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The objectives were to:  (1) proof test (at Nevada Test Site altitudes) telemetry and nuclear 
radiation detection techniques intended (or use in measurements of effects of high-altitude nu- 
clear detonations, (2) study radio wave propagation in the vicinity of nuclear detona'ions,  (3) 
study the effects of the el^ctromugnetic (F.M) signal produced by the detonation on the equipment 
used, and (4) compirs tht calculated and measured at'emntions. 

Transmitters in the frequency range 160 to 98^0 Mc were located in shielded bunkers to 
transmit radially outward from ground zero,  such that the transmission path went through the 
fireball, and such that the signal reflected from the fireball could be received.   Receivers were 
installed in Building 400, about 12 miles from the various ground zeros.   Scintillation detectors 
were installed at some of the stations closer to ground zero, as were instruments to monitor the 
effects on the transmitters of the EM signal generated by the detonation. 

For frequencies near 10,000 Mc,  radial path attenuations greater than 50 db but probably 
less than 75 db and lasting about 5 psec were observed for transmitters at about 1,300 yards 
from a 10.3-kt device (Wilson).   For a radial path and a 71-kt device (Hood), the attenuations 
were greater than 75 db and lasted about 15 ^jsec for a transmitter at 1,600 yanis from ground 
zero.    In both of these nuasurements, the signal strength recovered to its preshot va'u» in 
less than about 30 ^jsec. 

Transmission at 160, 960, and 9750 Mc through the fireball was interrupted as long as the 
fireball intersected the path between transmitter and receiver but was restored as soon as the 
fireball moved out of the direct path.    Extensive diffraction and multiple-path phenomena were 
observed. , 

An upper limit of 0.09 was established for the reflection coefficient of the Shot Priscilla 
fireball at 9750 Mc. 

Gamma ray measurements were obtained at 1,600 yards from Shots Hood and Owens.   The 
detectors performed satisfactorily and were not affected by the EM signal from the detonation. 

Serious effects due to the EM signal from the detonation were noted in a bunker 1,270 yards 
from Hood and in the receiving station about 15 miles from ground zero.   The effects in the 
bunker were apparently due to penetration of the copper shield by the EM signal.    Those in the 
receiving station were apparently due to the largo voltage excursions ind'ved on the powcrline 
system. 

From Shot Diablo, the maximum intensities of the components of the EM signal that fell in 
the pass bands of the receivers were found to be 25 (iv/m al 16° Mc and 40 (jv/m at 960 Mc; no 
sig-iil was observed at 9850 Mc (minimum detectable signal was 50 jjv/m).    From Shots Kepler 
and Owens, the peak inteiisities of the EM signals at Building 400 were found to be - 10 and - 45 
v/m, respectively. 

A Monte Carlo calculation of the electron energy distribution has been made; preliminary 
results of this calculation have been used,  with the measured gamma rays, to calculate the 
radio wave attenuation.   The calculated and measured values do not agree over the entire time 
Of attenuation.   It is apparent that there are other factors that must be taken into account be- 
fore a satisfactory calculation of the expected attenuation can be made. 
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This report presents the final results of one of the 46 projects comprising the military-effect 
programs of Operation Plumbbob, which included 24 test detonations at the Nevada Test Site 
in 1957. 

For overall Plumbbob military-effects information, the reader is referred to the "Summary 
Report of tho Director, DOD Test Group (Programs 1-9)," tTR-1445, which includes:   (1) a 
description of each detonation, including yield, zero-point location and environmf r.t, type of 
device, ambient atmospheric conditions, etc.; (2) a discussion of project results; (3) a summary 
of the objectives and results of each project; and (4) a listing of project-reports for the military- 
effect programs. 

i 

PREFACE 

The experimental work reported here was done at the Nevada Test Site during the spring and 
summer of 1957. 

Project 2.7 was conceived and carried out through the joint efforts of many people. During 
the intervening 3 years, several of them have left the Naval Research Laboratory, and are no 
longer in Metropolitan Washington. 

The data interpretation and analysis, and the theoretical work in this report have been car- 
ried out by three members of the original group—P.A. Caldwell, S.G. Corbies, and C. A. 
Pearse.    Several other members of the original group have been consulted, during the prepara- 
tion of this report, concerning details of their portions of the original work.   Similarly, the 
sections they contributed to the Interim Test Report have been drawn on in the preparation of 
this report. 
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Chapter 1 

INTROniJCTiON 

In the initial concept, the objective was to proof test equipment and techniques for neutron and 
gamma ray measurements during high-altitude detonations planned for Operation Hardtack.  In 
the early planning stages,  since it was planned tolelemeter the results of these measurements 
to a ground station,  it became necessary to determine whether or not prompt telemetering of 
the data was feasible.   There was no completely adequate theory and very little experimental 
data available for use in calculating the expected magnitude and duration of the attenuation of 
radio signals to be expected in the vicinity of a high-altitude nuclear detonation.    Because of 
this lack of information, the objectives were augmented to provide inlormation on electromag- 
netic (EM) wave attenuation.   It was felt that this information would also prove useful in future 
radar and guidance studies. 

For this reason,  Project 2.7 was subdivided into two major efforts:   Project 2.7.1, the proof 
test of techniques and equipment for use in the measurements planned for the high-altitude deto- 
nations during Operation Hardtack, and Project 2.7.2, the measurement of the radio wave atten- 
uation in the vicinity of a nuclear detonation.   The two projects have not been separated in this 
report, since most of the experiments had applications to both phases of the problem. In Chapter 
5, the extent to which each of the objectives was met is summarized separately. 

1.1    OBJECTIVES 

The specific objectives can be summarized as follows: 
(1) To measure radio wave attenuation as a function of range by placing four X-band trans- 

mitttrs on a radial line from ground zero to the receivers, located at distances such that the 
calculated peak attenuation would cover the range between 20 and 50 db.   This measurement 
■was intended to check the radial dependence of attenuation as calculated in Section A.2. 

(2) To measure radio wave attenuation as a function of frequency for three radio links oper- 
ating on frequencies of about 160, 960, and 10,000 Mc.   Ranges and positions were so chosen 
that the calculated peak attenuation would be approximately 40 db.   The results of this meas- 
urement were to be used in evaluating the calculation of the dependence of attenuation on radio 
frequency, as outlined In Section A.l. 

(3) To measure the attenuation at a single frequency with a time resolution of 0.01 (isec. 
This data, with gamma ray data of similar resolution, would allow a determination of an upper 
limit for the mean lifetime of free electrons that would be smaller than the current upper limit. 

(4) To measure the gamma ray flu* as a function of time with a time resolution of about 0.01 
psec.   This measurement fulfilled several functions, since these results were necessary for the 
interpretation of the attenuation measurements. Including the high-resolution experiment, and 
provided a proof test of the techniques for measuring high-intensity gamma ray fields. 

(5) To transmit measured neutron and gamma ray flux on a microwave (X-band) telemetry 
link, to look for systemic effects.   This objective was not carried out directly, since the radia- 
tion measurements were made in Objective 4 and the telemetry link was examined as a part of 
Objectives 1 and 2. 11 
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10/   lo gosc.-ve at th'.- receiver station the duratioii and magnitude or the EM effect at 160, 
960, and 10,000 Mc. 

(7) To monitor equipment performance in the bunkers, to determine the effects of the EM 
effect on the measuring equipment. 

(8) To measure radio wave attenuation through the fireball as a function of tiini' at several 
dif''tr;i'.!. treiJui-RCies, 

(9) To mc^ure radio wave reflection by the fireball as a function of time at several differtr' 
frequtneies. 

1.2 BACKGROUND 

The attenuation of EM waves in the vicinity of a nuclear detonation depends cssentiaUy on 
three factors:   (1) the Instantaneous electron production rate, (2) the rate of removal of free 
electrons, and (3) the complex conductivity.   The first of these factors, the electron production 
rate. Is dependent upon the gamma ray production rate and has been measured by various in- 
vestigators (References 1 and 2).   The uncertainty in the available data relating to the rate of 
removal of free electrons and to the calculation of the complex conductivity, which depends on 
the collision frequency, prompted an emergency project during Operation Redwing (Reference 3). 

The objective of the Redwing project was to make a measurement of attenuation versus time 
with l-|isec resolution over radial paths for which the attenuation was to be kept within the dy- 
namic range of readily available equipment (25 db).   If it is assumed that the gamma ray inten- 
sity from a nuclear device scales directly as the yield (Reference 2), it is possible to deduce 
that the mean lifetime of free electrons at sea level is about 6.6 x ID-8 second.   Using the 
laboratory measurements pertaining to the attachment of slow electrons in oxygen (Reference 
4), an electron mean lifetime of 1.7 x 10"' second can be calculated.   If 1.7 x 10"a second is 
assumed to be the more nearly correct value, the disparity between these two values indicates 
that scaling of the gamma ray intensity directly would generally be inappropriate.   A plot of the 
experimental results for Shot Osage along with the calculated attenuation is shown in Figure 1.1. 
The shape of this attenuation curve is independent of the electron mean lifetime, but the magni- 
tude depends directly on the mean lifetime and the gamma ray intensity. 

It appeared to be desirable to make measurements of gamma ray intensities and EM wave 
attenuation simultaneously.   This would reduce the uncertainty (due to tha inaccuracy of scaling 
the gamma ray intensities with weapon yield) in estimates of the mean lifetime of free electrons 
and the complex conductivity.   More reliable values of these parameters were necessary, to 
estimate more accurately the duration of radio blackout in the vicinity of a high-altitude nuclear 
detonation.   This information was of considerable importance in determining whether it would 
be necessary to delay the transmission of data from the instrumentation pods of Projects 2.6 
(then being contemplated) and 2.7 at Operation Hardtack.   To accomplish the above objectives. 
Operation Plumbbob Project 2.7 was initiated. 

1.3 ELECTROMAGNETIC WAVE ATTENUATION IN THE VICINITY 
OF A NUCLEAR EXPLOSION 

In Section A.l, a general expression for the attenuation of EM waves in an ionized medium 
has been derived (Equation A.17).   This expression shows that attenuation depends primarily 
on two factors:  (1) the instantaneous electron density Ne(z,t) and (2) the real part of the com- 
plex conductivity.   At Nevada Test Site (NTS) altitudes, (air particle densities of the order of 
lO'Vcm') the electron density is assumed to satisfy the following differential equation: 

dN 
-^-S-  =  Qed) - ae Ne N+ - /J Ne NQ, - K Ne (NQ/ (1.1) 

Where:   Qe(t)   =  the rate of production of secondary electrons (E ~ 20 ev) 

12 
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ß = the two-body dissociative attachment coefficient of oxygen 

K = the three-body electron attachment coefficient of oxygen 

Ne = number density of electrons 

1^ = number density of positive ions 

No = number density of oxygen molecules 

For a typical electron density,   Ne = 10', and letting ae « 10_s (Reference 5), 

"e Ne N+  '   lO'Vsec 

assuming Ne ~ N+ .   The second removal term, using ß = 3 x 10-11 (Reference 4), has a 
value 

;3Ne N0   =   1.6 x 1017/sec 

and the final term, with K « 5 x lO-30 (Reference 4), yields 

KNe (N02)?   =   1.4 x lO'Vsec 

Upon comparing the relative magnitudes of these items,  it can be seen that the electron-ion 
recombination term is negligible with respect to the attachment terms,  so it is possible to 
write Equation 1.1 as. 

dNe 

dt =  QeW - Ne[/3No2 + K(N0)2] (1.2) 

Since the two attachment coefficients ß and K are functions of energy,  it seems reasonable 
to replace them by average values obtained by "averaging" ß and K over the electron energy 
distribution function.   The electron energy distribution may be considered quasi-constant, sub- 
ject only to the condition that the fractional change in Qe(t) is small enough in a time of order 
T .   Since this condition is met in the present case (with the exception of the a phase, i.e., the 
initial rise in gamma ray production), the expression in brackets of Equation 1.2 will be 
replaced with 1/T , where r will be called the mean electron lifetime.    Equation 1.1 finally 
becomes 

1M1   -  Q (t)      NeW 
dt WeW T 

(1.3) 

To calculate a value for T , it is necessary to examine the mechanism by which electrons 
are produced, moderated, and captured.   The gamma ray energy spectrum from the device 
contains photons with energies up to 5 Mev (Reference 2).   These photons undergo collisions 
with the oxygen and nitrogen molecules in the atmosphere and produce electrons whose average 
energies are of the order of half the original photon energy.   Each of these high-energy elec- 
trons then produces, approximately 25,000 secondary electrons through ionizing collisions, 
losing on the average 34 ev per collision.   About 14 ev of this is the energy of ionization, with 
the remaining 20 ev going into kinetic energy of the secondary electrons.   These secondary 
electrons are then moderated through elastic and inelastic collisions until their energy is low 
enough (essentially thermal) {or them to be captured.   Although inelastic collisions account for 
only about 1 percent of the total number of collisions, the overall energy loss is largely due to 
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this prüf.iä, because the averagf energy loss due to a single elastic collision is only about 
1/100,000 of the average energy loss that results from an inelastic collision. 

