the direct sky wave 
alone.   If the receiver had been located at ground level, over ground that was a good reflector, 
the two waves would have been in phase and the amplitude of each sky wave would have been 
doubled.   The F-factor defined in Equation 3.6 should then have Included an extra factor of l/|. 

The application of the F-factors in Table 3.4 is Illustrated in the last six columns of Table 
3.3.   The voltages in the third column of the latter table have simply been multiplied by the ap- 
propriate F-factors to give the transformed voltages in the last six columns.   In Figure 3.6 the 
transformed voltages for Channel A from four of the six columns for Channel A in Table 3.3 
have been plotted as functions of the sky wave label, n.   In Figure 3.7 the corresponding quan- 
tities for Channel B have been plotted. 

Straight lines have been drawn in each of the figures to project the sets of points back to a 
common point representing the ground wave itself.   However, the straight line projection was 
based on the assumption that the F-factor defined in Equation 3.6 made adequate allowance for 

94 



no%4 •» Jttuts 'tjiOA 

I 
i 
ll a 
II 
5! 

E3 

\ ' 
1 1 

|          '         / I    / 1                  _4 itm f /               > 
/ 

ij 

h r A 
\ / / ji 

\ // 
f * 

v // 

Xl / 

V n i 1 1 1 1 1 ' 
• i 1 

i i t                  i »- 

Ü 
8 
£ 

I 
II 
ii 
II 

si 
|l 

^o*d et J»»ut3 'tjiOA 

M 



all Murcts of amplitude variation among the iky waves.   If that aMumption were valid, than 
the correct choice of lonoephere reflection curve should correspond to a horizontal line in the 
family of lines. 

The slope* of the four line« in Figure 3.6 are almost identical to the slopes of the correspond- 
ing lines in Figure 3.7.   The slopes have been averaged and plotted in Figure 3.8, against the 

100 

Figure 3.8 Values of wr/w plotted against average slopes of 
corresponding curves in Figures 3.6 and 3.7. 

values of u)r/u) obtained from Table 1.1.   Interpolation to the point of zero slope gives a value of 
11.18 for wr/u>. 

In a previous section of this chapter, "Pulse Shape, Period and Yield", the period of the os- 
cillation in the Shot Tewa electromagnetic signal was estimated as 94 «isec, and the correspond- 
ing frequency as 10.6 kilocycles.   From this frequency and the above value of wr/u( the quantity 
wr can be determined to be 7.4 x 10* radians/sec.   This value can be associated with the iono- 
sphere height of 86 km (see "Timing of Sky Waves", this chapter) and compared with the values 
of wr given in Equation 1.4.   These were 10* for night (H - 90 km) and 2 x 10' for day (H - 70 
iltm).   Figure 3.9 is a semUogarithmic plot of wr against H,  the ionosphere height   It can be 
seen that the three points lie along a straight line, suggesting an exponential relationship between 
wr and H during the interval near dawn when the Ionosphere is moving down from its night po- 
sition to its day posiUon. 



In Figures 3.6 and 3.7 the straight lines intersect at points representing the ground wave as 
extrapolated from the higher sky waves.   The voltage values are 82 volts for Channel A and 230 
volts for Channel B.   These values, which are tabulated in the first row of Table 3.5, refer to 
a ground wave at a range of 100 km (54 naut mi).   Division by the F-factor for the ground wave 
(see Table 3.4) converts these voltages into those in the second row of Table 3.5, which are thus 
referred to the actual range, 96 naut mi.   The voltages in the third row are obtained from those 
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Figure 3.9  Values of u)r plotted against ionosphere height. 

in the second row through multiplication by the factor 25/35, which is the factor needed to con- 
vert from the corrected voltage scale to the nominal scale used in Figures 3.1 and 3.3. 

The amplitude of the first sky wave, at the actual range of 96 naut mi, can be calculated from 
the ground wave amplitude in the first row of Table 3.5 through division by the appropriate F- 
factor.   To obtain the latter, it is necessary to interpolate between Fj and Fe, or else to com- 
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put« U* MW r from th« lnt«rpol»t«d vilu« of wr/w, which «ma given abov« tc 11.18. By Inttr- 
ooUtlon, tht value 6.22 waa obtained a« the F-factor correapondlng to the fint sky wave. The 
voltage* In the fourth row of Table 3.5 are obtained from those In the first row through division 
by 6.22.   Multiplication of tne fourth»row voltages by 25/35 gives the voltages In the fifth row. 

The nominal voltages In the third and fifth rows of Table 3.5 were used as rough guides In the 
preparation of Figure 3.3.   However, the ground wave on Channel B, In Figure 3.3 (right portion), 
is shown for convenience as being considerably smaller in amplitude than indicated in Table 3.S. 

It was concluded from Figures 3.6 and 3.7 that the extrapolated ground wave amplitudes, re- 
ferred to a range of 100 km, were 82 volts for Channel A and 230 volts for Channel B.   A rough 
conversion into an Incident field strength in volts per meter can be made with the help of Figure 
2.15 (right portion), which gives about seven volts as the outout of the fiducial amplifier when an 
Incident field of 1 volt/meter reaches the fiducial antenna at a frequency of 10.6 kc.   Outputs of 
82 and 230 volts would then correspond to Input field strengths of 12 and 33 volts/meter. 

Figure 1.2 shows 37 volts/meter as the field strength expected from a detonation the size of 
Shot Tewa (5.0 Mt), but the data used In drawing the high-yield portions of Figure 1.2 were from 

TABLE 3 3    AMPLITUDES OF GROUND WAVE AND FIMT SKY 
WAVE  rOR SHOT TEWA ELECTROMAGNETIC SIGNAL, 
EXTRAPOLATED PROM AMPLITUDES OP HIGHER 
SKY WAVES 

Channel A       Chunel B 
Volt«. Center to Peak 

Extrapolated Ground Wave Amplitude 82 230 
Referred to Range of 100 km 

Ground Wave Amplitude Referred to 4« 12» 
Actual Range (96 naut ml) 

Ground Wave Amplitude Referred to 33 92 
Nominal Voltage Scale on OsctUoecope 

Pirat Sky Wave Amplitude Computed with 13 37 
Use of P-Pactor 

Pirat Sky Wave Amplitude Referred to 98 26 6 
Nominal Voltage Scale on Oscilloscope 

an earlier aeries of tests (Operation Castle) and might not be representative of the type of det- 
onations that took place during the Operation Redwing series of tests. It would be desirable to 
have a comparison with an Independent measurement of the Shot Tewa field strength from a 
ground-based calibrated antenna responding to the electric field of the incident wave. Without 
such a comparison any conclusions drawn concerning the efficiency of the airborne fiducial an- 
tenna must remain rather tentative. 

It can be noted, nevertheless, that the signal on Channel B was nearly three times as strong 
as the signal on Channel A.   That is, the antenna on the outside of ths aircraft gave an output 
nearly three times as large as the output of ihe antenna Inside the aircraft window.   The differ- 
ence in reception may not have been due entirely to the favored location of the outside antenna, 
since the outside antenna was also the wider antenna shown In Figure 2.9, while the Inside an- 
tenna was the narrower one. 

Although the size Itself was not expected to make much difference In the performance, since 
there was no difference in the number of turns or the cross sectional area, still there was a 
difference in coil inductance (see Section 2.2.3) and therefore a difference In Impedance match. 
The fiducial amplifier was designed for the narrower antenna and no change was made In capac- 
itance or resistance values when the ampliller was used with the wider antenna.   Further study 
In the laboratory would be desirable to determine how much of the difference In performance can 
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be attributed to the difference In antennae and how much remains to be attributed to the difference 
In location on the aircraft. 

3.2.2 Shot Navajo.   For Shot Navajo the aircraft wae 55 naut mi south of the detonation point, 
at an altitude of 18,000 feet.   The narrower fiducial antenna wae mounted outeide the aircraft 
and its amplified output was presented on the single-beam Type 324 oscilloscope.   The pulse re- 
ceived from the detonation was recorded by the oscilloscope camera.   A tracing of the photograph 
is Included as Figure 3.10. 

The wider fiducial antenna was Installed just inside the aircraft window, and its output was 
presented on Channel B of the dual-beam Type 333 oscilloscope.   For Shot Navajo there was no 
input connection to Channel A.   The Type 333 oscilloscope presentation was photographed at the 
time of burst.   A tracing of the photograph is shown as Figure 3.11. 

In the figures there Is evidence of strong saturation in both fiducial amplifiers.   There is also 
a curious irregularity present on Channel A in Figure 3.11 and an apparently parallel irregularity 
on Channel B.   Since there was no signal input to Channel A, the Irregularity must have been 
caused by some kind of interference, but the source of the interference could not be identified. 

Both oscilloscopes were set for a nominal sweep time of 400 »isec, or 100 jxiec per large 
division, and for a nominal vertical deflection sensitivity of 100 volts full scale, or 25 volts per 
large division.   Calibration pictures were taken shortly after the detonation.   They showed that 
the Type 324 oscilloscope sweep speed and deflection sensitivity were within about 1 percent of 
the nominal values. 

For Channel B of the Type 333 oscilloscope, the calibration pictures showed that the deflec- 
tion sensitivity and sweep speed were not quite so close to the nominal values as in the case of 
the Type 324 oscilloscope.   The deflection sensitivity was off by only a few percent, but the 
sweep was slow by about eight percent.   This error in sweep speed has already been discussed 
under "Oscilloscope Calibration", this Chapter, In connection with the oscilloscope photograph 
for Shot Tewa, and also under "Oscilloscopes", Chapter 2. 

Because of severe saturation, the period of the wave forms from Shot Navajo could not be 
measured with sufficient accuracy to be used for determining the detonation yield. 

Both the Type 324 and the Type 333 oscilloscopes were designed to trigger on a slfAlTof a 
preselected polarity.   For Shot Navajo the Type 324 oscilloscope was set to trigger on a positive 
signal, while the Type 333 oscilloscope was set to trigger on a negative signal.   Both choices 
were unfortunate, because the first lobe of the received wave form was lost in each case.   (See 
"Polarity and Wave Form", Chapter 2, for a discussion of the polarity of the Initial deflection.) 

In Figures 3.12 and 3.13 an attempt was made to reconstruct the wave forms of Figures 3.10 
and 3.11 as they might have been had there been no amplifier saturation and no loss of the first 
lobe of the oscillation.   The wave forms actually received are shown as solid curves, and the 
reconstructions are shown dashed. 

In each case, the first sky wave could be identified on the original oscilloscope trace, and 
has been included in the reconstruction.   The time interval between ground wave and first sky 
wave, as indicated in the reconstructed curves, can be used, together with the known range (55 
naut ml) and the curves of Figure 1.5, to give a rough estimate of 80 to 90 km as the height of 
the ionosphere at the time of the detonation (0556 hours). 

3.2.3 Shot Kickapoo.   For Shot Kickapoo the equipment was set up at the ground station, 14 
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n*ut mi touth of tht detonation.   The amplilied outputs of the two (Iduclal antennae were fed to 
the two channel! of the dual-beam Type 333 oacllloicope.   The output of the narrow antenna waa 
fed to Channel A, witHa nominal aenaltlvlty of 100 volta full acale or 25 volta per large divlalon. 
The output of the wide antenna waa fed to Channel B, with a aenaltlvlty that waa much greater, 
(our volta full acale or I volt/dlv.   The aweep time for both channela waa a nominal 80 M»ec full 
scale, 20 Maec/div.   Calibration picturea ahowed the actual aweep time to have been about 22 
Mfec/div. 

It la interesting to note that the oscilloscope waa set to be triggered on a negative deflection 
on Channel B, according to a notation on the Shot Kickapoo data aheet, yet the flrat part of the 
trace on Channel A la positive.   The two antennae were installed parallel to each other without 
any auch reversal aa gave the 180-degree phase difference In the Shot Tewa aignals (Figure 3.1). 
Accordingly, the signal on Channel B should have been Juat an amplified version of that on Chan- 
nel A, and it la not clear how the oscilloscope waa triggered, unless the pulse actually atarted 
with a short negative spike before the longer positive deflection. 

It la also interesting to note the shape of the Shot Kickapoo pulse aa distorted by saturation. 
It has the appearance of a series of exponentials, which can be explained aa a result of satura- 
tion in the second stage of amplification, which limits the output of that stage, combined with 
the Integrating action of the 100-M^I condenaer in the circuit between the second stage and the 
final cathode follower (Figure 2.14).   For frequencies aa high aa 30 kc, the fiducial amplifier 
has some of the characteristics of an integrating circuit aa pointed out in "Polarity and Wave 
Form", Chapter 2. 

3.2.4 Other Shota. Oecilloscope photographs were obtained during a number of other shots, 
including Shota Dakota^Jn^af Apache, Mohawk, and Huron. Theae photographs were, for the 
most part, of doubtful "Value. Moet of them contained more than one trace. The oscilloscope 
amplification waa aet rather high for theae shots, and the triggering level rather low, so that 
individual sky wavea were able to trigger the oscilloscope and register aa separate tracea on 
the picture. In some instances it waa difficult to determine whether the tracea on the picture 
were sky waves from the burst or Interference from other sources. 
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The ground wav« ampUtudt to b« e^tcttcl, accorcUng to Figur« 1.4, WM about 12.7 volti? 
mtttr.   The «xpoctad output ■Ignal from th« fiducial ampllfltr waa about 100 volti, which waa 
far off seal« for th« oacllloacop« acnaltlvttr in UM. 

Th* oaclilatlona in Figure 3.16 arc about '/,»« aa large aa the expected ground wave amplitude. 

If they arc aky wavea, then they probably begin with th* third, fourth, or fifth aky wave, aa can 
be inferred from the diacuaaion of Table 3.4 in "Amplitude Compariaon", thia Chapter. 

3.2.3 Whip Antenna.   No photograph« were obtained ehowlng any signal received on th« whip 
antenna.   It waa known that th« whip antenna and ita cathode foliowar were in operating condition, 
•ince they eaaily received th« Interference from varioua radio tranamltten, but during th* radio 
silence immediately preceding and following th« burst, th« whip antenna did not function aa it hid 
been expected to. 

Since th« whip antenna waa Approximately one meter long, it waa expected that ita output migtt 
be roughly equal in volts to th« Incident field strength in volts par meter. 

Baaed on information obtained ainc7the Operation Redwing testa, it la believed likely that 
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there If a ■ubiUntlal reduction In the eüectlvenei« of such a whip antenna mounted In a moving 
Aircraft and usod at vary low fraquanclu.   It la believed that an Incrtaaa of the order of 10 or 
20 In the eeneltlvlty of the oecllloecope might have been enough to reault In triggering of the oa* 
cllloecope by the whip antenna output and in a aatlafactory photographic record of the whip an- 
tenna wave form and the amplitude of ita signal output for a given Incident electromagnet wave. 

3.9   PHOTOREAD RESULTS 
Although moat of the valuable electromagnetic results came from a single shot (Tewa), there 

were useful photohead results from seven separate shots: Osage, Dakota, Mohawk, Apache, 
Navajo, Tewa, and Huron.   Yield estimates, made from time measurements on moat of the 
seven Heiland recorder traces, were found to agree closely with the official yields.   Estimates 
of light Intensity wore also made from measurements on the Heiland recordings, but these were 
less precise because of uncertainties In the calibration of the equipment.   The equipment was 
originally Intended to be used for precision time measurements but not for precision intensity 
measurements. 

Figure 3.17 shows the Heiland records obtained from alx of the seven shots mentioned above. 
The time scale runs from left to right.   For four of the shots, both the narrow first peak and 
the broad second peak are clearly resolved in the figure.   These seven Heiland recorda are dis- 
cussed individually in the following aeven sections, after which the quantitative results are tab- 
ulated and summarized. 

3.3.1  ShotOaage.   Shot Oaage, the tenth of the Redwing series, was the first shot for which 
the photoheada and the Heiland recorder performed aatlafactorily.   On earlier shots there had 
been Interference from the equipment of Project 6.3, but for Shot Oaage and succeeding shots 
the Project 6.3 equipment waa turned off two minutes before detonation time and remained off 
until two minutes after the detonation. 

While most of the other tests occurred Just before dawn. Shot Oaage took place in the middle 
of the day, in bright sunlight with scattered clouda.   There was considerable ambient light, as 
Indicated by the compensating feedback current, Ife, which waa 28 Ma for the 1P39 photohead and 
3.5 Ma for the infrared (6570) photohead. 

During the three aeconda between the breaking of the feedback loop and the moment of burst, 
there was a slight rise in both Heiland traces. (See the Shot Osage atrip in Figure 3.17.) The 
riae waa attributed to an Increase of three or four percent in the ambient light Intensity, prob- 
abj^caused by the movement of clouds or cloud shadows across the photohead field of view. 

At the time oTTKe Shot Osage burst, the time markers in the Heiland recorder were not regis- 
tering clearly because of the vibration discussed under "Heiland Recorder", Chapter 2.   It waa 
necessary to determine the speed of tape motion from measurements of the marker separation 
at neighboring portions of the tape.   The tape speed was found to have been 8.1 In/sec, which 
waa rather slow in comparison with the nominal value of 12 in/sec, and slow even in comparison 
with the values, between 9 and 11 in/sec, found for the Heiland tapes from other tests. 