A Monte Carlo program was developed for an LCP-30 Royal McBee computer, to calculate 
an electron velocity distribution functioii together with a mean electron lifetime appropriate to 
the present problem.   Steady-state conditions were assumed to prevail so thü. the mimUPrs of 
sccmsc'ary clectrJftS being born and removed pf>r unit of time were taken to be equ-d.    Tht nur.v- 
ber of electrons being born per unit time in the i'" energy interval, AEj , was determiived by 
the secondary ene.gy distribution function for electrons as measured in Reference 6.   The 
"path" of a given electron Is followed in detail, starting with an energy Ej (located in the 
f^Ej energy interval) and ending with its being captured.   As is usual in Monte Carlo programs, 
the distance between successive collisions, whether the collision is to be with oxygen or nitro- 
gen molecules, whether the collision is to be elastic or inelastic, and the amount of energy lost 
in inelastic collisions ar» all determined by means of drawing random numbers, which are then 
compared to the appropriate relative cross sections.   The program computes and stores the 
amount of time that each electron spends in any given energy interval during the process of 
being moderated.   The total time that each electron has lived is also recorded.   From this in- 
formation a mean electron lifetime, and an energy or velocity distribution histogram can he 
calculated. 

Tha accuracy of such a calculation depends directly upon the various collision cross sections, 
as well as upon other factors.   For the purposes of this program, the various electron cross 
sections used were taken from References 4, 7, 8, 9, and 10. 

In Equation 1.3,  Ne(t) referred only to a specific point in space.   In the present case, it is 
necessary to include also a spatial coordinate, obtaining 

1^-1 =  Qe(2>t) _ NeM (1 4) 
dt c T 

since the electron production function Qe is a function of both position and time. 
H it is assumed that 

QeM = QeWQgW 

then the standard solution of Equation 1.4 will be 

NeM  =  Qe(z) f QettOe^'-^dt' (1.5) 
Jo 

Examination of the integrand of Equation 1.5 reveals that it has a sharp spike at t' * t, provided 
that T « t. If Qe(t') is nearly constant, over a time span of order T , then it may be removed 
from the integral, and setting t' = t gives 

NeM  *  QeWQeW  \V(t'-t)/T dt' sWQeW  ( 

= QeWQeW r[\ ~ e-t/r] 

Ne(z,t)  «  Qe(z) QeW T (1.6) 

where in the last step use again has been made of the fact that T « t . 
By combining the general attenuation expression in Equation A. 17 with the considerations of 

the present section, it is possible to record here the working expression for the total EM atten- 
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uatioa near a nuclear detonation (Equation A.18) as 

fzR 
n  «= - 3.686 (u/c) K T Qe(t)    I      Qe(z) dz (1.7) 
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Figure 1.1   Attenuation results for Shot Osage, Operation Redwing. 
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Chapter 2 

PROCEDURE 

2.1 FIELD INSTALLATION 

The instillatior. consisted of two essential parts:   transrnittinij and/or gamma ray measuring 
equipment, generally located near ground zero, and receiving and general support equipment at 
Building 400.   The major portion of equipment to be located near ground zero was installed in 
rudimentary protective bunkers, with only gamma ray detectors and antennas exposed.   Time 
and budget limitations required that all bunkers be placed in one shot area.   Area 9 was chosen, 
because the type of shots scheduled there seemed to be appropriate to the goals of the experi- 
ments.    Figure 2.1 shows the position plan for the bunkers,  and Figure 2.2 shows the relative 
position of the bunkers and receiving station. 

The bunkers consisted of 6-foot-dlameter concrete drain tiles placed deep enough to provide 
6 feet of earth above the bunker (Figure 2.3).   The bunker manholes were filled with cans of 
earth after the bunker was buttoned up, to shield the installation from gamma rays.    The inte- 
rior of the bunkers was lined with Vn-inch copper to reduce the effects of the EM signal. 

Power was supplied to the bunkers by an external source during preparations.    During the 
period from about H-4 hours through shot time the bunkers operated as self-contained units, 
with power supplied by a 5-kw, gas-engine-driven generator installed beneath the floor of the 
bunker.   The bunker was ventilated by a 2,000-cfm blower fan.   Time signals provided by 
Edgerton, Germeshausen, and Grier, Inc. (EG&G) were used to perform the necessary opera- 
tions within the bunker. 

Figure 2.4 is a block diagram of a typical bunker installation.   The transmitter provided 
EM radiation directed by the antenna to the receiving installation at Building 400.   The trans- 
mitter output was monitored, and the monitor signal was recorded In the bunker on the oscillo- 
scopes and an oscillograph.   Three gamma ray detectors are shown.   One of these was used to 
provide a fast pulse to trigger the oscilloscopes.   The actual measurement of the gamma rays 
was the function of the other two, which were used at different scintillation efficiencies to ex- 
tend the dynamic ran^e (Section 2.4.3).   Several oscilloscopes at different sensitivities were 
used with each detector to extend the sensitivity range further.   The H-5 second and H-l 
second signals were used to turn off the fan, arm the scope sweeps, open the camera shutters, 
and initiate a time-delay circuit to shut off all equipment at approximately H + l second.   At 
H-l second, a mechanism was activated that disconnected the bunker from external power and 
EG&G signal wires to reduce the possibility of an EM signal entering the bunker. 

The receiving equipment was installed In a trailer van located at Station 400; Figure 2.5 
shows a typical arrangement.   The receiver output signals were presented on three time scales: 
100 Msec, 18 msec, and several seconds.   Camera shutters and sweep-arming circuits were 
controlled by EG&G time signals.   Sweeps were triggered by a fiducial-marker (FIDO) pulse. 
(A more detailed description of Instrument functions Is given in Section 2.4.) 

2.2 SHOT PARTICIPATION 

Project 2.7 participated in nine shots. 

2.2.1   Shot Boltzmann.   One of the objectives was to observe the attenuation of radio waves 
when transmitted through the fireball; Shot Boltzmann was selected for this experiment.   The 
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,«,,,.. O' Banded Mountnin at which the transmitter should have bt-on loca'.^d was ..ucccso.hlo. 
f inmnromise transmitter location on Banded Mountain (Figure 2.6) was employed such that 
ie iSe oTslght from the transmitter antenna to the receiver antenna was within 100 feet of the 

deV'" "nu,ers at frequencies of 160, 960, and 9750 Mc were used.   The slgnnl level was 
■»rd''at Stfitiw, ^00 with a Century oscillograph recorder, a drum camera, and oscaioscop^ 

t"hus p/o'idlng time scales in the order of seconds,  milliseconds, and microseconds,  respec- 

tively. 

2 2 2   Shot Franklin.   The Boltzmann Instrumentation was used again during Shot Franklin. 
In thig case, the pTo^gation path came within 1,200 yards of the shot tower. 

9 2 3 Shot Lassen The work planned for Lassen included preliminary experiments designed 
to c^idTSt^itTTTesponse, and calibration for later shots. The bunker installations were not 
completed in time for participation during Lassen; most of the experiments intended for Lassen 

were included in later shots. 

2 2 4   Shot Wilson    The experiment planned for Wilson was the measurement of attenuation 
•, v: tend frequencies as a function of range, with a simultaneous gamma ray measurement. 
Time was available to Install only three of the four transmitters originally planned.   They were 
installed in Bunkers .01,  .03, and .04, and gamma ray detectors installed in Bunker .02.   Atten- 
uation data was taken at Station 400 with oscillograph, drum camera, and oscilloscopes. 

2 5   Shot Priscilla    The experiment duiing Priscilla was to observe reflections from the 
fir^irT^'dlh^fl«110" coefficient (radar cross section) as a function of frequency and 

m»   alid to attempt to relate this to electron density gradient.   Because Priscilla was delayed 
♦n a date approaching that for Shot Hood, only the X-band equipment could be spared for this 
„illation     The transmitter (Figure 2.7) was installed on a line from ground zero to Station 

400    The transmitting and receiving antennas were oriented on the burst point by survey. 

2 2 6  Shot Hood    The experiment planned for Hood was the measurement of attenuation 
v^il^ÄTwlth a simultaneous gamma ray measurement.   Transmitters at 160   960, 

A QfiOO Mc were installed along with the gamma ray measuring equipment in Bunker .05 
(F^re 2")-    Monitoring devices were installed, with an additional X-band system (9750 Mc), 

in Bunker .03 (Figure 2.9). 

2 2 7   Shot Diablo.   The recording equipment at Station 400 was used to observe EM signals 
in ffie frequency bandwtdths of receivers at 160, 960, and 9850 Mc. 

2.2.8  Shot Kepler.   During Kepler, the EM signal at Station 400 was measured with a verti- 

caTdlpöüT 

2 2 9  Shot Owens    The purpose of the experiment during Owens was to measure both the 
JjUave attenuation and the gamma ray flux with high time resolution, to place a smaller 

nmi' on the m-an life of the electron.   A 4700-Mc system was provided for this purpose. 
^nrimarv insolation was in Bunker .05 and consisted of the 4700-Mc transmitter, X-band 
«me correUtton transmitter, and gamma ray equipment.   Gamma ray detectors were also 
Installed in Bunker .04.   The EM signal was again measured with a vertical dipole. 

2.3    BEQUmED DATA 

n " of the objectives of Project 2.7 and the background outlines in Section 1.2, data 
^S requtred on attenuation as a function of time and frequency.    In addition, auxiliary data 
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was noeded to separate effects that interfere with the direct measuremeiU of rad'o wave atten- 
uation.   One of these was the EM signal that may find its way into either the transmitter or 
receiver, or both. 

The attenuation data desired falls, on the basis of required time resolution,  into two groups. 
Most of the obji.rtivcs cou'd be mpt vnth data of l-(isec resolution, since the important factor 
is the relitUKiähip htiwe-.n the nrnjiitudos of the attenuation and gamma ray pulses, while the 
shape of the attenuation curve only had to be known to about l-(isec accuracy.   For this reason, 
all of the transmitters used, with the exception of the two in the high-resolution experiment 
during Shot Owens, were modulated with 1-Mc square waves.   The RF signal transmitted thus 
consisted of l-jisec-long pulses with a 1-Mc repetition rate.   The receiving system used for 
these experiments had a bandwidth such that these pulses were obtained essentially unclistorted 
One advantage of this type of transmission is that the data is obtained with an inherent time 
scale. 

The data required from the high-resolution experiment made it necessary to reproduce the 
shape of the attenuation curve to an accuracy of 1 shake (0.01 (jsec).   To accomplish this by 
the means outlined above would have required extremely short pulses with a much higher repe- 
tition rate.   The technical problems were formidable, so a continuously radiated signal was 
used — 4700 Mc for the attenuation measurement, and about 9700 Mc for the time correlation 
liilk.   The receiver would then seo the attenuation as a modulation on the intensity of the 4700- 
Mc radiation and treat it as it would any other pulse. 

Since the attenuation was assumed to be the result of free electrons produced by the nuclear 
radiation from the detonation, the measurement of the gamma ray flux as a function of time was 
a fundamental requirement. 

2.4    INSTRUMENTATION 

Project 2.7 included a variety of experiments that required a large amount of specialized 
equipment.   Commercial components were used when possible, but many items required spe- 
cial design and fabrication.   Those of the special items that bear on the accuracy or validity 
of the experimental results, or appear to be of general utility, are described below. 

The propagation measurements, with the exception of the high-resolution experiment, were 
made with combinations of the same "building block" components.   These components are dis- 
cussed In Sections 2.4.1 and 2.4.4.   The high-resolution experiment was suXficiently different 
to warrant a separate discussion in Section 2.4.2.   The gamma ray equipment was common to 
all of the installations and is discussed in Section 2.4.3. 

2.4.1   Radiofrequency Propagation Study Link.   Transmitters.     A block diagram of the 
Band 1 transmitter (152 to 160 Mc) is shown in Figure 2.10.   The essential components of this 
transmitter are a General Radio (OR) 1208B variable-frequency oscillator. Airborne Instru- 
ments Laboratory (AIL) gated amplifier, Hewlett-Packard 211-A square-wave generator, AIL 
power amplifier, and an M. C. Jones directional coupler and power indicator.   The oscillator 
was used as a source of RF energy; its output was fed into the gated amplifier, which acted as 
a modulator.   A 1-Mc square wave from the square-wave generator was mixed with the RF 
signal In the gated amplifier to produce, at its output, an RF carrier modulated at a 1-Mc rate. 
The difference in the power level from "off" to "on" was such that the "off" level was greater 
than 60 db below that of the "on" level.   This difference in level between "on" and "off" is 
important, since it is one of the factors determining the maximum dynamic range of the meas- 
urement.   This signal was then amplified by the power amplifier to a peak power output of 7 
watts.   The output signal from the power amplifier was coupled through the directional coupler 
to the antenna.   The purpose of the directional coupler was to provide continuous monitoring 
of the power output from the transmitter by the power indicator.   Tube and circuit operating 
voltages were supplied by Lambda power supplies. 
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A block diagi-Km of the Band 2 transmitter (890 to 360 Mc) is shown in Figuri' 2.11.    A GH 
1208B oscillator served as a source ot RF energy.    Its output was fed to a gated amplifier where 
the RF signal was modulated in the same fashion as for the Band 1 transmitter.   The RF output 
signal from the gated amplifier was then multiplied to the desired operating frequency by means 
of a trip'.or and doubter (AIL).   Tht? output signtt from the doubler w.is then fed to a driver am- 
plifi'.T whore the power in th<. RF sigp.iil w:>~ raised to a sufficwut lo.cl to drive the fituil pow.'r 
amplifier (AIL).   The peak power output from this amplifier was about 8 watts.    This signal was 
fed through the directional coupler to the antenna.   The power indicator continuously monitored 
the output from the transmitter.   All tube and circuit voltages were supplied from Lambda power 
supplies. 