The quantitative results obtained from the Heiland record of the Osage burst have been in- 
cluded in the tabulations in Sections 3.3.8 and 3.3.10. 

3.3.2 Shot Dakota.   The HeUand recorder had barely been turned on before the time of burst 
for Shot Dakota.   The spacing of the time markers on the Shot Dakota strip in Figure 3.17 shows 
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that UM tape started slowly but reached nearly its final spesd In less than one half second.   The 
markers are clearly resolved, indicating that the vibration which mare the other Heiland records 
in Figure 3.17 had not started at the time of the Shot Dakota burst.   As a result, the time Interval 
between first and second peaks could be obtained directly from the time markers. 

On the upper Shot Dakota trace (6570), both the first peak and the step on the side of the sec- 
ond peak are very clearly seen. On the lower trace '1P39), the first peak is very low and there 
is JU clearly defined step.   Both traces show a small amount of 400-cycle interference. 

3.3.3 Shot Mohawk.   Only the 6570 trace was recorded on the Heiland strip for Shot Mohawk. 
The 1P39 trace had been adjusted by mistake to a position well off the edge of the paper tape. 
The deflection of the 6570 trace was small.   The first peak was so small that It cannot be seen 
in Figure 3.17 and could be located only with great difficulty on the original paper strip.   The 
second peak can be seen on the figure but it is very broad and the location of its summit point 
was difficult to establish, partly because of the slight ripple caused by 400-cycle Interference. 

The weak intensity of the signal can be attributed to the fact that the aircraft was buried in 
solid overcast which began at a height of 15,000 feet and continued on up to a height well above 
the aircraft's altitude of 18,000 feet. 

3.3.4 Shot Apache.   Both the first peak and the second peak appeared clearly on each of the 
two traces for Shot Apache.   The second peak was broad and flat, both for the upper trace (1P39) 
and the lower trace (6570).   The steps were easily located, for use in the amplitude calibration 
(see Section 3.3.9).   The time markers were subject to vibration, but pairs of markers appeared 
aa-iplid marks and these were easily distinguished and counted for use in the timing calibration. 

./ However, because of the lay- 
ered nature of the condensation cloud, it Is difficult to tell from tke photographs the time at 
which the evaporation of some of the dryer layers might have permitted the infrared light to be 
transmitted. 

3.3.5 Shot Navajo.   The maximum deflection of the 1P39 trace on the Shot Navajo tape was 
only one sixteenth of an Inch, or three percent of the two-inch width of the strip.   The 6570 de- 
flection was even smaller, only one twentieth as large as the 1P30 deflection.   The first peak 
could not be found at all on either trace.   The weakness of the deflections could be attributed to 
the use of filters with one percent transmission to cut down the light reaching the photoheads, 
and to the fact that there were thick clouds between the fireball and the aircraft. 

Because the first peak did not appear on the Heiland record, the time Interval between peaks 
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could not b« mtuurod.   Only a lower limit to tho computed yield could be determined (or in- 
cluuon In the tabulation in Section 3.3.8. 

3.3.6 Shot Tewa.   The flrat peak« on the two tracts for Shot Tcwa wart email but identifiable. 
The eecond peak« were broad and flat.   The «tep« wer« «aally dlatlngulahad. 

The time marker« on the Heiland record wer« badly «meared by vibration but could be u«ed 
IX care wa« taken In counting them. The meuurtd time Interval and computed yield ar« given 
In Section 3.3.8. 

A ten percent filter wa« u«ed with each photohead, and the light reaching the photoheads wa« 
further reduced by the clouds which can be seen In the Shot Tewa «equence photographs In Fig- 
ure 3.28. 

3.3.7 Shot Huron.   The pairs of time markers were much clearer for Shot Huron than for 
Shot Tewa.  The first peak, second peak, and step ar« all «a«Uy identified on each of the two 
traces, i 

3.3.8 Timing and Yield.   The quantities relating to the us« of UM Heiland recoroj for yield 
computations have been computed In Table 3.6.   The time interval, T, from the beginning of the 
first peak to the top of the second peak has been given in the third column of the table for each 
of the «even shots listed in the first column.   The official yield, Y0, In the second column can 
be compared with the computed yield, Yu in the fourth column, where Equation 1.6 has been 
used for the yield computation.   The errors in percent are listed with the computed yields.  How- 
ever, there Is a somewhat closar correlation between the official yield, Y0, and another computec 
yield, Yj, which Is obtained from Equation 1.6 as modified by the insertion of an empirical con- 
stant, 0.92.   The yield« computed from the modified equation are shown in the sixth column and 
the corresponding errors are Included in the seventh column. 

For either set of computations, the table shows that three of the six computed yields were 
within ten percent of the official yield«. 

These results can be compared with the limit of 20 percent specified for the BDA system 
in which the bhangmeter equipment was designed to be used. 

For Shot Navajo, in Table 3.6, only a lower limit was given for T, since the first peak could 
not be distinguished from noise on the Heiland trace. 

3.3.9 Photohead Calibration.   Measurements of thermal radiation intensities were included 
among the objectives of Project 6.4 (see Section 1.1).   It had been planned to use the Heiland de- 
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fltctloM at the directly mtafurtd quantitltt.   Theee deflect.oni would be converted to absolute 
meaeuremenU of thermal Irradlance by meani of photohead c.aibratlon data obtained on the 
ground with the UM of the photohead ttit box and the Wtaton exposure meter (stt Section 2.2.9, 
and "Photohead Ttit Box", Chapter 2). 

Two series of extensive calibration measurements were made, one on July 11, after Shot 
Navajo, and the other on July 22, after Shot Huron.   In both sets of measurements the Intensity 
of the light source at one end of the test box was adjusted to different levels by means of the 
Variac, and tht photohead and exposure meter wert placed in turn at the other end of the test 
box. 

There were two methods by which the exposure meter readings could be utilized.   The first 
method was as an absolute measure of light intensity.   For this, the spectral distribution of the 
light source and the different spectral sensitivities of the phototubes and the exposure meter had 
to be taken into account. 

The second way to use the exposure meter was as a monitor of light intensity.   Its readings 
could then be converted to absolute values of Irradlance through the use of empirical curves cor- 
relating exposure meter reading and phototube current.   For this procedure it was necessary to 

TABLE 3 6   DETONATION YIELD COMPUTED FROM TIMING OF SECOND THERMAL 
RADIATION PEAK 

make use of the rated sensitivity of the phototube to convert phototube current into irradlance. 
For each of the two photohead« the two calibration methods gave about the same result   The 

second method was the one used for the reduction of the thermal intensity data obtained during 
Operation Redwing. 

The July 11 calibration measurements were more elaborate than the July 22 measurements. 
From the earlier series it was possible to establish a correlation between the exposure meter 
readings and the photohead current (actually the cathode current, Ifc, as described below).   The 
correlation thus established was then used in the reduction of both series of calibration measure- 
ments. 

For the July 11 measurements the Variac was first adjusted until the photohead, with its feed- 
back loop dosed, gave a predetermined value for the pentode cathode current, I^.   The Variac 
adjustment was then kept fixed while the photohead was replaced by the exposure meter.  The 
reading of the exposure meter was recorded.   With the photohead back in position, the Variac 
was switched off and the feedback loop was opened while the phototube was dark.  The Heiland 
recorder was then started and the Variac was switched on and off so that the light intensity rose 
quickly to the level previously measured with the exposure meter and then dropped back again to 
zero.   After the Heiland record was developed, the deflection could be measured directly on the 
paper strip. 

From the July 11 calibration measurements it was possible to establish correlations among 
the Variac setting, the current Ifc the expoeure meter reading, and the HeUand deflection.   The 
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July 22 photohead calibration meaiurement« wtrt ilmllar, but more limited in icop«.   Tht VarUc 
»etting WM not rtcordtd and tht cathod« currtnt, I^ WM not mtaaurtd.   Th« only corrdatlon 
obtained waa bttwttn «qpoaurt meter reading and Heiland dedectlon. 

In the July 11 meaawementa, with the whit« bulb u light eource, the expoeure meter waa 
uaed in three different waye to measure the light intenalty for each VarUc letting.   The three 
ways were: (1) directly, with no filter; (2) with a O.S neutral denalty filter covering the expoiur« 
meter aperture; and (3) with a 1.0 neutral denalty filter.   These filters are described in Section 
2.2.8.   Readings 2 and 3, for a given Variac setting, will be more directly comparable to Read- 
ing 1 If Reading 3 is divided by 0.10 and Reading 2 la divided by 0.32.   This compensates for the 
filters. 