The block diagram for the Band 4 transmitter (9800 to 10,200 Mc) is shown in Figure 2.12. 
A Vanan V-55 klystron oscillator was the source of RF enertft.   It delivered an 800-nuv peak- 
power output and was square-wave modulated at its repoller by a 1-Mc signal from a 211-A 
square-wave generator.   The RF signal output from the klystron was waveguide coupled to a 
ferrite isolator that reduced the effect of loading of the following circuitry on the klystron.   A 
Hewlett-Packard X530A cavity wave meter was used to measure the frequency of the RF energy. 
A Hewlett-Packard X750E directional coupler and 430-CR power meter were used to monitor 
the power output. 

Receiving   Equipment.     A block diagram of the Band 1 receiver is shown in Figure 
2.13.   The signal from the antenna was coupled through RG8/U coaxial cable to the RF ampli- 
fier.   This amplifier was fixed-tuned to the center of the 152- to 160-Mc band and had an over- 
all baridwidth of approximately 10 Mc.   The output signal from the RF amplifier was fed to the 
grid of the mixor tube along with a loosely coupled signal from the local oscillator.   The 30-Mc 
intermediate frequency signal from the mixer was fed through two stages of preamplification 
and then coupled through a short coaxial cable to the logarithmic intermediate-frequency (IF) 
amplifier.   From this point on, the AIL receivers were identical.   Each tod a logarithmic 
intermediate-frequency amplifier, video detector, video amplifier, and monitor scope. 

To handle the wide range of signal levels expected in the attenuation measurements,  it was 
decided that the IF amplifier should have a logarithmic response.   That is, the detected output 
signal of the IF amplifier should be proportional to the logarithm of the input RF power.   The 
IF amplifiers, as finally developed by AIL, were not true logarithmic amplifiers but were more 
a combination of a linear and logarithmic response.   Since this type of amplifier was adequate 
and could be calibrated, it was accepted.   In its final form, the IF amplifier had approximately 
50 db of dynamic range and a bandwidth of about 2 Mc.   The detected video output of this am- 
plifier was approximately 0.6 volt at maximum RF signal input to the receiver.   A video ampli- 
fier with a gain of about 70 was used to bring the video signal up to an amplitude sufficient for 
recording purposes. 

A block diagram of the Band 2 receiver is shown in Figure 2.14.   The RF signal was fed 
from the antenna through RGU/U coaxial cable to the input of the receiver.   Here it was mixed 
in an Empire Devices CM 107B crystal mixer with the signal from the local oscillator, a GR 
1209-B variable-frequency oscillator.   The 30-Mc IF was then amplified by the IF preamplifier 
and fed through a short piece of cable to the logarithmic IF amplifier.   The remaining portion 
of the receiver was identical to that described in the previous paragraph. 

A block diagram of the Band 4 receiver is shown in Figure 2.15.   The RF signal was wave- 
guide coupled from the antenna to the input of the receiver.   Here it was mixed in a balanced 
crystal mixer with the signal from the local oscillator, a Varian VA-6314 reflex klystron.   A 
balanced mixer was used because, in the ideal car^e,  it should improve the noise figure of the 
receiver by 3 db.   The IF output from the mixer was then fed through an IF preamplifier to the 
logarithmic amplifier in the fashion previously described. 

Antennas.     The antennas used in the Band 1 system were Andrew 3645 corner reflectors 
with two bays of two sections each stacked vertically.   The gain provided by each of these an- 
tenna was 12.5 db, and the beam width was approximately 15°. 
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The Band 2 receiving antenna was a 6-(oot parabolic dish, cer.ler-fed fiüni a half-w.ive di- 
pole, with a gain of 23.2 db and a be.im width of 11".   The transmitting antenna was a 2-loot 
parabolic reflector fed in the same fashion, with a gain of 14 db and a beam width of 33°. 

The Band 4 receiving antenna was a 6-foot parabolic reflector fed from a waveguide,  with 
43 dl) of gjin and a be;iru Vridtii of S".   The Irarsn.itUiv; antrrma was a 2-foot paraholic : efki'tor 
fed from a waveguide, with a gain of 32.3 db and j beam width of 6'. 

Calibration.      Since the receiver contained a logarithmic element (hn-log IF amplifier), 
special consideration had to be given to the method of calibration.   Most commercial signal 
generators provided for variable modulation percentage.    An indicated modulation of 100 per- 
cent meant nearly 100 percent.   A good generator with square-wave modulation usually gave a 
ratio of 20 db between the peaks and valley of the square wave for nominal lOO-pei cent modula- 
tion.    Since the dynamic ranvje of the IF amptifierS used was greater than 40 dl),  the amplifiers 
could sec only the 20-db-modulation depth and could give a 20-db output signal, which was con- 
stant over a wide range of input power.   Thus, it was necessary that the modulation depth be 
greater than the dynamic range of the lin-log IF amplifier.   The modulation used on the trans- 
mitting klystron was designed to carry the klystron completely out of oscillation and thus 
provided modulation ideally suited for calibration. 

Since all components in the receivers except the logarithmic IF amplifiers operated in linear 
fashion, their calibration as part of an X-band receiver was adequate.   Therefore,  the X-band 
transmitter was set up as a signal source, and calibrated attenuators with the necessary range 
were used.   Calibration curves of the four logarithmic IF amplifiers are shown in Figures 2.16 
through 2.19. 

2.4.2   High-Resolution Equipment.   4700-Mc   System.     In the high-resolution experi- 
ment, it was decided that a wide band RF link was necessary in order to make the attenuation 
measurement with the desired 1-shake time resolution.   To this end, a portion of a high- 
resolution radar operating at 4700 Mc was borrowed from the Civil Aeronautics Administration. 
A block diagram of the transmitter is shown in Figure 2.20. 

The transmitter consists of a 2K22 klystron driving a traveling wave tube (TWT) power am- 
plifier with a CW power output of approximately 500 mw.   A cross-guide 20-db coupler was 
inserted at the transmitter output to couple a small portion of the output to a crystal detector. 
This provided a means of monitoring the power output from the transmitter.   All tube and cir- 
cuit voltages were supplied from self-contained power supplies in the transmitter. 

A block diagram of the receiver is shown in Figure 2.20.   The RF signal was fed from the 
antenna through an RG8/U coaxial cable to the input of the receiver.   The first stage of the 
receiver was a TWT amplifier operating at 4700 Mc with a gain of approximately 40 db.   To 
limit the bandwidth of the receiver arid thereby reduce interference from undesired signals, a 
passive filter network was placed ahead of the TWT.   This network was tuned to 4700 Mc and 
had a bandwidth of approximately 175 Mc.   The output of the TWT was fed directly to a viJeo 
crystal detector.    From here, the video signal was amplified by several stages of a distributed- 
line-type amplifier.   This amplifier had an overall gain of about 33 db'and a bandwidth of 50 Mc. 
The output of the receiver was taken from a cathode follower and fed through coaxial cable to 
the recording equipment. 

The transmitting and receiving anterjias used here were parabolic reflectors fed from a 
waveguide.    They had a gain of 35 db and a beam width of 4°. 

X-Band  Time  Correlation  System.     Since it was the {wrpose of the high resolu- 
tion experiment to obtain a time correlation between the instantaneous gamma ray field and the 
RF attenuation, a time correlation system was developed.   A portion of this system *as an 
X-band RF link between the bunkers at Station 9-2.7-9009.05 and the van at Station ^00 

A block diagram of the transmitter is shown in Figure 2.21.   It is essentially the same as 
discussed In Section 2.4.1, the difference being that it was operated without modulation JI til 
the arrival of the gamma ray field at the bunker.   At this time, the klystron was driven out ol 
oscillation by a signal that was obtained from a gamma ray trigger photomultiplier located <li 
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r^tlv above the bunker.   Thus, a slcp-fu.ution chanut- in the' RK carrit-f uho.-i« time of occur- 
rence was established by the gamma rays was transmitted back to the receiving van with a 

^Tbloc^dUg^an. of the receiver is shown in Fi^r« 2.21.    It is a specif wide-band super- 

h.t.,,.,,,.. reiver dev^oc. ! at IH- N.n.<! K- arch I.M^ratnry (N.U,).   Tlu wr.<xM. in.mt 
to the ««H er feccis a sinde HndoS cry5t;.! nnx.r OKratin, a. a {ir.l d, f Cor.    The local 
L Hllator is a 2K25 klystron.   The IF is 100 Mc,  which is amplified by three Spencer Kennedy 
Tab 202P chain amplifiers with a bandwidth of approximately 200 Mc.   The crystal video second 
dPtector feeds three Hewlett-Packard 204B chain amplifiers with a bandwidth of approximately 
150 Mc     The output from the receiver is a negative step function of about 20-volt amplitude 
with a 10-3 second rise time and a signal-to-noiso ratio of about 20 lo 1. 

The transmitting and receiving antennas used here were the san.e as the Band 4 antennas 

described in Section 2.4.1. 
Time   Markers        To establish a 1-shake time correlation between the instantaneous 

„amma ray field and the RF attenuation, a time marker whose time of occurrence relative to 
nroZt gamma ray pulse was known must be displayed along with the data.    In both the bunker 
a dTS van recording systems, the time reference marker was established by the output s.gnal 
from a pfotomultiplier looking at a Pilot B scintillator located in the immediate vicm.ty o  the 
b nk'-rs at Station 9-2 7-9009.05.   At the arrival of the prompt gamma ray flux, the output from 
the ptotomultiplier is driven rapidly to saturation and then remains fairly constant for a time 
that is long compared with the sweep time on the scopes.    Hence, a step function of voltage .s 
develooed across the anode load resistor of the photomultiplier.   This signal turned off the time 
correction transmitter carrier, as discussed above,  and was used to provide time markers m 

^The time marker for the bunker recording system was fed into the bunker through a length 
of RG8/U cable     This signal went directly to three scope trigger inputs where each scope was 
tri^ered successively with about 0.002-(JSec delay between the starts of the sweeps.    The sig- 
nal was then delayed 0.095 fisec and fed into two Hewlett-Packard 204B chain amplifiers con- 
noted in series     The 52-ohm anode load resistor of the photomultiplier was located at the 
input to the first amplifier.   These amplifiers each had a voltage gain of 20 db,  rise time of 

0 003 usec. and a bandwidth of approximately 150 Mc. 
The output of the amplifiers was fed to the deflection plates of the three scopes and then 

throueh a length of cable shorted at the far end. This shorted cable formed a pulse on each 
scope, which established a time-reference marker for the data presented on that scope. 

2 4 3  Gamma Ray Detectors.   Since r^dio wave attenuation is caused by electrons, the rate 
of SFÄtM these electro is important for quantitative analysis of observed attenuations. 

At early times after the detonation of a nuclear device and at radial distances of 0.5 mile and 
farther   electrons are produced by the action of gamma rays on the surrounding air.   At some- 
L later times (a little less than 30 psec for 14-Mev neutrons at 1 mile from the device), 

. of the electrons are produced by the neutrons.    For this experiment the roentgen is a 
n^ra" unit for measurements of the gamma rays,  since the roentgen is defined in terms of 
the number of electrons produced in a cubic centimeter of a.r. ..,,.,. 

For eamma ray intensity measurements with a time resolution of 10     second, the s.mplest 
rf^prtion system consists of a fast scintillator and some device for measuring the light output 
^a function of time.   The requirement that the scintillator be fast, that is, have a decay time 

f I       than 10'' second   rules out all the inorganic scintillators.   A liquid scintillator consisi- 
Laf a solution of toluene and terphenyl was selected, since this combination has been well 
lested at previous nuclear tests and seems to work at intensities up to 5 x 10' r/sec before 

"'sincMoluene   by weight, consists mostly of carbon, its response as a function of gamma 
ray energy will closely approximate that of air, which averages only a little more than one 

atomic number higher than carbon. 
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A vacuum photodiode rather than a photoniuUiplier was chosen as the light measurim; drvici1. 
The advantage of no variation in gain with supply voltage lor the photodiode outweighed the ad- 
vantages of photomultipliers, e.g., placing the photomultiplier at some distance from the scin- 
tillator so that gamma ray shielding could be used around the tube.    For reasons of economy 
and tine, a rtadily available tubf, the 935, was selected.   This tube has a sp.r.tral respanr-' 
th.'.t peak; in the n.: .r ultraviojet and this matchoss the ultraviokt light unlpL.t from the s^ii.- 
tUlator. 

Photodiode  Selection.     To test the pulse response of these photodiodes, two types 
of high-intensity light Hashers were used.   One was an FX-1 flash tube manufactured by EG&G. 
The flash tube was fired by charging a 0.2-Mfd capacitor to 8 to 15 kv and then discharging it 
throuäh the flash tube by firing a 5C22 hydrogen thyratrou.   This unit gave a pulse whose half- 
width was apprtixir.-.alely 1 ßsei:.   The other consisted of a similar unit containing a flash tube 
made at NRL and gave a 30-m(isec pulse when a 500-(infd capacitor was used. 

The 935 photodiode had to meet rather stringent requirements.   First, the tubes to be used 
must have dark currents of the order of 10~15 ampere or lower.   The reason for requiring such 
low dark currents was that the gamma ray calibration measurements were made with currents 
of the order of 10-19 ampere.   To keep down the dark currents,  measurements were made with 
only 67 volts applied across the tube.   Calibration measurements were made at the same voltage. 
Since some of the tubes were to be used at 3,000 volts, a test was performed to see i{ the tube 
gave the same pulse output when the voltage was changed from 67 to 3,000 volts.   Only tubes 
whose output varied by 15 percent or less were used.   This test was made by connecting the 
tube to a coaxial cable, RG114/U, whose characteristic impedance is 185 ohms, and terminating 
the cable with a resistance of 185 ohms at the oscilloscope on which the pulse was displayed. 
Care was taken to use light pulses that did not raise the photodiode output above the linear re- 
gion when 67 volts were used. 

The r f xt test rejected all the tubes that broke down when subjected to a number of light 
pulses that would give a 1-ampere output with the voltage at 5,000 volts.   These tests eliminated 
three tubes out of four. 

A major problem of high-Intensity gamma ray measurements is the fact that the intensities 
involved are much higher than those that can be produced in the laboratory.   In particular, the 
CoM source available for the calibration of the detectors gave detector current outputs that were 
about lO10 times smaller than the peak output expected.   Extrapolation of the calibration meas- 
urements by 10 orders of magnitude is a problem of some concern.   As tar as is known, photo 
surfaces emit electrons directly proportional, in number, to light intensity (for a fixed spectral 
distribution).   This is true only if the photo surface has a low electrical resistance as is the 
case for the 935 tube.    It would b« expected, then, that the output current would be limited only 
by space charge saturation of the tube. 

A test was made by placing the photodiode close enough to the l-^sec flash tube, the FX-1, 
so that the tube was saturated at all voltages.   A plot of the peak current versus photodiode 
voltage showed that the output was approximately proportional to v'^; thus, the effect was 
clearly that due to space charge.   Next, the FX-1 tube was shielded except for a small portion 
so that the light source approximated a point source, and the voltage was varied to give a non- 
saturating pulse when the photodiode was 1 foot away.   Since the FX-1 Intensity varies very 
little from flash to flash, it was possible to move the photodiode farther and farther away and 
check the output versus the distance.   A variation of 104 in the square of the distance was cov- 
ered.   The photodiode output, as measured by an oscilloscope, varied inversely as the distance 
squared, as would be expected If it were linear.   The limits of accuracy were approximately 
± 5 percent. 

Various tubes were tested at 3,000 volts to determine their linear output current range. At 
3,000 volts, all tubes gave a linear output up to more than 0.5 ampere. An easy rule of thumb 
for the 935 tubes is that their output is linear up to currents of half their saturation current. 

Since some of the tubes were to be used to measure gamma rays at a time alter those tubes 
had been saturated, a test was made to find the effects of saturation on a pulse that occurred 



somewhat Inter. To do this the FX-1 flash tube was placed at a distance that would have given 
a maximum current from the 935 of about 0.5 ampere if the tube were not saturating. The 935 
voltage was only 100 volts, which limited the current to 0.01 ampere. Another pulse from the 
30-mfisec fbsh was tiired to occur when the current from the 935 had dropped to about a third 
of th«: sa'.yration valu-1. No ?ppL•.;••.-:l•,. differences betwetn the short pu'sr^ were visible, wbctln r 
tlu.y oti-ur;-. 1 a/ier the r'X-1 saturation pulse or wore trigg'Ted separately, From this it was 
concluded ttat, as soon as the 935 current drops to about half the saturated value, the tube is 
responding linearly despite being saturated a few microseconds before. 

Calibration.     To calibrate the detectors with accuracy,  it was necessary to use a radio- 
active source, although a pulsed gamma beam would have more closely approximated operating 
conditions of the tube.   This calibration technique made it necessary to consider tht question 
of the response of the 935 pholodiode to a continuous light and to a pulsed light of the same in- 
tensity.   To test this response, an intense light source was beamed at a rotating mirror and 
then focused by a lens system on a slit.   The 935 tube was placed at a distance behind the slit 
so that approxinjately half of the photocathode was illuminated.   The output from the 935 was 
measured by an oscilloscope and resistor system.   With the scope set for dc input, the mirror 
was rotated by hand until the maximum deflection of the cathode ray tube beam occurred.   This 
gave the steady-state current.   Then, the motor was started and run up to a speed to give about 
ZS-psec light pulses through the slit onto the 935.   The pulse height observed corresponded to 
the dc deflection of the oscilloscope beam. 

The gamma ray detectors were designed for two sensitivities.   The low-intensity detectors 
consisted of a pyrex glass cell about 3 inches in diameter and 3 inches long.   The 935 photo- 
diode was placed as close to the end of the cell as possible.   With the cell filled with a solution 
of Vj percent terphenyl in toluene, the detector sensitivities ranged from 2 to 3 x ID-8 amp/(r/ 
sec).   Since the 935's were linear to 0.5 ampere, the most intense field that could be measured 
with this type of detector was about 2 X 1Ü7 r/sec.   To measure intensities greater than this, a 
high-intensity type of detector was designed.   This consisted of a scintillator cell of approxi- 
mately the same size, but with the photodiode placed 15 inches from the end of the cell.   The 
cell and the photodiode were connected by a 2-inch-diameter black anodized aluminum tube. 
The sensitivity of this type of detector was approximately one-hundredth that of the low-intensity 
type.   Thus, 0.5 ampere corresponds to about 2 x 10' r/sec. 

The detectors were calibrated at NRL using the facilities of the Radiation Calibration Section. 
Among these facilities is a 20-foot well containing a movable Co60 source of about 140 curies. 
Gamma ray intensities from 0.36 to 0.0036 r/sec could be readily obtained by changing the 
source-detector distance.   The field in this well has been calibrated in terms of the Co50 stand- 
ard field at the National Bureau of Standards (NBS) and is known to ±3 percent.    Current from 
the detectors was determined by measuring Uie voltage across a standard resistor with a vibrat- 
ing reed electrometer.   The resistor used had been checked by NBS to ±0.1 percent. 

A 300-kv, constant-potential,  X ray machine whose output is measured by a standard air 
chamber was used to determine the energy response of the detectors to lower energy radiation. 
Table 2.1 shows the response of a typical detector in terms of its Co60 gamma ray sensitivity. 
The median energy Is defined as the energy that separates the number of photons into two equal 
groups. 

The field from a Navy-type UDM-1 gamma ray calibrator containing 5 curies of Co80 was 
checked against the laboratory standard Co'0 field, shipped to NTS, and used for a check on the 
detectors just before they were Installed at the bunkers. 

The gamma ray response of the phototubes without a scintillator was measured to be approxi- 
mately one-hundredth that of the low-intensity detector.   Thus, for the high-intensity detector, 
the response of the tube would have been equal to that due to light from the scintillator.    For 
gamma ray measurements at NTS, the phototube of the high-intensity detector was shielded by 
about 4 inches of lead and buried In the ground 1 foot deep.   Thus, the response of the tube it- 
self to gamma rays being measured was kept to a small percentage of the tube-scintillator 
response. 
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Since the preceding calibration nitasure;iitnts were for steady-stale couditiono,  it was de- 
sirable to check the detectors with gamma ray pulses.   To do this, the detectors were placed 
1 meter from the target of the NRL 20-Mev betatron.    Photographs wore taken of individual 
pulses displayed on an oscilloscope.   These pulses were 0.1 to 0.2 (isec Ions, dependin;; on the 
Setting D' the b-.latron controls.   Next an r-clmnln'r esi-Io.vd in lurite ^as u,-i ,1 to mtasurc 
the average field -it the dott'i tor position.    Thus,  it was pos^iljlc to deter;ninc the number of 
roeutgtns per pulse and compare this value with Unit obtained by measuring; the area under the 
pulse given by the detector.    The two measurements were made several times and checked to 
i25 percent, which is about the limit of accuracy of the experiment. 

Field   Installation.      The complete gamma ray measuring equipment at the NTS was 
made up as follows.    At each position where a measurement was to be made, two or three de- 
tectors with the scintillators at ground level were used.    The number used di,j> nded on the 
range of intensities to be covered.   The detcctoi outputs were connected to Tektronix 541 
oscilloscopes, and the display was photographed by a Dumont 298 camera.   The signal lines 
to the oscilloscopes consisted of approximately 12 feet of RG114/U coaxial cable terminated at 
the oscilloscopes in the bunker with 185-ohm resistors.    In general,  each detector's output 
was viewed by two oscilloscopes whose sensitivities were set a factor of 10 apart.    To keep 
from heavily overloading the more sensitive oscilloscope,  the det?ctor voltage was set so that 
the detector current space charge saturated at a value that would give approximately 20 times 
full-scale deflection on the Tektronix 541 oscilloscope.    It was found that the 541 would take 
twice this overload, but that more than this caused difficulties.    To give a clearer idea of the 
apparatus, a typical installation is described below. 

Detector 1, a high-intensity detector, was run at 3,000 volts.    At this voltage,  the space- 
charge-limited saturation current would give about 160 volts across the 185-ohm termination. 
The output of Detector 1 was connected to Scope 1 set at 20-v/cni deflection sensitivity.   From 
there, the pulse went to Scope 2 where the signal line was terminated.   The sensitivity of Scope 
2 was set at 2 v/cm.   Thus, full-scale deflection of 4 cm for Scope 2 was 8 volts, or about one- 
twentieth of the maximum possible pulse from the detector.   A 0.4-cm deflection on Scope 2 is 
one-hundredth the signal for full-scale deflection on Scope 1.   Therefore, if only signals of 0.4 
cm or greater are considered, the detector system is capable of recording a range of 100 in 
intensity. 

To cover the next range in sensitivity below that covered by the Detector 1 system. Detector 
2, a high-intensity detector, was operated at 100 volts.   At this voltage,  it was limited by space- 
charge saturation to a maximum pulse of 1.6 volts.   The output was viewed by Scopes 3 and 4 
set at 0.2 and 0.05 v/cm,  respectively.   The maximum sensitivity of the 541 scope with the 
type preamplifier used was 0.05 v/cm so a setting of 0.02 v/cm was not available.    Here, the 
intensity range covered is only 40. 

Detector 3, a low-intensity detector whose sensitivity was 100 times that of Detectors 1 and 
2, was connected to Scopes 5 and 6.   These scopes were set at 0.5 and 0.05 v/cm, respectively. 
The voltage of Detector 3 was set at 150 volts to limit the pulse io about 4 volts.   The entire 
system of three detectors and the associated scopes covered an intensity range of 4 x 105. 

Trigger  Generator.     To correlate the sweeps of the vwrious scopes in time, all were 
triggered externally by the pulse from the gamma ray trigger detector.   This detector was 
made up of a 931A photomultiplier with the voltage distributed along the dynodes so that the 
latter stages were run at higher voltages to give larger output currents before space-charge 
saturation.   The 931A looked at a Pilot B scintillator.   The output of the tube was connected 
to the scopes by an RG8/U coaxial line terminated by its characteristic impedance of 52 ohms. 
This combination gave a pulse of about 20 volts when the photomultiplier was operated at 1,300 
volts. 

2.4.4  Recording and Control Equipment.   To obtain as much information as possible from 
each shot, it was found desirable to make recordings that covered a wide range of time intervals 
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beginning appi"oxin\att ly at detonation tiiut1 referred to the recaidin^ station.   Tin- recording 
methods decided upon consistfd of three main types. 

The first of these was a high-speed recording.   These were photographic and made from 
high-speed oscilloscopes to cover a range of from 1 to 100 usec, beginning at detonation time. 

The second w.is a modiur..-speed recordini;; again,  it was done photograph!cally from cath- 
ode ray tubes.   The tinu' inUrval covered here \v;>ä al)u.:t 15 mstc, with I-^ISIT reswlution, 
beginning slightly before detonation lime. 

The last was a slow-speed recording covering a time interval of about 2 to 15 seconds, with 
250-MSec resolution, starting slightly before detonation time. 

All recording systems were designed so that the operation was automstic with timing signals 
supplied by EGtG and triggering or time markers from either an EG&G FlOO or special time- 
mark generators developed at NKL. 