However, there is an additional compenaatlon factor needed to make the readings on one of 
the expoeure meter scales comparable to the readings on the other scale.   In Section 2.2.9 It 
waa explained that the expoeure mater ha« a narrower field of view on its 0 to 1,600 scale than 
on It« 0 to 50 «cale.   The two «cal«« have been mad« comparable for evenly attributed light 
•ource«. but for point source« the two scales differ by a factor of four.   The calibration mea«- 
urementa «how«d that the light bulb at one end of the photohead test box was neither a point 
source nor a distributed «ource, but instead was a «ource intermediate between the two.   It waa 
found that the two exposure meter scales could be made to correspond if reading« mad« with the 
lower seal« (0 to 50) were multiplied by two. 

The photohead calibration measurements made on July 11 have been given in Tables 3.7 and 
3.8.   The relationship between exposure meter reading and cathode current, lit, are shown 
graphically in Figures 3.18 and 3.19. 

The pentode cathode current, Ifc, can be converted to the phototube current, Iph, by the use 
of Equation 2.3.   Computed values of Iph corresponding to the measured values of I^ have been 
Included In Tables 3.7 and 3.9.   Also Included in the tables are values of irradlance computed 
from the phototube current values.   For this computation, certain characteristics of the photo- 
tube and the lens system needed to be specified. 

The lens system for each phototube consisted of three lenses arranged to focus onto the photo- 
sensitive «urfac«, the Incident radiation striking an area of one square inch. The field of view 
Included the directions contained within a cone with a half angle of ten degrees as described in 
Section 2.2.5. The six alr-glaaa surface» In the lens system were estimated to reflect a total 
of 22 percent of the Incident radiation. The glas« itself was estimated to absorb an additional 
eight percent of the radiation within the S-4 band but to transmit all of the radiation in the S-l 
band, except, perhaps, fox a part of the ultraviolet peak shown dashed in Figure 1.11. 

For the average 1P39 phototube, the rated sensitivity is 0.042 MS/MW of incident radiation at 
4,000 Ä.   If the incident Intensity is 1 watt/meter2, then the amount striking one square inch will 
be 645 MW.   The amount passing through the lens «ystem will be 70 percent of this, or 451 jxw, 
and the phototube current, Iph, will be 19 iia.   For the average 6570 phototube, the sensitivity 
is 0.0027 jia/MW at 8,000 A.   With 78 percent of the Incident radiation penetrating the lena «ys- 
tem, an incident intensity of 1 watt/meter2 will mean that 503 ßw reaches the phototube and the 
resulting current, Iph, Is 1.36 (is. 

In the bottom rows of Tables 3.7 and 3.8 the phototube current values have been converted 
Into value« of Irradlance in watts per square meter, through the use of the two conversion (ac- 
tors derived above, 19 Ma/watt/meter2 for the 1P39 phototube and 1.36 ^a/watt/meter2 for the 
6570 phototube. 

Specific phototubes may differ considerably from the average. The sensitivity may deviate 
by 30 to 50 percent from the rated sensitivity In some cases. There was no detailed measure- 
ment made of the senaitlvity and the «pectral response curve of either of the actual phototubes 
used. The use of average aenaitlvity data thus Introduced a possible source of error In the 
thermal intensity measurements. However, any such error could not have been very great (or 
either phototube, since an Independent use of the exposure meter as an absolute measure of light 
Intensity gave about the same result, as described below. 

For the use of the exposure meter as an absolute measure of irradlance reaching the photo- 
head, a number of conversion factors must be applied.   First of all, the 0 to 1,600 scale should 
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TABLE 3.7   PHOTOKEAO CAUBRATION MEASUREMENTS Of JULY 11,  WITH 1P3» 
PHOTOHEAD AND WHITE BULB 

Variic Stttlng 44 46 67 60 

Ik 
Exposurt mattr raadlngt 

(a) BO fllttr on nwur 
(b) fllur N. 0. 0.5 
(O) fllur: N. 0. 1.0 

(te 14 

375 
•0 
13» 

20 

450 
125 
25» 

40 

825 
275 

45» 

SO 

1,175 
350 
86 

Meter reading!         (a), 
corracud for          (b) 
filter factor           (o) 

375 
250 
130» 

450 
390 
250» 

625 
660 
450* 

1,175 
1,093 

650 

Jteadlnga referred    (c) 
to 0-1600 acal« 

260 500 900 650 

Holland rtflootlon Inches 0.602 0.640 0.726 0.755 

Approximate deflection 
to center of atep 

0.237 0.226 0.237 0.234 

hh MA 9.1 13.3 37.3 34.3 

Irradlance w/m1 0.46 0.70 1.44 1.80 

* Indleatea 0-50 scale. 

TABLE 38   PHOTOHEAD CALIBRATION MEASUREMENTS OF JULY 11.  WITH 6570 
PHOTOHEAD AND INFRARED BULB 

Variac Setting 67 79 104 116 

Ik MS 14 20 40 so 
Exposure meter readings 13* 23» 75 100 

Readlnga referred 
to 0-1600 acale 

26 46 75 100 

Heiland deOecUon Inches 0.306 0.337 0.365 0.405 

Approximate deflection 
to center of step 

0.100 0.099 0.106 0.100 

h* M» 9.1 13.3 27.3 34.3 

Irradlance w/m» 6.7 9.8 20.1 25.2 

* Indicates 0-50 seals. 
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Figure 3.19  Comparison of exposure meter scale readings and 
values of photohead current, Ijj, In cathode of pentode, for 6570 
photoheart with Infrared bulb as light source. 
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bt u»ed aa the basis (or comparison, sinct the 30-degree fitld of view (or tht 0 to 1,600 seals 
Is closer to the 20-degres (ield o( view of the photohead than Is the 60-degree field of view (or 
the 0 to 50 scale on the exposure meter.   Second, since the desired measurement is of incident 
light from a narrow source, the exposure meter reading should be divided by four, as explained 
in Section 2.2.9.   Third, the exposure meter reading in lumens per square foot should be trans- 
lated into watts per square meter, with the use of a special conversion factor. 

The conversion factor which is applicable to light of 5,500 A wave length is 0.01583, but an 
additional factor is needed to allow (or the differing spectral distributions of (1) the light source, 
(2) the exposure meter, and (3) the phototube. Without allowing for these spectral distributions, 
an exposure meter reading of 1,000 lumens/ft' would become 250 lumens/ft1 after the division by 
4, and 3.96 watts/meter1 after multiplication by 0.01583. 

In the case of the 1P39 phototube, a comparison wai made between (1) the spectral distribu- 
tion of the photospoi light source, at the low voltage indicated by the Variac setting; (2) the lum- 
inosity curve of Figure 1.12 and the exposure meter distribution curve shown in Figure 1.13; and 
(3) the S-4 phototube response curve shown in Figure 1.10.   It was concluded that the irradlance 
within the S-4 band was about one third of the Irradlance within the luminosity curve, for the 
given light source.   The difference between the luminosity curve and the exposure meter distri- 
bution was not considered important (or this source, since It was assumed that the exposure 
meter scale was designed to read correctly in lumens for a light source having approximately 
the same distribution as the source actually used in the 1P39 calibrations. 

Division of 3.96 by 3 gives 1.32 watts/meter' as the irradlance within the band of the 1P39 
phototube corresponding to an exposure meter reading of 1,000 in the calibration measurements. 
This should be compared with 1.65 watts/meter2, which is the irradlance which would be ob- 
tained (rom the exposure meter reading of 1,000 and the straight line in Figure 3.18.   The dis- 
crepancy is well within the uncertainty in the (actor of three obtained by comparing distributions 
and could also be accounted (or by the range in rated sensitivities (or 1P39 phototubes. 

For the 6570 phototube with the infrared bulb as light source, the problem of converting the 
exposure meter reading to watts per square meter in the S-l band was a more difficult one.  The 
infrared light source differed considerably from the light source for which the exposure meter 
was designed.   Furthermore, the Infrared bulb was a type with red-painted reflector, which 
tends to cut off the short-wave end of the bulb spectrum somewhat more sharply than would be 
expected if the bulb were acting as a blackbody with a color temperature between 2,400 K and 
2,500 K. 

With no allowance (or the . ed-palnted reflector, it was estimated (rom the several spectral 
distributions that the irradlance within the S-l band of the 6570 phototube should be roughly ten 
times as great as the Illuminance within the luminosity curve.   Thus, an exposure meter read- 
ing of 100, which would give a value of 0.396 watts/meter2 referred to the peak of the luminosity 
curve, would then give 3.96 watts/meter1 in the S-l band, (or the assumed blackbody infrared 
source. 