High-Speed  Recording.     The high-speed recording of data occurring immediately 
after the detonalio.i :';id up to H +100 |isec was done with a Dumont 298 camera looking at a 
single sweep presented on the face of a Tektronix 541 oscilloscope.   To insure that the record- 
ing oscilloscopes displayed only the desired information, a sweep-lockout chassis was devised. 
This circuit was used both in the bunkers and in the receiving station at Building 400. 

The recording oscilloscopes were sot up to be triggered from the output signal of a photo- 
multiplier tube.   Therefore, the possibility existed that the scopes could be triggered at other 
than the desired time by extraneous pulses.   The operation of the sweep circuits in the scopes 
was such that, once the sweep had started, the stability control could be turned all the way 
back without interfering with the sweep.   However, the sweep could never be triggered again 
until the stability control was readjusted for proper operation.   This property was used for 
lockout-circuit operation. 

The sweep-lockout circuit prevented extraneous signals from triggering the scopes in the 
follo\  ".g fashion:  Before the signal arrived at H-l second, the lockout circuit and scope 
sweep circuits were unarmed, and triggering of the scopes was prevented.   At H- 1 second, 
the lockout circuit and scope sweep circuits were armed, and the scopes were ready to be 
triggered.   At the reception of a trigger signal from the gamma ray trigger photomultiplier or 
from FIDO at the receiving station, the scope sweep began displaying the desired information, 
and the sweep-lockout circuits were disarmed by a signal obtained from the scopes. 

The circuit diagram for the sweep lockout is shown in Figure 2.22.   The input signal to the 
lockout circuit at J-l was the plus gate output from the scope.   It occurred synchronously with 
the sweep voltage applied to the cathode ray tube.   Tube V-1A inverted this signal and formed 
a sharp negative spike that was coupled to the left-hand grid nf V-2, a bi-stable multivibrator 
that generated the desired waveform to lock out the sweep circuits in the scope.    During the 
time interval when the sweep was locked out, the left-hand triode of V-2 was cut off, and the 
right-hand triode was conducting.   This condition was indicated on the front panel by a light, 
which was extinguished.   As previously indicated, at H-l second a relay-contact closure was 
applied from the control panel, or from the EG&G lines directly at the receiving station, to 
J-3, which dumped the charge on a condenser.   This brought V3-A out of cutoff very rapidly, 
applying a sharp negative spike to the arming bus.   This spike was applied to each lockout cir- 
cuit, and the circuits became armed, a condition indicated by lighting of 1-1 (Figure 2.22).   The 
control voltage was taken from the left-hand plate of V-2 and applied to the voltage divider. 
This divider was returned to the -150-volt supply tha» established the necessary dc voltage 
level at the grid of cathode follower Vl-B.   The output signal was then taken from the cathode 
of this tube and applied through a diode to the grid of the stability cathode follower in the record- 
ing oscilloscope.   The purpose of this diode was to disconnect the sweep-lockout circuits from 
the scope sweep circuits during the triggering interval and, thereby, allow proper operation of 
the »weep circuits. 

During the planning stages of the high-resolution experiment, it was decided that a means 
should be provided for calibrating the sweep speed of the scope traces. Therefore, a 5-Mc, 
crystal-controlled oscillator (V-4) was included in the sweep-lockout chassis. 
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Med ium - Speed  Recording.     The medium-resolution attenuation data was recorded 
on a 4-chaimel drum camera designed and fabricated at NRL for neutron time-of-flight meas- 
urements.   It was used both because of its immediate applicability and to test its utility for 
field operations. 

This recorder consisted of four 5-ir.ch oscilloscope tubes mounted in quadrants above a 20- 
in^'^.-dianl•.''le:■ drum.   The inner surface of the drum was grooved to accept 7U-mir. photo-^iapH'.e 
film.    The optical system of this instrument consisted of a 45° first-surface mirror and a 25- 
mm-focal-leni^h lens (1*1:1.5 Wollensak Cine-Raptar) mounted to project the image of the scope 
tube face on the film surface.   The drum was rotated by a '/J-hp motor at a speed variable from 
3,600 to 4,200 rpm.   The oscilloscope tube was operated with only a radial deflection, since the 
sweep was accomplished by the motion of the drum.   The scope tube was chosen to have a phos- 
phor whose persistence was less than 1 pscc,  in order to resolve two signals 1 (isec apart. The 
tube used was the T51P2'1.   To fit four records on the 70-nini film, a demagnification of about 
7:1 was used.   The tubes and lenses were mounted at different levels to stagger the records 
across the film without overlap between adjacent channels.   Figure 2.23 shows one of the four 
optical sections. 

With these components, the speed required to barely resolve a 1-Mc signal could be calcu- 
lated.   The spot diameter on the cathode ray tube was 0.010 inch; allowing half again the width 
of the line for spacing, a value of 0.015 in/cycle was applicable.   Using the 7:1 optical reduction 
involved, approximately 0.002 in/|jisec was the required speed of the film.   This required that 
the film used have a resolution of about 500 lines/in, a reasonable requirement, since Kodak 
Tri-X panchromatic film has a resolution of about 700 lines/in.   The speed of 0.002 in/fisec, 
when converted to the necessary angular speed of a 20-inch-diameter drum, yielded about 2,000 
rpm.    Therefore, the operating speed of the drum was twice the minimum speed required for 
barely resolving a 1-Mc signal.    For loading and unloading, the drum could be removed from 
the housing that held the tubes and optical system.   A dark slide, which could be raised or low- 
ered while the drum was in place, provided the light seal for the film while the drum wap being 
transported to the darkroom for loading or unloading. 

The following considerations governed the design of the electronics for the drum camera 
system.   The drum camera recorded for only 1 revolution, or about 15 msec; since a 1-Mc 
signal was to be recorded, the system had to turn the beam on to full intensity in less than 1 
jisec, and after 1 revolution of the drum, the spot had to be extinguished in a few microseconds. 
A FIDO provided a trigger pulse for a Tektronix 161A pulser, which then produced an intensifier 
pulse of the correct width and amplitude to operate the cathode ray tubes.   Because of the possi- 
bility of extraneous pulses triggering the intensifier circuit, a safety circuit or lockout was 
provided to prevent a spurious trigger pulse from firing the trace.   The operation of this lockout 
system was similar to the system described previously in this section.   The lockout was armed 
by the EGtG timing signal at H-l second and was automatically locked out after a single inten- 
sifier pulse. 

The inputs to the vertical amplifiers came from l-^sec delay linps connected to the receiver 
outputs.   The purpose of this delay was to insure that the cathode ray beam was fully on before 
the signals to be recorded deflected the scope beam.   The outputs of the amplifiers were con- 
nected directly to the vertical deflection plates of the cathode ray tubes.   The amplifiers were 
essentially duplicates of a conventional oscilloscope vertical deflection amplifier, and had a 
response from 20 cycles to 5 Mc. 

The drum speed was measured by a tachometer making use of a Magmeter — a special trans- 
former that saturated at low currents.   The output of the Magmeter consisted of pulses of con- 
stant amplitudes as long as it was operated In a saturated condition.   The input to the tachometer 
came from a magnetic pickup next to the shaft of the rotating drum.   The Magmeter output was 
then rectified and metered. 

Slow-Speed  Recording.     Longer period changes were measured by Century recording 
oscillographs capable of recording rise times slower than about 300 (isec, and with a flat fre- 
quency response from dc to 2,000 cycles.   The recorder had a paper speed of about 40 in/sec 
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H- 
H- 

-2 hours: 
■ 1 hour: 

H- 
H- 

■5 seconds: 
■1 second: 

H- -0.95 second: 

HH 0.05 second: 
1 second: 

and an Internal 100-pulse/sec time marker from which the actual pap» r speed coulri bo detor- 
mined to ±2 percent.   The instruments were used in the bunkers to monitor various power 
supplies and transmitter power outputs, and in the receiver van to monitor the receiver signals, 
during the period from H- 1 to H +10 seconds.   In both applications, a prec ise timing mark 
corresponding to zero time was recorded by stretching either a gamma ray or FIDO trigger 
pulse softieic.-itly to be registered by tht instrument. 

Timing  and   Control   Panel.      In the original concept of the bunkor corlrol system, 
the bunker installations were to be prepared for a shot and left, operating from station power, 
in a standby condition until the EGtG time signal at H-2 hours.   This was done to allow start- 
ing the bunker motor generator and initiating the operation of the installation automatically. 
Two advantages would result from this approach:  the amount of gasoline to be stored in the 
bunker would be red-jeed to a minimum and the bunkers could be closed up well in advance of 
shot time. 

The complete sequence of functions to be performed by the control circuitry in the bunkers 
was, in chronological order: 

Start motor generator. 
Transfer bunker from external (station) power to 
internal (motor generator) power. 
Turn off ventilating fan. 
Start the paper drive on a recording oscillograph and 
arm the oscilloscope sweep and lockout circuits. 
Open the oscilloscope camera shutters and disconnect 
the station from power and signal wires. 
Close camera shutters. 
Shut down motor generator, turning off all apparatus. 

The operations performed at H-0.95 second were initiated by the EG&G signal at H-l second 
and delayed about 0.05 second by using two sequentially closing relays.   The operations after 
zero time were initiated by a relay in the sweep-lockout circuit that operated at the termination 
of the oscilloscope sweep.   Tin . relay operated another relay that closed the shutters at about 
H + 0.05 second and initiated a 1-second delay circuit that in turn shut off the motor generator. 

In some experiments, oscilloscopes were not used in all of the bunkers, and therefore, the 
signal from the sweep-lockout circuit was not available in some bunkers.   An additional 1.25- 
second delay circuit, initiated by the EG&G signal at H-l second, was included to initiate the 
after-zero-time sequence.   This circuit was left operative at all installations to protect the 
data against failure in the sweep-lockout circuit. 

Before the first scheduled shot, the time signal at H-2 hours became unavailable, for the 
duration of the operation, in the area containing these bunkers, and a revision of the plan was 
required.   About a 7-hour supply could be held in the gasoline storage space available.   Ap- 
proximately 3 hours were required to warm up the equipment and close up the bunkers, so if 
the buttoning-up process were completed at about H-3 hours, a 1-hour safety margin of gaso- 
line was left.   This eliminated the need for the time signals at the H-2 and H-l hours.  This 
approach was the one finally adopted.   The circuit originally concerned with the signal at H- 1 
hour was retained and operated manually to transfer tlie bunker from station power to motor- 
generator power before the bunker was buttoned up. 

Functionally, the control circuitry consisted of two distinct parts:  the first was associated 
with incoming signals (e.g., the EG&G timing signals) and the second with the things being con- 
trolled (e.g., the oscilloscope camera shutters).   Since the control system was disconnected 
from the EG&G signals at H-0.95 second, each EG&G signal actuated an electrically latching 
relay that remained closed during automatic operation, i.e., until the motor generator was 
turned off.   A 3-position switch was associated with each EG&G signal lead such that one posi- 
tion connected the control circuits to the EG&G relay, the center position disconnected all 
leads, and the other position simulated the closing of the EG&G relay.   The position of each 
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switch, except for "off," and each EGtG relay was indicated by pilot lights, so that the state 
of the control system was readily apparent.   A similar arrangement was used in the output part 
of the control system,  so that the thing being controlled could be operated manually, disconnect- 
ed from the control system, or operated automatically by the control system.   Pilot lights were 
used in the san-.e way here, pcrmittir.i; tho condition ot each controlled circuit to be quickly de- 

termii.cd. 
The various bunkers were used for different functions on different shots, and the control 

circuits were designed to handle all of these functions.   For a given experiment, this some- 
times left surplus circuits in the control system, but these could be disabled from the front 
panel.   To set up the control system for an experiment, it was only necessary to throw the 
appropriate switches into the automatic position. 

The only control functions required in the van control system were those involved in opening 
and closing the oscilloscope camera shutters and arming the sweep-lockout chassis and the 
drum-camera sweep circuit.   These were performed directly with the EG&G relay contacts at 
H-l second. 

TABLE  2.1     ENERGY SENSITIVITY OF DETECTORS 

Median Energy Fraction of Co" Sensitivity 

kv 

200 
145 

95 

0.86 
0.86 
0.71 
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^-—Ground  Level 

A- Concrete    Culvert Pipe 
3-0" I D  x6'-0"Long 

B-Concrete   Culvert Pipe 
G'-O"!. D  x8'-0"Long 

C- Reinforced  Concrete Cover 
1 " E-^2 Copper Shield Interior 

Surface of Bunker 
F- txhaust   Fan. 
G- MOV. AC   5kw Motor 

Generator. 
H-Earth Filled Steel Buckets 
1-10" Steel  Exhaust Pipe 

Figure 2.3  Typical bunker installation. 
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Figure 2.7  Transmitter Installation, Shot Priscilla. 
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Figure 2.9  Instaltatlon at Bünk« .06. Shot Hood. 
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Ch;uriev  3 

RESULTS 

This chapter will be devoted to J presentation and evaluation of the data obtained. The analysis 
of and coiiclusioiii rtsuUitvg from the data uill be discussed in the next chapter. Where appro- 
priate,  additional details of the experimental arrangement will be given. 

Table 3.1 gives a summary of the measurements performed and the equipment locations for 
the various shots.   The receiving antennas, with the exception oi the 160-Mc antenna, were 
mounted on top of the receiver van at Station 400,  giving an antenna height of about 15 feet 
above ground level.   The 160-Mc antenna was mounted on top of Building 400, giving an antenna 
height of about 40 feet (Figure 3.1). 

3.1    SHOT BOLTZMAKN 

Participation in Shot Boltzmann was a measurement of attenuation through the fireball. This 
was done at frequencies of 160, 960,  and 9750 Mc generated by transmitters located on Banded 
Mountain.   The location of the transmitters was such that the line of sight from the transmitting 
antennas to the receiving antennas at Building 400 passed within about 85-foot radius of the cen- 
ter r; the cab (detonation on 500-foot tower).   The 160- and 960-Mc measurements were made 
with horizontal polarization.   The 9750-Mc measurement was made with a horizontally polar- 
ized transmitting antenna but was received with both vertically and horizontally polarized an- 
tennas, each having its own receiving and recording channel.   All of the receivers used on this 
shot, and on the following shots, were set to an TF gain such that the log-IF amplifiers were 
operating on the same portion of their calibration curves for the unattenuated signal. The small 
differences in output voltage resulting from this procedure were compensated for by adjusting 
the video gain. 

Figures 3.2 through 3.5 show the signals from the oscilloscope cameras during the first 100 
(jsec.   The several pulses at the left of the sweep represent the signal amplitude before the 
shot.    These were obtained by triggering the oscilloscope with the FIDO pulse and delaying the 
video signal from the receiver by about 5 (isec in a lumped constant delay line.   The appearance 
of the trace at the right of the sweep results from multiple-path signals combining in essentially 
random phase.   The calibrated dynamic range of the system was 50 db.   The complete absence 
of the transmitted pulses implies an attenuation of 65 db or greater.    However, with the possible 
exception of one pulse, the signal is present during the entire attenuation p- .riod.   This signal 
is so sma'l, probably more than 60 db down, that it is outside of the calib ition range. 

The reenrds from the drum camera, of which only the first few milliseconds ire reproduced, 
are fhown in Figures 3.6 through 3.9.   There is some overlap of late data on the early data. 
Thi£   i. ä caused by the intensifier gate not turning off right on time. 

T i<    arly portion of the record from the slow recorder (Century) is shown in Figure 3.10. 
A con i   iite graph of all of the data is shown in Figures 3.11 through 3.14.   This gives attenua- 
tion In .'o, obtained from the appropriate receiver calibration curves, on a logarithmic time 
scale.   The dotted portion of the curve (Figure 3.11) indicates the period during which the sig- 
nal was incoherent because of the multiple-path propagation mentioned earlier. 

The Boltzmann data appears to be quite reliable. All of the equipment operated satisfactorily, 
and there was no interference from the EM effect. There was, however, some pulse-type inter- 
ference in the 160-Mc channel.   The source of this could not be definitely located. 
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It is unfortunate that th>  2.7 burjtofs wore so far from the Boltznann tower.   As it "A.IS, no 
significant gamma ray daUi could have beon obtained.   U this information were available, it 
would allow the analysis of the propagation data to be made more quantitative in some respects. 

3.2 SHOl  FRANKLIN 

The Boltzmanr. installation was left intact for Franklin.   However, the line of sight from the 
transmitting antenna to the receiving antenna was about 1,200 yards from the Franklin cab. 
This, combined with the low yield of the shot, led to no significant data being obtained.   The 
only change observed was a slight fluctuation, beginning at 10 (isec and lasting about 200 psec, 
observed in the 160-Mc link.    It is doubtful that any significance can be attached to this.   The 
records are net rep'-oducc-d here. 

3.3 SHOT LASSEN 

The primary purpose of participation in this shot was to check the calculations of expected 
attenuation and gamma ray signals.   As noted previously, the bunkers were not completed in 
time to allow finishing the installation of the project instrumentation before the shot.   Since the 
yield was so low, it is unlikely that the data would have been significant. 

3.4 SHOT WILSON 

3.4.1   Gamma Ray Measurement.   The installation for this shot was made in Bunker .02, 
1,050 yards from ground zero, and consisted of the detectors and recording oscilloscopes 
shown in Table 3.2. 

No gamma ray data was obtained because of a failure in the timing channel at H-l second. 
The precise cause of the failure could not be determined; however, it appeared that the signal 
did not get to the bunker. 

3.4.?  Attenuation Measurement.   This experiment was designed to obtain attenuation data 
at X-band for transmitters located at various ranges from the detonation.   This would permit 
comparison with attenuation calculated from the gamma ray measurement.   Transmitters were 
installed as listed in Table 3.3.   Horizontal polarization was used, and the antennas were about 
12 feet above ground level at the bunkers. 

Figures 3.15 through 3.17 show the data obtained for the first 100 (xsec from the high-speed 
oscilloscope cameras.   The presentation here is similar to that used at Boltzmann, i.e., the 
group of pulses at the left represents the signal level before the detonation, and the baseline 
represents 50 db below the unattenuated signal level.   The termination of the data at about 14 
jisec in Figure 3.17 was apparently caused by a malfunctioning of the intensifier circuit in the 
oscilloscope.   Again, there appears to be a small signal present during most of the attenuation 
period; however, as in the Boltzmann case, it is below the calibration range. 

The data obtained from the drum camera could not be satisfactorily reproduced. However, 
it generally corresponds with that from the high-speed recordings and extends the information 
to somewhat later times. 

No significant data was obtained from the Century recorder; therefore, its record is not 
reproduced here. 

The data in Figures 3.16 and 3.17 has been reduced to attenuation In db versus time through 
the use of the appropriate receiver calibration curves.   These results are shown in Figures 
3.18 and 3.19.   The data in Figure 3.15 is suspect and has not been analyzed.    The remaining 
data appears to be quite reliable.   No interference from the EM effect was apparent, with the 
possible exception of Bunker .01. 

3.4.3   Bunker Monitoring.   It had been intended to monitor transmitter output and power sup- 
ply voltages In the close-in bunker (.01) at this shot, but there was not sufficient time available 
to complete the installation. 
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3.5 SHOT PR1SCIU.A 

3.5.1 Gamma Ray Measurement.   No bunkers were available near ground zero; therefore, 
no attempt was made to measure gamma rays from this shot. 

3.5.2 Reflection iror.i Fireball.   This measurement was desigr.id to give the F,M w.uc r»- 
fkcfiöii coefficienl of the tirebiül at 100, 960, and 9750 Me.   This data would allow an estimate 
of the electron density gradient to be made.   Because of the approach of the time for Shot Pris- 
cilla to that for Hood, only an X-band (9750-Mc) system could be spared.   Ground zero was 
20,400 yards from the receiver at Building 400.   The transmitter and antenna were 5,280 yards 
from ground zero, on the line of sight from the receiver to ground zero.   The geometry of the 
link is shown in Figure 3.20.    Horizontal polarization was used. 

The rellocled signal was so small that it was below the receiver noise level. Therefore, a 
value of the 97bO-Mc reflection coefficient was not obtained. An upper limit can be set, how- 
ever, and this will be discussed in the next chapter. 

3.6 SHOT HOOD 

3.6.1 Gamma Ray Measurement.   The installation for this shot was made at Bunker .05, 
1,600 yards from ground zero, and consisted of the detectors and recording oscilloscopes shown 
in Table 3.4. 

The scope whose deflection sensitivity was set for 20 v/cm failed for unknown reasons; how- 
ever, the data was reasonably complete without this record.   The data from the four recording 
scopes is shown in Figures 3.21 through 3.24.    Examination of the photograph of the 2-v/cm 
scope (Figure 3.21) indicates some ringing in the circuit.   This raises some question as to 
whether the tops of the two peaks observed are actual peaks or steps on the way down caused 
by this ringing.   The purpose of this measurement was to look at the gamma rays at later times, 
so the uncertainty of the peak amplitudes is not critical.   The intensity scales for these figures 
can be seen by comparing these photographs to the points on the graphs of the data shown in 
Figures 3.25 through 3.27. 

These graphs show the degree of internal consistency that would be expected.   Since it is 
difficult to determine an accurate baseline from which to measure the deflection, the accuracy 
of this determination depends on the magnitude of the deflection.   Thus a 0.4-cm deflection 
probably cannot be determined more accurately than ±25 percent whereas full-scale deflections 
would have about 10 times this accuracy.   This accounts for the spread in the data from two 
different scopes.   The time scale was determined by using the Tektronix 541 scope sweep speed 
as the calibration.   This accuracy Is dependable to ±3 percent.   In addition to these possible er- 
rors, there are the errors involved in reading the data from the photograins, though the errors 
involved here are small compared to those previously mentioned. 

The detector's response to neutrons is probably several times that of an equivalent mass ol~ " 
air, since the toluene contains comparatively large amounts of hydrogen.   The hydrogen atoms 
absorb more energy per neutron than do the nitrogen and oxygen; therefore, the values of r/sec 
given on the graphs are upper limits on the ionization at times after about 23 (isec. 

The data from the 0.5-v/cm recording should not be used above a deflection of 0.8 volt, since 
the detector was operated at 100 volts instead of a required 150 volts.   A deflection of 0.8 volt 
is the largest linear deflection that can be expected from this channel. 

3.6.2 Attenuation Measurement.   The experiment during Hood was designed to measure the 
EM wave attenuation as a function of frequency.   Transmitters at 160, 960, and 9600 Mc were 
installed in Bunker .05, 1,600 yards from ground zero.   A transmitter at 9750 Mc was installed 
in Bunker .03, 1,270 yards from ground zero, to allow comparison of measurements made in 
the bunker of its power output and power supply voltages during the detonation with its signal 
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received In Buildini; 400.   Horizontal polarization was used In all cases.   The 9600- and 960-M(: 
antennas were about 12 feet above ground level at the bunkers.   The 160-Mc antenna was about 
20 feet above ground level. 

The data obtained on the high-speed oscilloscope cameras at the receiving station are shown 
in Figures 3.2S through 3.31.   A severe busolinc shift can be observed in these pictures.   This 
wvs apiiarentl;. caused by the FM sign.d cnterinij the receiving station van on the powerllnes 
and disturbing the receiver and recording system.    Most of the data is hopeless, but something 
can be resurrected, as discussed in the next chapter. 

The data from the drum camera was somewhat less perturbed by the EM effect, but it is no 
more informative than that from the high-speed oscilloscope cameras.   The results are, there- 
fore, not reproduced here. 

There was no apparent long-term signal on the Century record.   The record is,  therefore, 
not reproduced here, 

3.6.3  Bunker Monitoring.   A monitoring system was installed in Bunker .03 to record the 
high-voltage power supply on the 9750-Mc transmitter and the RF output of the transmitter. 
The voltage monitor consisted of a voltage .divider, across the power supply, whose output was 
recorded on an oscilloscope camera and on one channel of a Century recorder    The RF output 
monitor consisted of a small horn about 1 foot in front of, and looking at, the transmitting an- 
tenna.   The horn output was brought into the bunker via a waveguide and rectified in a crystal 
detector.   The crystal current was then recorded on an oscilloscope camera and on another 
channel of the Century recorder. 

The exciter lamp in the Century recorder failed; therefore, no long-term record is available. 
The oscilloscope record of the voltage monitor showed no change greater than 0.1 volt at the 

input to the divider.   It is not reproduced here. 
The oscilloscope record of the RF monitor is shown in Figure 3.32.   A severe baseline shift 

is apparent here too, indicating that the EM effect penetrated the bunker shielding.    It also ap- 
pears that there was either an interference with the transmitter output or severe attenuation 
between the transmitting antenna and the monitor horn.   This appears to be a separate phenom- 
enon (from the changes caused by the EM effect), since the time constants in the RF monitor 
and the transmitter itself make it difficult to reconcile the short period variations (not the 1- 
Mc pulse modulation rate) with the EM effect signal.   These short period variations are prob- 
ably due to ionization in the waveguide connecting the antenna to the bunker.   The second 
decrease in monitor signal strength visible in Figure 3.32 coincides with the arrival time of 
the 14-Mev neutrons at the bunker, tending to support the local ionization explanation.   The 
effect of ionization (and the resultant attenuation in the waveguide feeding the transmitting 
antenna) on the atmospheric attenuation measurements are discussed in the next chapter. 

3.7 SHOT DIABLO 

The only participation by this project in this shot was a measurement of the EM radiation 
from the detonation that fell in the pass bands of the same receiving equipment that was used in 
the attenuation measurements.   Three receivers were used:   160, 960, and 9850 Mc.   Horizon- 
tal polarization was used in all cases.   The signals from the 160- and 960-Mc channels are 
shown in Figures 3.33 and 3.34, respectively.   No signal was observed in the 9850-Mc channel, 
and its record is not reproduced here. 