However, the infrared bulb was not operating as a simple blackbody source, as was proved 
by a separate measurement using the 6570 photohead but using the white bulb as the light source. 
With the two sources adjusted to give the same value of Heiland deflection, showing the same 
Irradlance in the S-l band from 7,000 to 9,000 A, the irradlance within the visible band should 
have differed by a factor of two for the two sources if they were acting as blackbody radiators. 
Instead it was found that the exposure meter readings differed by a factor of 10.   The extra (ac- 
tor of five could only be accounted for as a consequence of the red-painted reflector on the infra- 
red bulb, which could have removed a large part of the visible light radiated from the filament 

When the extra correction (actor of five was included, it was found that the exposure meter 
reading of 100 with the Infrared bulb should correspond to an irradlance of 19.8 watts/meter1, 
or roughly 20 watts/meter1, in the spectral band of the 6570 phototube.   This can be compared 
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with 2S.2 watts/mettr1, which is the value given by Table 3.8 and Figure 3.19 aa the Irradlance 
correipondlng to an expoeure meter reading of 100, aa determined by the second method of cal- 
culation, the method making use of the rated lenaitlvity of the phototube.   The discrepancy be- 
tween 20 and 29.2 Is not significant In comparison with the uncertainties In the calculalions using 
the spectral distributions, and In comparison with the acceptable variation In phototube sensi- 
tivity values. 

For both photoheads, the two methods of reducing the calibration data gave about the same 
results.   For convenience, the second method was chosen, the method making use of the rated 
phototube sensitivities and using the exposure meter readings only for relative measurements, 
not absolute measurements.   With the use of this selected method of calibration data reduction, 
the calibration measurements of July 11 and July 22 have been plotted in Figures 3.20 and 3.21. 
The Heiland deflection has been plotted against the irradlance in watts per square meter.   For 
each curve the position and approximate size of the step has been indicated.   The curves for 
July 11 have been plotted from Tables 3.7 and 3.8, and the July 11 curve in Figure 3.20 has been 
extrapolated well beyond the measured points, with the extrapolated section shown dashed. 

The July 22 measurements gave the Heiland deflection in terms of the exposure meter reading 
only.   The meter readings were converted to irradlance In watts per square meter through the 
use of Figures 3.18 and 3.19, as explained above.   Tables 3.9 and 3.10 show the July 22 data. 
Included are the exposure meter readings, the Heiland deflections, and the computed values of 
irradlance used for plotting in Figures 3.20 and 3.21. 

It appears from the 1P39 calibration curves in Figure 3.21 that the 1P39 photohead may have 
changed its characteristics somewhat between July 11 and July 22.   The discrepancy between 
the two curves could alternately be attributed to a cb<utge in the opet «ting temperature of the 
phot Hood bulb and a consequent change in the spectral distribution of its radiation.   If the change 
was in the photohead Itself, the cause might have been a difference in moisture accumulation or 
a difference in tb« properties of the thyrite resulting from a change in its temperature. 

There was less shift In the 6570 calibration curve, as shown in Figure 3.21.   Only at the low 
end does the July 22 curve appear significantly displaced from the July 11 data. 

3.3.10  Burst Light Intensity.   The photohead calibration «.urves in Figures 3.20 and 3.21 have 
been used for estimates of the intensity of the thermal radiation from the seven bursts for which 
Heiland records were obtained.   One of these seven. Shot Osage, occurred in bright daylight. 
For the estimate of U« thermal intensity, these calibration curves were used in conjunction with 
the photohead characteristic curves of Figure 2.18. 

In Table 3.11 the Hellmd deflection measurements and the thermal intensity calculations are 
tabulated.   The results for both photoheads, the 1P39 (blue-green) and 6570 (infrared) are in- 
cluded in the same tabulation. 

A comparison has been made in Table 3.11 between the 'incident Intensity as computed from 
the Heiland deflection and the intensity expected from the burst in the absence of atmospheric 
attenuation.   The expected intensity was calculates from Equations 1.7 to 1.9, Figure 1.8, and 
the official yielda as given in Table 3.1.   Fi^m the ratio of expected Intensity to incident in- 
tensity a value for the attenuation per kilometer can be computed.   The attenuation per kilometer 
is the factor B in the following equation: 

Expected intensity a        (BIW (3.7) 
Incident intensity ^ \OLnaai 

Where:  Okm  >  Range, km 
(Included in Table 3.11) 

From the results shown in Table 3.11 It appears that there was a generally greater attenua- 
tion in the blue-green band of the IP39 phototube than in the infrared band of the 6570 phototube. 
The nature of the attenuation is indicated by the sequence photographs in Section 3.4.1.   These 
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TABLE 3.9   9BOT0HIAD CAUBBATIOM MEAflUREMENTS OF JULY 22. 
«feTH 1P39 PBOTORIAD AMD WHITE BULB 

Exposure N«utr«l Appradmftta Deflection 
U»t»T DeMlty Deflection to 

Beading flltar to Step HggimuB IrredUnoe 

In in w/nt 

100 .. 0.265 0.531 0.17 
300 — 0.263 0.655 0.50 
460 — 0.260 0.716 0.74 
650 — 0.252 0.761 1.07 
775 — 0.272 0.795 1.27 

1^600 — 0.271 0.931 2.54 

125 1.0 0.271 0.931 2.05 
200 1.0 0.265 0.994 3.25 
300 1.0 0.255 1.104 4.94 
360 1.0 0.277 1.144 5.94 
400 1.0 0.261 1.154 6.56 
450 1.0 ^~ 1.199 7.40 

TABLE 3.10    PHOTOHEAD CALIBRATION MEASUREMENTS OP JULY 22. 
WITH 6570 PHOTOHEAD AND INFRARED BULB 

Exposure Reading Approximate Deflectloo 
Meter Referred Deflection to 

Reading to 1-1600 Scale to Step Maximum Irradiance 

in In w/m* 

6.5* 13 0.126 0.300 3.35 
25* 50 0.120 0.360 12.7 
75 75 — 0.394 19.0 

no 110 — 0.422 27.7 
175 175 0.130 0.438 44.3 

* 0-50 scale on exposure meter. 

ISO 
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•how that a subatantlal part of tht attenuation could b« attributad to obitruction of the path from 
burst to receiver by Intervening cloud formation«.   Tht picture» alao ehow evidence of comidtr- 
able has«.   Thia haze might account for the greater attenuation obaerved in the blue-green (S-4) 
band than in the infrared (S-1) band.   (See "Attenuation of Thermal Radiation", Chapter 1.) 

Ambient Light Meaaurements. The ambient light waa measured in two waya, by 
meana of the pentode current, lit, with the feedback loop cloaed, and by meana of the Hailand 
deflection caused by ambient light changes whan the feedback loop waa open.   The first kind of 

TABLE 3.12   AMBIENT LIGHT INTENSITY MEASUREMENTS 

Time 
1P39 Photohaad 6570 Photohead 

Data ^ Iph Irradlaaoe Ik Iph Irradlaoc« 

M • M» w/m1 
M a M» w/m* 

June 12 1315 28 19 1.0 3.5 1.8 1.3 

June 22 0840 32 22 1.1 4.9 3.6 
39 27 1.4 2.8 2.1 
36 25 1.3 4.9 36 

0850 34 23 1.2 4.9 3.6 
46 32 1.7 12 7.7 8.7 

July 11 0655 4 2.1 0.11 0 0 
0701 6 3.8 0.18 0 0 
0705 8 4.9 0.26 0.7 0.5 
0755 10 6.3 0.33 0.7 0.5 
0800 22 IS 0.8 1.4 1.0 

July 21 0920 25 17 0.9 2.1 1.5 
0922 22 15 0.8 1.4 1.0 

21 14 0.7 14 1.0 

July 22 0728 14 9 0.5 0.7 0.5 
0729 16 11 0.6 0.7 0.5 
0730 18 12 0.8 0.7 0.5 
0755 25 17 0.9 1.4 1.0 

>50 >34 >1.8 4.9 3.6 
25 17 0.9 2.1 1.5 

0800 20 13 0.7 14 10 
28 19 1.0 2.1 1.5 

>80 >34 >1.8 4.9 3.6 
16 11 0.6 2 0.7 0.5 

measurement waa one of greater preciaion, but it could not show the dynamic variations of am- 
bient light quite ao well aa the second kind of meaaureroent, 

A number of measurements of ambient light have been collected in Table 3.12.   The data and 
the time of day have been included, aa well aa the measured currents and their interpretation in 
terms of incident intensity of thermal radiation within the wave length banda of the two phototubes 
and within the acceptance solid angle of the photohead lens system. 

The June 12 meaaurementa of ambient light were made at the Urne of Shot Oaage in bright 
sunlight with scattered clouda.   The four later sets of meaaurementa were mad« while the air- 
craft waa flying in and out of sunlit clouds. 