3.8 SHOT KEPLER 

The only participation by this project in this shot was a measurement of the EM signal from 
the detonation.   A 2-meter-long vertical probe was installed on the roof of the van at Building 
400 (the bottom of the probe was about 10 feet above ground level).   The signal was conducted 
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to an o.scilloöcope by an RG8/U coax terminated in its characteristic impedance at the oscillo- 
scope.   The outer conductor of the coax was connected to ihe aluminum body of the van at the 
base of the probe. 

Figure 3.35 shows the oscilloscope camera recording of the signal, and Figure 3.36 is a 
calibrated gvsph. 

3.9    SHOT OWENS 

3.9.1 Gamma Ray Measurement. Detectors were installed in two bunkers for this shot. 
Table 3.5 gives the details of this installation. The first two detectors were in Bunker .04, 
1,400 yards from ground zero, and the others were in Bunker .05, 1,600 yards from ground 
zero. 

No data was obtained in Bunker .04 because of failure of the motor generator between the 
final buttoning-up and shot time. 

The equipment in Bunker .05 functioned satisfactorily. The raw data is shown in Figures 
3.37 through 3.40, and the graphs of the analyzed data are reproduced in Figures 3.41 and 3.42. 

The Tektronix 541 oscilloscope and Dumont camera recording system did not have sufficient 
writing speed to show the rise of the gamma ray burst, so the data is somewhat inconclusUe 
as to whether there exists a secondary peak of approximately a tenth of the amplitude of the 
primary peak.   At times longer than 0.25 (xsec after the initial peak, the record appears to be 
unambiguous. 

3.9.2 Attenuation Measurement.   The goal of this experiment was to measure the shape of 
the attenuation pulse with a resolution of 1 shake and correlate it with gamma ray measure- 
ments of the same resolution.   The apparatus has been fully described in Section 2.4 and will 
not be discussed further here.   The 4700-Mc link installed for this measurement failed.   A 
trace was recorded at Station 400 but contained no data; the trace is not reproduced here.   Fig- 
ure 3.43 is the monitor trace of the 4700-Mc transmitter output taken in the bunker. 

The failure of the 4700-Mc link is inexplicable.   The large fluctuations in the output power 
recorded in the bunker have no apparent correlation with the gamma rays, neutrons or EM 
signal. 

3.9.3 Electromagnetic Signal.   The experimental arrangement described in Section 3.8 was 
also used during Owens.   The oscilloscope camera recording is shown in Figure 3.44, and Fig- 
ure 3.45 is a calibrated graph. 

As a check on EM signal disturbances, the powerline was monitored by an oscilloscope trig- 
gered by a FIDO. The signal was obtained from the powerline through a high-pass filter having 
a 1-kc cutoff frequency. This would show most of the EM effect but would suppress the 60-cycle 
power frequency. The data obtained showed violent excursions of greater than 40 volts (the 
limit of the oscilloscope deflection system). The excursions had a rather surprisingly high and 
somewhat random frequency, probably related to the several periods of the entire power distri- 
bution system. Since the d?ta is not quantitative, it is not reproduced here. It is felt that these 
excursions are the cause of the baseline shifts in the oscilloscopes used in the receiving station. 
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TAELF 3.2    GAMMA RAY DtTECTOK INSTALLATIONS, 
SHOT WILSON 

nr.,.-..:tiir r'..-''.i'.f 
Dftoinor 
Voll:ii>; 

Number of 
Sooiii.-, 

Deflection 
Seuaitivities 

volt v/cm 

High inlensity 3,000 2 20. 2 
Low intensity 3,000 2 20,  2 
Low intensity 100 0 0.2,  0.05 

TABLE  3.3    THANSMITTER INSTALLATIONS, SHOT WILSON 

unker Runge from Groc nd Z ero F requency 

yards Mc 

.01 920 9550 

.03 1,210 9650 

.04 1,400 9750 

TABLE  3.4     GAMMA RAY DETECTOR  INSTALLATIONS, 
SHOT HOOD 

Detector Range 
Deleclor 
Voltage 
"volt 

Number 
Scopes 

of Deflection 
Se.isitivities 

v/cm 

High intensity 3,000 2 20,  2 
High intensity 100 2 0.2,  0.05 
Low intensity 100 1 0.5 
  .__ - -. ...         . 

TABLE  3.5    GAMMA RAY DETECTOR INSTALLATIONS, 
SHOT  OWENS 

Detector Range 

High intensity 
High intensity 
High intensity 
High intensity 

Detector 
Voltage 
"volt 

3.000 
100 

3,000 
100 

Number of 
Scopes 

Deflection 
Sensitivities 

v/cm 

20,  2 
0.2 

20,  2 
0.2, 0.05 
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Figure 3.1   Receiving station. Building 400. 

Figure 3.2 Signal recorded lor first 100 psec 
on 160-Mc receiver, Shot Boltzmann. 
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Figure 3.3  Signal recorded for first 100 paec 
on 960-Mc receiver, Shot Boltzmann. 

Figure 3.4  Signal recorded (or first 100 psec 
on 9750-Mc receiver with horizontally polarized 
antenna, Shot Boltzmann. 
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Figure 3.S Signal recorded (or first 100 psec 
on 9750-Mc receiver with vertically polarized 
antenna, Shot Boltzmann. 

-.        ^^^^J
l;5J"3ft;3>'i!7^^';j: 

Figure 3.6 bttlal portion of drum camera record 
from 160-Mc receiver, Shot Boltzmann. 
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Figure 3.11   Signal .evel Iron, 160-Mc receiver,  Shot Bol.zmann. 

Tim« .SttOMi 

Figu 
re 3.12   Signal level from 960 Mc receiver,  Sliot Boltzmann. 
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Figure 3.13  Signal level from 9750-Mc receiver with 
horizontally polarized antenna, Shot Boltzmann. 
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Figure 3.14  Signal level from 9750-Mc receiver with 
verticaily polarized antenna, Shot Boltzmann. 
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Figure 3.15  Signal recorded for first 100 „sec 
from Bunker .01, Shot Wilson. 
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Figure 3.16   Signal recorded for first 100 ^sec 

from Bunker .03, Shot Wilson. 
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Figure 3.17   Signal recorded for first 100 ,sec 

from Bunker .04, Shot Wilson. 

Figure 3.18  Attenuation as measur 
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ed from Bunker .03. Shot Wilson. 
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Pages 59 and 60 have been deleted. 
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Figure 3.25  Gamma ray intensities at 1,600 yards 
for first 15 »isec, Shot Hood. 
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Page 62 has been deleted. 
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Figure 3.29 Signal received from 960-Mc 
transmitter In Bunker .05, Shot Hood. 
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Figure 3.30  Signal received from X-band 
transmitter in Bunker .05, Shot Hood. 

■   '• r'   ■     '   .    '   ■,•',■,"-" ■..•iV-'v"';;,^.,..   . -,'.'.T,'v 

Figure 3.31  Signal received from X-band 
transmitter in Bunker .03, Shot Hood. 
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Figure 3.32 Signal recorded on X-band 
monitor scope in Bunker .03, Shot Hood. 

Figur« 3.83  Signal from 160-Mc receiver 
for first 100 (isec, Shot Diablo. 
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Figure 3.34  Signal from 960-Mc receiver 
for first 100 jisec, Shot Diablo." 
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Figure 3.35  Recording of EM signal 
(or first 100 (isec, Shot Kepler. 
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Figure 3.36  EM signal versus time, Shot Kepler. 

Figure 3.17 Gamma rays from Bunker .05 on high- 
Intensity channel with 30-v/cm sensitivity (or llrsi 
5 psec, Shot Owens. 
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Figure 3.38  Gan^ma rays from B""''". •0^n..hr
i
s

g
t
h- 

fntTnsity channe! with 2-v/cm sens.fv.ty for first 

5 tisec, Shot Owens. 
Tar 

FlEure 3.39 Gamma ray» from Bunker .05 on hlgh- 
JEty channel with 0.2-v/cm sensitivity for first 

10 psec, Shot Owens. 
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Figure 3.40  Gamma rays from Bunker .05 on high- 
intensity channel with 0.05-v/cm sensitivity for first 
50 (JSec, Shot Owens. 
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Figure 3.41   Gamma ray intensities at 1,600 yards 
for first 3 /jsec, Shot Owens. 
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Figure 3.42  Gamma ray intensities at 1,600 yards 
for first 50 fisec, Shot Owens. 

Figure 3.43  Monitor record in Bunker .05 
of the 4700-Mc transmitter output. 
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Chapter 4 

DISCUSSION 

4.1    ATTENUATION MKASURFMENTS 

4.1.1 Gamma Rays.   The gamma ray intensity as a function of time was measured during 
Shots Hood and Owens.   No gamma ray information was obtained during Shot Wilson because of 
the failure of the timing signal at H-l second (Chapter 3). 

The ratio of the measured gamma ray intensities of Hood and Owens was approximately con- 
stant and about 20 to 1 over the time region from 2 to 45 jisec.   However, the yield of Hood 
(71 kt) was only 7.3 times that of Owens (9.7 kt),  so that the intensities apparently do not scale 
linearly with the yield.    For reference, these results have also been compared with the results 
from Shot Easy during Operation Greenhouse as given in Reference 2.    To scale the Easy curve 
to 1,600 yards and convert it to the units in which Hood and Owens were measured (r/sec),  it 
was necessary to assume an average energy for the gamma rays.   This was taken to be 1 Mev. 
To determine the validity o. scaling the gamma ray intensity directly with the yield of a device, 
each of the three curves was reduced to a yield of 1 kt by dividing the measured intensity by 
the measured yield.   The results of this comparison are shown in Figure 4.1. 

4.1.2 Attenuation.   Radial attenuation data as a function of time was obtained from Bunkers 
.03 and .04 during Shot Wilson and from Bunker .05 during Shot Hood.   All three of the success- 
ful measurements were made at X-band frequencies.   In addition to the attenuation data from 
Shot Hood, a simultaneous measurement of gamma ray intensity as a function of time was ob- 
tained.   Since the gamma ray intensity measurement during Shot Wilson failed, it was necessary 
to use the gamma ray production function from Reference 2 scaled to the yield of Shot Wilson. 

The attenuation as a function of time was calculated using Equation A.19 from Section A.l. 
This attenuation equation can be evaluated for a given range; however,  the factors  T (electron 
mean lifetime) and K (a parameter that depends on the radio frequency, the electron energy 
distribution, and the collision frequency) must be evaluated.    Chapter 1 contains a description 
of a Monte Carlo program that was used in calculating the value of these parameters.   At the 
time ihis report was written, only preliminary values had been obtained.   Since Equation A.IS 
involves only the product of these parameters, let the quantity KT be called A.   They are 
T = 1.7 x IG-1 sec, K = 1.77 x lO-15, giving A = 3.0 x 10"". 

The attenuation due to ionization in the copper waveguide leading from the transmitter in the 
bunker and the transmitting antenna, approximately 12 feet above ground level, has been taken 
into account.   The ratio of electron density (for 1-Mev gamma rays) inside the waveguide to 
that in air was found to be 1.2.   Since the attenuation in the waveguide is less than 1 percent of 
the attenuation over the remainder of the transmission path, it was neglected. 

Figures 4.2 and 4.3 show the experimental data points from Shot Wilson, Bunkers .03 and 
.04, respectively.   The calculated attenuation using A = 3 x 10"SI for each bunker is included 
on the figures.   In addition, curves that were considered best fits (using A as an adjustable 
parameter) over the time between the earliest readable signal and full recovery are included 
in the figures.   These fits result in values for A of 7.0 x 10"" and 7.7 x 10"", respectively. 
The agreement between these values indicates that the radial dependence of the gamma ray 
intensity as given by Equation A.20 is reasonable. 

Figure 4.4 shows the experimental data points from Shot Hood,  Bunker .05.   Since, in this 
case, a simultaneous measurement of gamma ray intensity as a function of time was obtained, 
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It WAS used as the electron pruduction (unction in Equation A.19.   Using A =  3.0 x lO-2^ the 
calculated attenuation is shown on the same figure; however, the fit is not satisfactory.   The 
best fit, which is still tar from satisfactory, is also shown.   This curve was obtained by using 
A = 9.0 x 10"". 

This discrepancy is apparently not due to an anomalous gamma ray measurement,  since its 
general features are in agreement with both of the other gamma ray measurements shown in 
Figure 4.1.   Therefore, the assumptions involved in the derivation of Equation A.19 and its 
applicability to the present case must be questioned. 

The major difference between Shot Hood and those which have been analyzed using Equation 
A.19 (Plumbbob Shot Wilson and Redwing Shot Osage, Reference 3) is the fact that the yield of 
this device was about 7 times as large as the largest of the others.    It is apparent that the rate 
of reco\ery of the experimental attenuation curve is more rapid than the rate of recovery of 
the calculated attenuation curve. 