A comparison could be made between the ambient light intenalty values in Table 3.12, which 
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ranged generally around 1 or 2 watti/meter1 (or the 1P39 photohead and up to S.7 watti/meter2 

for the 6S70 photoheadi, and the estlmatee given under "Ambient Light", Chapter 1.   The 
maximum light from the horizon iky wai estimated there at 1.6 watts/meter', while the maxi- 
mum light from sunlit cloud« was estimated at 6 watte/meter2.   These estimates were for the 
1P39 phototube with its field of view narrowed by the photohead lens system to the solid angle 
within a cone with a half-angle of 10 degrees.   For the 6570 phototube the estimate was roughly 
the same.   The values listed in the table were found to be quite consistent with the above esti- 
mates-of ambient light in the open sky and in or near sunlit clouds. 

In a number of cases Table 3.12 shows a considerably higher level of ambient light for the 
6570 photohead than for the 1P39 photohead.   As pointed out later in Section 3.4.3, this differ- 
ence might be attributed partly to the greater width of the S-l response curve, as compared with 
the S-4 curve, and partly to the fact that most of the measurements referred to were obtained 
before the sun was very high in the sky. 

An example of the dynamic variation of ambient light is Included in Section 3.4.3.   The Heiland 
record is there shown correlated with a sequence of three photographs taken as the aircraft 
moved from a clear region into a brightly lit bank of clouds. 

3.4   SEQUENCE CAMERA RESULTS 

The sequence camera was used to photograph the nuclear burst, the nuclear cloud, and the 
ambient conditions during measurements of ambient light intensity.   Selected frames have been 
enlarged and are shown in Figures 3.22 to 3.28.   They are discussed in Sections 3.4.1 to 3.4.3. 

3.4.1 Burst Pictures.   Useful sequence photographs of the nuclear burst were obtained for 
the following five shots: Dakota, Apache, Navajo, Tewa, and Huron.   In each case the photographs 
were taken at one-second Intervals, starting five to ten seconds after the moment o." detonation. 

The pictures have been examined from several points of view.   The center of the burst was 
located on the pictures by means of: (1) radial rays of light from the fireball; (2) the condensa- 
tion dome; and (3) the fireball, when it was visible.   The growth of the condensation dome could 
be used for a rough measure of the range of the detonation and of the time interval between the 
burst and the first photograph.   The fireball, where visible, could be used for a rough estimate 
of yield.   The pictorial record of cloud formation obscuring the burst could be compared with 
the photoelectric measurements of thermal intensities and thermal attenuation discussed in 
Section 3.3.10. 

Selected burst photographs have been reproduced in Figures 3.22 to 3.26.   Discussions of the 
burst sequences are Included in the following five sections. 

Shot Dakota.    Figure 3.22 contains six frames from the filming of Shot DakoU.   The 
frames included are the second, fifth, eighth, ninth, tenth, and eleventh in the sequence. There 
was a time Interval of nine or ten seconds between the burst itself and the first frame of the se- 
quence. 

The Shot Dakota sequence Illustrates the several kinds of information to be obtained from the 
burst photographs.   In particular, the three ways of locating the center of the burst are clearly 
shown. 

In the fifth and eighth frames there appear radial rays of light which can be extended back to 
their intersection at the position of the fireball.   The rays of light may be caused by Irregular 
holes in the dense cloud of dust and fission products which form around the fireball.   Through 
these irregularities the bright Interior of the fireball could radiate, scattering along the path of 
the radiation by haze particles in the air, and could appear as bright rays of light on the picture. 
The rays do not appear on the second frame.   This might be interp«,«t»d as showing that the ob- 
scuring cloud had not developed sufficiently to cause bright rays at the time of the second frame. 

The condensation dome is visible in all six frames of Figure 3.22,   The characteristic strla- 
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tlona  ftuMd by ■tratllication In the moiiture content of tht air, can be eeen very clearly.   The 
diameter * the dome Increaeei eteadUy ae the ehock wave move« out from the bum cental 
The center <* the burat can be located from the picture by means of the condensation domVflnce 
the burst center Is at the central point of the dome. 

Because of the lower layer of clouds It Is difficult to determine the exact position of the 
ground beneath the detonation.   However, If the top of the bright strip below the burst is taken 
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a« the ground Une^thtn the height of the upper cloud layer la found to be about 36,900 feet.   The 
thlckneif of the lover cloud layer la meaaured from the film to be about 4,200 feet.   These meaa- 
urementa are in fairly close agreement with the cloud conditions reported from a reconnaissance 
aircraft which surveyed the detonation area one half hour before the time of burst: "3/8 cumulus, 
bases 2,000 feet, tops 6,000 feet. 8/8 cirrus, bases at 35,000 feet, tops at 36,000 feet (thin over- 
cast)." 

Shot Apache.   Selected frames from the Shot Apache sequence are shown in Figure 3.23. 
The radial rays of light seen In the Shot Dakota sequence do not appear in the Shot Apache pic- 
tures.   However, the condensation dome la very clearly shown and the fireball with the nuclear 
cloud around It and the stem below it can also be seen as the condensation dome evaporates. 

The cloud formations which appear on the first frame have heights which are between 20,000 
feet and 28,000 feet as determined from the measurements on the film.   Official weather sum- 
maries from aircraft in the vicinity include referencea to a few scattered cumulus clouds with 
tops to 25,000 feet and 35,000 feet in agreement with the evidence of Figure 3.24. 

Shot Tewa.   The light from the Shot Tewa burst was very bright and persisted for a long 
time, as reported by the operator on the aircraft and as shown by the sequence photographs In 
Figure 3.25. 

The location of the burst center on the photographs can beat be done through the radial rays 
of light which can be seen in the first and sixth frames.   The striated condensation dome is 
visible on some of the frames, but the obstructing cumulus cloud between the burst and the air 



(o)  First  frofiit (b)  Sixth from« (e) Elavtnth from« 

{•yTwmti-tJOkßnp* ,.* -it,^» —■ JnTiWtytitth from« 

Figure 3.25 Sequence photographs: Shot Tewa, 5.0 Mt, at 96 naut mi. 
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craft makM It dllllcuU to dttarmla« a central point (or the dorn«.   The edge of the fireball it- 
•elf la vieible in the twenty-elxth frame, and an eatlmated poaltlon for the center of the fireball 
could be obtained fros the part of the fireball that «hows In the picture. 

The diameter of the condeneation dome could not be determined accurately from the picturea, 
but from the rough meaaurementa that were made it waa eatlmated that 10 eeconda or more 
elapsed between the time of burit and the time of the first frame in the sequence. 

From the portion of the fireball visible in the twenty-sixth frame it was eatlmated that the 
fireball radius was between 1.2 km and l.S km.  At the second thermal peak the corresponding 
radius would have been between 0.97 km and 1.21 km.   From Figure 1.8 the yield waa therefore 
eatlmated aa between 2.9 Mt and-S.5 Mt.   The official yield waa S.O Mt, which la within the eatl- 
mated range.   If a larger section of the fireball had been visible, a more precise estimate of 
yield would have been possible. 

The cloud formations shown in Figure 3.25 include a low layer of cumulus clouds, a few high 
cumulus including one cluster directly in the line of sight, and cirrostratus at a height of about 
33,000 feet, as measured from the film.   The official weather summary from an aircraft in the 
vicinity refers to scattered cumulus clouds with bases at 2,000 feet, and 4/8 to 5/8 cirrostratus, 
bases at 35,000 feet, tops at 36,000 feet.   This Is in rough agreement with the sequence photo- 
graphs. _ 

Shot Huron. 

The height of the upper cloud layer, as measured from the sequence photographs, waa about 
34,000 feet.   The lower cumulus clouds can be seen to Include several high tops.   The weather 
summary described the cloud formations as: "3/10 cumulus, bases at 1,800 feet, topa estimated 
at 10,000 to 15,000 feet, with isolated topa to 30,000 feet.   10/10 cirrostratus with bases esti- 
mated at 30,000 feet (4/10 transparent)." 

3.4.2 Pictures of Nuclear Cloud. After one of the shot \e aircraft waa flown to 
within 25 naut ml of the nuclear cloud and a sequence of photographs was taken. Six of these 
photographs are reproduced in Figure 3.27. 

The photographs of the nuclear cloud were taken at 0636 hours, one half hour after the time 
of detonation (0606).   The nuclear cloud had by that lime riaen to a height greater than the height 
of the overcast   What appeara in the pictures is a portion of the atem of the nuclear cloud, the 
portion lying between the top of the lower layer of cumulus clouds (about 6,000 feet) and the bot- 
tom of the upper cirrus layer (about 35,000 feet). 

At the time of burst the wind velocity waa 14 knots at the surface, 8 knots at 18,000 feet, and 
39 knots at 34,000 feet.   The picturea show that the atem of the nuclear cloud did not riae straight 
as in the simplified drawings of Figure 1.1 O, but waa pulled strongly by the winds. From the slant 
of the stem it can be inferred that the nuclear cloud Itself, hidden from view by the upper cirrus 
cloud layer, waa no longer above the point of detonation but instead had been carried 10 or 15 
miles by the winds. 

3.4.3 Ambient Conditions.   On several flights there were sequence photographs taken of the 
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iky and cloud conditions, In synchronization with simultaneous Heiland recordings of the ambient 
light Intensity as measured by the two photoheads. Figure 3.28 illustrates the procedure and re- 
sults obtained from such measurements. 

Three successive frames from the photographic sequence are shown In the upper part of Fig- 
ure 3.28, and the Heiland record taken at the same time Is reproduced In the lower part of the 
figure.   Arrows have been drawn to Indicate on the Heiland record the approximate times at 
which the three frames were photographed. 

The explicit procedure used tor these measurements was the following.   As the aircraft ap- 
proached a cloud whose brightness was to be measured, the feedback loop was opened so that 

Figure 3.26 Sequence photographs:  Shot Huron, at 135 naut ml. 

the pentode current would be held at the value needed to correct for the light from the open sky 
and the more distant cloud formations.   Frame 94, Figure 3.28, shows this Initial situation. 
The pentode cathode currents were recorded as 28 Ma and 4 ixa for the 1P39 and 6570 photoheads, 
respectively.   The time was shortly after 0800 hours on July 22.   These current readings are In- 
cluded with other ambient light measurements In'Table 3.12, Section 3.3.11, where the corre- 
sponding Irradlance values, 1.0 watts/meter2 and 1.5 watts/meter1 respectively, are also given. 

At about the same time that the switch was thrown to open the feedback loop, the switches 
starting the sequence camera and the Heiland recorder were also thrown.   The Increasing light 
intensity, as the aircraft entered the edge of the cloud bank, was registered as an increasing 
deflection of the two Heiland traces.   Successive frames of the sequence film, taken at one- 
second intervals, recorded photographically the cloud structure in the direction the photoheads 
were pointed, as shown in Frames 95 and 96 of Figure 3.28.   The Heiland deflections at the 
times corresponding to these frames, together with the photohead calibration data from Section 
3.3.9, were used to determine the increase In Irradlance.   The resultant values of irradlance, 
the initial amounts plus the Increments contributed by the cloud bank, are listed in Figure 3.28 
with the corresponding cloud photographs. 

From the listed values of measured irradlance. It can be Inferred that in the light from sunlit 
clouds there was a greater Irradlance within the Infrared (6570) spectral band than within the 
blue-green (1P39) band.   In part, this can be accounted for by the fact that the S-1 response 
curve of the 6570 phototube covers nearly twice as wide a range of wave lengths as does the S-4 
band of the 1P39 phototube, as shown In Figures 1.1C ind 1.11.   However, another important 
contributing factor may have been the fact that at 0800 lours the sun was not yet very high In 
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the aky, and tte fUtarlng action of UM atmosphtrt could luvt left the light of the tun somewhat 
more red and UM blue than It would have been with the sun more directly overhead. 

The tame considerations could apply to the other ambient light data in Table 3.12.   Many of 
the measurement« In that table show a greater irradlance for the 6570 photohead than for the 
1P39 photohead, and the difference might be explained in the same way, as a consequence of the 
differing bandwldths and of the relatively low position of the sun for moat of the measurements. 
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Chapter 4 

CONCLUSIONS ond RECOMMENDATIONS 
4.1    CONCLUSIONS 

The conclusions have been divided Into four major sections.   The first section contains gen- 
eral conclusions referring to the tests as a whole, while the other three sections refer more 
specifically to the three kinds of measurements that were made, those dealing with the electro- 
magnetic signal, the thermal radiation, and the pictorial aspects of the nuclear detonations In 
the test series. 

4.1.1 General Conclusions. 
1. The data obtained during the Operation Redwing tests served to fulfill the objectives of 

Project 6.4 in a generally satisfactory way, and to substantiate the theoretical expectations, 
except in the case of the whip antenna. 

2. Useful data of a broader nature was also collected.   The data collected concerning reflec- 
tion of the electro   ignetlc pulse from the ionosphere was of particular value for the design of 
future indirect-bomb-damage-assessment systems. 

3. Tbe time interval between the date when participation was authorized and the date when 
the tests began was too short.   As a result of the inadequate time for preparation, it was neces- 
sary to use the first tests for the solution of equipment and procedural problems.   Most of the 
useful data was obtained from the later tests in the series. 

4.1.2 Conclusions;  Electromagnetic Signal and Fiducial System. 
1. It was concluded from the Operation Redwing tests that the ferrite-core magnetic loop 

antenna was suitable and satisfactory for use as a flush-mounted airborne antenna for the recep- 
tion of very low frequency electromagnetic radiation.   The wave form received by this magnetic 
antenna (tbe fiducial antenna) was observed to correspond to the theoretical prediction and to be 
closely similar In shape to the first derivative of the wave form received by a vertical whip an- 
tenna. 

2. The output of the magnetic antenna was generally so strong that there was saturation in 
the fiducial amplifier.   The amplified electromagnetic signal was usually Jittorted but the dis- 
tortion did not Interfere with the effectiveness of the electromagnetic pulse as a fiducial marker 
establishing the moment of the burst as a zero time from which the time interval to tbe second 
thermal maximum could be measured. 

3. A comparison between the wide and narrow fiducial antennas had been planned as a part of 
the test program.   Because of amplifier saturation there was only one test (Shot Tewa) which al- 
lowed a comparison between the output voltages from the two antennas.   In this one case, the 
output voltage from the wider antenna was nearly three times that from the narrower antenna. 
However, the wide antenna was outside the fircraft, where the Incident field was expected to be 
stronger than the field Inside the aircraft window.   At least a portion of the measured output dif- 
ference could thus be attributed to a difference in location on the aircraft.   A further portion 
could be assobiated with the difference in internal Impedance of the two antennas.   It was con- 
cluded that the data did not indicate any great difference In the effectiveness of '.he two geometri- 
cal antenna shapes for the reception of low frequency electromagnetic radiation. 

4. The whip antenna did not, for any one of the test detonaUons, give an outpit signal strong 
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enough to trigpr tht osclllotcopt and be photographed.   It Is believed that the oscilloscope am- 
plification was act too low, that losses of unknown origin had left the output of the whip antenna 
much smaller than had been expected. 

5. In one example for which the wave form was not distorted by saturation, the period of the 
oscillation was used to compute the detonation yield with an accuracy of about 20 percent.    .' * 
wave form used waa the wave form of a second sky wave, but other wave forma In the same wave 
train gave approximately the same measured period and computed yield. 

6. It was found that the wave form of a sky wave could be used to give a rough measure of the 
altitude of the receiving equipment, and might perhaps be used to measure the altitude of the 
burst itself, particularly if the narrow-band receiving system used by Project 6.4 a» Operation 
Redwing were replaced by a broad-band system capable of detecting the spikes which are charac- 
teristic of high yield detonations. 

7. The direct sky wave was found to be stronger than the same sky wave after reflection from 
the ground beneath the aircraft.   However, it was uncertain how much of the difference was caused 
by losses on reflection at the ground and how much was caused by the modification of the effective 
antenna pattern by the presence of the aircraft. 

8. The measurement of the time intervals In a train of sky waves can give quantitative esti- 
mates for the distance between source and receiver and for the height of the reflecting ionosphere 
layer. 

9. The measurement of the relative amplitudes In a train of sky wavss can give a quantitative 
estimate for the effective ion density in the ionosphere, as specified by the characteristic angular 
frequency, <Dr.   The measurements suggest that there is an exponential relationship between wr 

and the ionosphere height. 
10. The measurement of the actual field strengths for a series of sky waves in an electro- 

magnetic signal can be used to extrapolate to approximate field strengths for the ground wave and 
for other sky waves.   From this procedure, as applied to Shot Tewa, it was found that the extra- 
polated ground wave amplitude was comparable with, though somewhat smaller than, the value 
that would have been predicted from the results of earlier nuclear weapons testa. 

4.1.3 Conclusions;  Thermal Radiation and Pt otohead System. 
1.   A modified formula, Y - 0.92 T1, waa found to be moat satisfactory In giving the yield, Y, 

in megatons, aa a function of the time Interval, T, in seconds, between the beginning of the first 
thermal peak and the top of the second thermal peak.   This modified formula gave yield estimates 
which were accurate to 116 percent for each of five bursts with yields In the range to 
5.0 Mt.   For three of the five bursts the yield estimates were accurate to within 10 percent 

2. Of the two peaks in the thermal radiation intensity curve, the first peak waa found to be 
considerably smaller In Intensity than the second peak, by a factor which waa usually of the order 
of ten for the blue-green (1P39) phototube and of the order of five for the Infrared (6570) phototube. 
Although relatively small, the first thermal peak could easily be distinguished on four of the seven 
Heiland recorda.   The first thermal peak waa strong enough to have been useful aa a fiducial mark- 
er In these four caaes, but not In the other three cases. 

3. From the magnitude of the Heiland deflection, rough estimates were made of the thermal 
intensity reaching the receiving equipment.   Within the wave length band of the 1P39 phototube, 
the thermal Intensities ranged from 0.04 wan/meter1 to 19 watta/meter*.   In the 6570 band the 
range was from 0.9 watts/meter2 to 54 watts/meter2.   The observed Intensities were lower than 
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th« expected inttnaitlM by factors generally between 2 and 100.   The one percent and 10 percent 
filter« which wert uaad with three of the eeven thermal radiation records were found to have been 
neither neceseary nor desirable. 

4. The reduction In thermal Intensity was attributed to haze and clouds.   In many cases both 
the clouds and the haze could be seen on the sequence photographs taken a few seconds after the 
burst.   The attenuation could be expressed In terms of an average attenuation factor of the order 
of 0.01 to 0.05 per km.   The data showed that there was substantially greater attenuation In the 
1P30 band than In the 8S70 band. 

5. Ambient light measurements in the open sky and In sunlit clouds gave Irradlance values 
of 1 or 2 watts/meter1 for the 1P39 photohead and up to about 6 watts/meter1 for the 6870 photo- 
head.   The somewhat larger readings for the 6570 photohead were attributed in part to the broad- 
er wave length band covered by the S-l (6570) response curve in comparison to the S-4 (1P39) 
response curve. 

4.1.4 Conclusions;  Sequence Photographs. 
1.   The pictures of the nuclear burst suggest three principal methods by which the position 

of the burst can be located from the photographs: (a) the rays of light appearing on some of the 
pictures can be followed back to their point of intersection; (b) many of the pictures show the 
condensation dome, which has the point where the burst occurred as Its center of symmetry; 
and (c) the fireball itself is «risible in some of the pictures. 

2. When the humidity is sufficiently high for the condensation dome to form, this dome gives 
a close indication of the position of the shock wave in the air around the burst   The measure- 
ment of the size of the condensation dome and its rate of growth can give a rough Indication of 
the distance between burst and camera and can also give a check on the timing of the sequence 
frames relative to the time of burst 

3. When the fireball Is visible on the film, the fireball radius can be used to give an estimate 
of yield, provided the timing of the photograph showing the fireball is roughly known with respect 
to the jlme of burst and provided the distance between burst and camera is also known. 

4. 

4.2   RECOMMENDATIONS 

As in the case of the conclusions, the recommendations have been separated. Into four sections. 
The more general recommendations are followed by recommendations concerned with the three 
categories of phenomena which were studied during the Operation Redwing tests. 

4.2.1 General Recommendations. 
1. Studies such as that carried out by Project 6.4 should be continued from the point of view 

of equipment development.   Of particular value would be further development of ferrlte-core 
magnetic loop antennas for other application« of the electromagnetic signal from a nuclear det- 
onation. 

2. Studies such as that carried out by Project 6.4 should be continued for added knowledge 
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concerning UM phenomena accompanying a nuclear detonation.   Further Information would be 
desirable for uae in the design of new Indirect-bomb-damage-aaseiement (1BDA) ■yiteme.   Of 
particular interest are the characteristics of the electromagnetic sky waves which can be re- 
ceived from Ute burst. 

3.  In future test series authorization should precede participation by six months or more to 
permit adequate preparation of equipment and procedures, and thereby avoid the loss of much 
valuable data during the earlier shots of the series. 

4.2.2 Recommendations;  Electromagnetic Signal and Fiducial System. 
1. It is recommended that further study be made of ferrlte-core magnetic loop antennas of 

designs similar to that of the fiducial antenna used in the Operation Redwing tests.   A more de- 
tailed examination should be made of the response of this form of antenna to Incident fields of 
various wave forms.   The development of similar antennas with broader frequency bands would 
also be desirable to make possible the reception of the sharp spikes as well as the main oscilla- 
tions contained in the electromagnetic signal from a nuclear detonation. 

2. Methods of amplification and presentation should be selected or developed which will allow 
the extraction of all pertinent Information from the electromagnetic signal.   The strong ground 
wave and the weaker sky waves should both be presented without harmful saturation effects and 
with a minimum of electronic equipment. 

3. A more detailed and extensive investigation should be made of the effect of antenna geom- 
etry and localized antenna shielding on the performance of the ferrlte-core magnetic loop anterana. 

4. The operation of airborne whip antennas at very low electromagnetic frequencies should be 
investigated in detail. 

5. Further statistical information is needed concerning the correlation between the period of 
the electromagnetic pulse and the yield of the detonation.   An examination should be made of the 
consistency in period for the ground wave and sky waves within a single wave train, as well as 
the correlation among the results from different detonations.   Consideration should also be given 
to differences in construction of various types of nuclear devices, and the possible effect of these 
differences on the period of the electromagnetic pulse. 

6. The wave forms of sky waves should be examined with broad-band receiving equipment to 
determine how closely the altitude of the receiver can be measured from such wave forms, and 
to determine whether the height of the burst itself can be measured from the timing of the spikes 
which are superimposed on the wave forms from high-yield detonations. 

7. There should be an experimental and theoretical program to determine the effect of the 
aircraft structure on the directional radiation pattern of a flush-mounted magnetic loop antenna 
at very low frequencies. 

8. In future weapons tests more precise and detailed measurements should be made of the 
timing of sky waves. The ranges and ionosphere heights calculated from these measurements 
should be compared with independent measurements of range and ionosphere height. 

9. In future weapons tests the amplitudes of successive sky waves In a wave train should be 
measured carefully, and the values of wr calculated from these relative amplitudes should be 
checked against independent measurements of wr with the standard equipment used for lonosphert 
studies. 

10. In future weapons tests the measured ground wave amplitude should be checked against 
the ground wave amplitude as extrapolated from the measured sky wave amplitudes.   A statistical 
study should be made of the correlation between ground wave amplitude (as determined by direct 
measurement or by extrapolation) and the yield of the detonation.   As in Item 5 above, considera- 
tion should be given to the possible effects of differences in type and construction of different nu- 
clear devices. 

4.2.3 Recommendations; Thermal Radiation and Photohead System. 
1.   A larger number of detonations should be studied to determine The best form of the math- 
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ematlcal relationahlp relating yitld to the time interval between the burst and the second thermal 
intensity peak. 

2. The first peak of the thermal radiation intensity curve should be used as an auxiliary fi- 
ducial mark in conjunction with the electromagnetic fiducial signal, but the latter signal should 
be considered the more reliable one at long ranges and in conditions of heavy clouds or dense 
haze. 

3. The likelihood of thick clouds should be anticipated for the operational use of the IBDA 
system and allowance should be made for the possibility of heavy atmospheric attenuation before 
any reduction in the photohead sensitivity by filters or other means. 

4. A comparative evaluation of the two phototubes showed that the 1P39 was more sensitive 
than the 6570, but that the radiation in the 1P39 wave-length band was more highly attenuated 
over long paths than the radiation in the 6570 band.   These two considerations tend to counteract 
each other for long-range operation of IBDA equipment.   The response of the two photoheads to 
ambient light does not differ sufficiently for a choice between them on that basis.   It is recom- 
mended that the choice between 1P39 and 6570 be made freely on other grounds such as the prob- 
ability that the infrared (6570) phototube is more sensitive than the blue-green (1P39) phototube 
to Interfering thermal radiation from the jet exhaust of the aircraft carrying the IBDA system 
equipment. 

4.?.4 Recommendations;  Sequence Photographs. 
1. Pictures of the nuclear burst were obtained for dawn shots only.   It would be desirable to 

have comparable daytime burst photographs for evaluation of their usefulness in locating the 
point of burst. 

2. The probability of the occurrence of a condensation dome should be determined as a func- 
tion of humidity and detonation yield.   Photographs for Nevada test shots should be examined 
for the possibility of other effects (dust clouds, etc.) which could make the position of the shock 
wave visible on the photograph.   An estimate could then be made of the usefulness and reliability 
of the shock wave position and motion as a diagnostic aid for IBDA. 

3. The choice of film and filters for the sequence camera should be made for giving maxi- 
mum visibility to the fireball in the presence of clouds and haze. 

4. In the operational use of the IBDA system the aircraft should avoid flying through irregular 
sunlit clouds at the time of burst and for five or ten seconds thereafter, to prevent the fluctua- 
tions of ambient light from giving an apparent displacement to the second peak in the thermal 
radiation intensity curve. 
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