The- assumption leading to Equation 1.5 (Chapter 1) may well be questioned.    Since a large 
fraction of the gamma rays produced is due to (n,y) reactions in air, constituting a distributed 
source, the gamma ray source function may have a more complicated distance and time depend- 
ence.    It should be kept in mind that, during the recovery phase, the most energetic neutrons 
(14 Mev) have not yet reached the transmitter.   An additional complication would result if the 
gamma ray energy distribution were a function of time and distance. 

A second possible explanation of this discrepancy could be that the electron production func- 
tion is obtained only from the gamma ray intensity measurement.    However, as pointed out in 
Chapter 1, the most prominent mechanism for the removal of free electrons is attachment to 
neutral oxygen molecules, which gives rise to negative ions.    The electron is bound in this 
coruiguration by about 1 ev.    It is conceivable that there exists enough light energy of sufficiently 
short wavelength to detach electrons from the negative oxygen molecular ions and thereby make 
it necessary to add another production term into Equation 1.1.    This would make the attenuation 
dependent not only on the gamma ray intensity but also on the intensity of the light over the 
transmission path. 

A final possibility is that this discrepancy may be due to the EM signal produced by the burst. 
The mean lifetime of a free election,   T in Equation A.19, could be affected by a sufficiently in- 
tense electric field.   This parameter uepends on the time required for the electron energy to be 
reduced to thermal, and to the capture cross section, since this cross section is small for 
higher energies.   An electric field causes longer moderation times, because the electrons can 
gain energy from the field between collisions.   Any increase in T causes a corresponding in- 
crease in the attenuation.   There is evidence from the behavior of the baseline that the electric 
field is decreasing at the same time that the signal recovers. 

4.2     ELECTROMAGNETIC  SIGNAL  EFFECTS 

The measurements made by this project of the EM signal generated by the detonation of a 
nucleaV device fall into two categories:   The first concerns only the frequency components of 
the EM signal that lie in the acceptance bands of the receivers used for the attenuation meas- 
urements; the second concerns the entire EM signal and its effect on the equipment used by the 
project. 

The minimum detectable signal in measurements of the first type mentioned above may be 
calculated from the parameters of the receivers used.    The signal power at the receiver input 
terminals,  PR,  is given by 

rR -   w G a watts 

f 

Where:   ui   =   free-spare energy flux at antenna, w/m2 

G   =   numerical power gain of antenna with respect to an Isotropie radiator 
0  =   >2''4"l the cross section in square meters of an Isotropie radiator at wavelength 

\ meters. 
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The inherent receiver noise, which determines the snialk-at signal thai caji be detected,  is 
normally described by two parameters:   the Johnson noise power,  Pj, which is the thermal 
noise power appearing across an impedance, e.g., the antenna, or receiver input impedance; 
and the "noise figure," N(, of the receiver,  into which can be lumped all other sources of 
noise in the receiver.    The noise figure can be expressed as the ratio by which Ihr thermal 
noia.   -.i .uhl h,!\ t> to In  inci. .i-.. d to proiluce the same toUl noisi'signal.   This "e luivalcnt" 
noise power at the receiver input terminals,  Pj^ ,  is then 

JN PjNf 

A rather optimistic estimate (for the recording methods used here) of the minimum detectable 
signal can be obtained by assuming tliat a signal equal to the receiver noise can be delected, 
i.e.,  that the minimum detectable signal is 

lJR N 

The energy density required at the antenna can now be calculated from 

u) o G  -   Pi Nf 

P. can be found from the expression 

J 4 k T -M 

Where:      k       Boll/maim constant 
T   -   absolute temperature 

M   -   bandwidth, cycles/sec (2 Mc for these receivers) 

So that Pj   =   3.29 x 10"u watts 

The other parameters for the receivers used are given below: 

Frequency NL o G 
Mc 

160 13 0.28 16.2 
960 32 0.008 205 

9850 160 0.00008 20,000 

The electric field intensity required may be found from  u by using the expression 

ui* 
where  i   and p are the dielectric and permeability constants of free space, and E0 is the peak 
electric field intensity in volts per meter. 

The minimum detectable signals, based on the criteria previously mentioned,  are given be- 
low in terms of both w and EQ . 

Frequency 
Mc 

160 
960 

9850 

til 

w/m2 

9.4 x 10" i« 

6.4 x 10" 13 

3.3 x 10" 15 

v/m 

8.4 x 10"6 

2.2 x lO-5 

5.0 x 10"5 
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The signals recorded during Sliot Diablo are shown in Fibres 3.33 and 3 34.    Thi   9öS0- Mc 
receiver signal did not show above the noise; therefore,  its record was not reproduced.   An 
upper limit of about 50 fiv/m can be placed on the 9850-Mc intensity.   The 960-Mc signal ap- 
pears to be about twice the noise level, so that the peak intensity is about 40 pv/m.    The 160- 
Mc record shows a small pip, but it appears at the wrong lime.    This could have been produced 
by pretriggering in Uw sv.cop circuit, but the dat.i must be regarded as suspect.    II it is t:ikcn 
as valid,  it leads to a peak intensity of about 25 pv/na. 

The data resulting from the EM effect measurements made during Kepler and Owens with 
vertical dipoles are shown in Figures 3.36 and 3.45,  respectively.   These recording channels 
were direct-coupled all the way from the dipoles to the deflection plates of the oscilloscopes, 
and the transmission-line-antenna system was carefully terminated and checked with a pulse 
generator exciting the dipole.    There should be no distortions due to coupling capacitors,  or to 
ringing in the system.    The results of these measurements will nut be analyzed lure; they are 
presented as general information only. 

The effects of the EM signal generated by a nuclear detonation on equipment in close-in 
bunkers can be severe and difficult to avoid.    The bunker-monitoring system was first used 
during Hood.    The oscilloscope record (Figure 3.32) showed a large baseline shift that is appar- 
ently due to penetration of the shield of Bunker .03 by the EM signal. 

Each bunker installation was 6 feet below ground level, completely shielded by a VJJ inch 
copper sheet with soldered joints, and electrically disconnected from the outside woi Id (with 
one exception) from H - 1 second on. 

The exception mentioned consisted of waveguides soldered to the copper shield at the point 
of entry to the bunker and coaxial cables similarly treated.   The waveguide should not give 
trouble,  but the case for the coax is not as clear.    The majority (4 or 5) of the coax cables 
were connections to the gamma ray detectors.    These detectors were completely shit Ided 
electrically and just under or just above ground level.    There seems to be no evidence in any 
of the gamma ray recordings of any interference from the EM effect.    The only other coax 
cables involved were those used to connect the 160- and 960-Mc transmitters and transmitting 
antennas in Bunker .05.   These antennas used dipole feeds, thus exposing a small portion of 
their center conductors.    However,  the cables were driven by coupling networks in the trans- 
mitters that provided dc short circuits to ground and extremely low impedances at frequencies 
more than about 20 percent different from the operating frequency.    If the electrical bond be- 
tween the transmitters and the copper shield were faulty, or the inductance in that path were 
high, this could be a vulnerable point. 

Large magnetic fields are known to have been present in the bunker area from measure- 
ments made by Project 6.2 (Reference 11) in the same general area.    Fields could have been 
induced in the interior of the bunker,  particularly by the lower frequency components of the 
EM signal where the skin depth in the copper shield becomes comparable to or greater than 
the shield thickness, that would be large enough to produce the effects noted.    A very remote 
possibility is that the disconnect mechanism used to isolate the bunker from power and timing 
lines at H-l second did not operate.    However if this had failed, the damage to the bunker 
would probably have been severe,  and its operation completely disrupted.    There is at present 
no clear way to account for the penetration.    When the effects of the EM field genei ated by the 
detonation are better understood,  it may be possible to calculate the fields that could have been 
expected due to induction through the bunker shield.    It is apparent that the precautions observed 
in this installation were not adequate at this range from a device with this large a yield. 

This bunker was the only source of valid monitoring information.    However,  there was no 
indication in the records obtained at the receiving station of interference by the EM effect with 
the operation of the bunkers used during Wilson.    (The indications at Bunker .01 during Wilson 
were that the timing signal at H- 1 second was not received; therefore, the disconnect mecha- 
nism did not operate.)   As has been previously mentioned, the situation during Owens is inex- 
plicable. 
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Now for a discussion of the dilficulties in the receiving van (at Building 400) during Shot 
Hood.   Signals on the powerline of the magnitude observed (greater than 40 volts) were com- 
pletely unexpected, even though this possibility had been investigated.    Interference with the 
receiving and recording system was observed only at this shot.   This raises the possibility 
that the line voltage regulators in the van could handle the signals from the other shots,  but 
thoir capability »as c.V'cdrd lor this large-yield detonation. 

4.3 REFLECTION  BY FIREBALL 

The experiment during Shot Priscilla consisted of measuring the X-band energy reflected 
from the fireball.    A 9750-Mc transmitter with a 6-foot parabolic antenna was used to illumi- 
nate the fireball, and a receiver with a 6-foot antenna at the receiving station was directed 
toward the burst point to measure the reflected signal strength.    The results given in Section 
3.5.2 indicate that the reflected signal was less'than the minimum detectable signal throughout 
the time of the measurement. 

At times before 0.01 second, the ioni/ation produced by the gamma rays is sufficiently in- 
tense so that the attenuation over the transmission path,  as calculated from Equation A.19,   is 
greater than 50 dh.    At 0.01 second, this give" a signal strength at the receiver of about 10"'* 
w/m? or 25 db less than the minimum detectable energy flux (3.3 x 10" 12 w/m ,   see Section 4.2). 
However,  an upper limit for the reflection coefficient at times later than 0.01 second can be 
estimated. 

At times greater than 0.01 second, the fireball is so large that it subtends an angle greater 
than the 2° beLim width of the transmitter,  and it is possible to assume that the total power of 
the transmitter is intercepted by the sphere.    The power density,  Sr, at the receiver position 
is then approximately given by (assuming reflection into a solid angle of 2J radians), 

s      pt cl t>r        211 R' 

Where:    Pj   =   power output of transmitter 
C   =   reflection coefficient 
R  =   distance from fireball to receiver 

Equating Sr to the minimum delectable signal strength (3.3 x 10" 12 w/m2) and substituting 0.8 
watt tor  Pt and 1.87 x 10* meters for R gives 0.095 as the upper limit for the reflection coef- 
ficient of the surface of the fireball.    This value corresponds to a radar cross section of 190 m2. 
■    Since there was no delectable signal during the entire time of the measurement (~ 10 sec), 
it is apparent that the signal is strongly absorbed in the vicinity of the fireball even after 0.01 
second.    This result is not unreasonable,  since in Figure 4.5 it can be seen that the surface 
temperature of the fireball at 1.5 seconds is still greater than 3,000° C (Reference 12).    On the 
same figure, the attenuation,  in db per meter, for air at the temperature of the fireball surface 
is also shown (Reference 13).    It can be seen, for example, that for times as late as 1.5 seconds 
the attenuation at the fireball surface is about 270 db/m.   Since, by this lime, the surface of the 
fireball is by no means sharp and distinct,  it is not unreasonable to assume that the signal would 
be absorbed in penetrating this surface. 

4.4 MEASUREMENTS THROUGH THE  FIREBALL 

The experiment during Shot Boltzmann consisted of measuring attenuation on line-of-sight 
transmission paths that passed near the position of the center of the initial fireball.    Three 
transmitters and receivers, each pair operating on a different frequency, constituted the radio 
links.    For convenience in the analysis of the data, the time is divided into the initial phase (0 
to 100 (isec), the intermediate phase (100 (isec to 0.5 second) and the final ptiase (0.5 to 10 sec- 

78 

■i^ni^ln     ■       l^^M t^ ^a^-ti,,— .^..^.^.■^^^-^..^■^ 



mmmm 
■-- I " 

oi'ds).    The size ami position relative to tlie giomvl u( lh<; BolUmann (11. hill |ur tnm     uf inti ■ 
pst are shown in Figure 4.6. 

The major effect during the initial phase is attenuation of the signal hy free electrons,  which 
are produced by the gamma rays.    To make an estimate of the lower limit of the attenuation of 
a microwave signal propagating through a region near the fireball, the integral of Section A.2 
was evaluated for an R-y of twice Ur   maximum fireball railius (~ 370 meltrs).    Inseitiri', twice 
this result (to get the total attenuation from the transmitter to the firt-twll anil tin n to l\\f n 
ceiver) into Equation A.19 and using the gamma ray production (unction Iron: Hi I. i. nee 2, 
scaled to the correct yield for Shot BolUmann (11.5 kt),  gives the attenuation as a function of 
time.    This result is shown in Figure 4.7.    During the initial phase, the gamma ray intensity 
is seen to be sufficiently high and so extended tlirough space that the line-of sight signal path 
has a peak attenuation of more than 2,000 db.    The signal then recovers to within tG db of the 
normal signal level in about 50 psec.   This is consistent with the experimental results,  since 
the signal is completely absent (attenuated by more than 50 db) during the fiist 50 psoc (Fig- 
ures 3.2 through 3.14). 

From about 100 psec to 7 or 8 seconds, the line-of-sight path is obscured by the fireball. 
During this time, the temperature of the fireball was sufficiently high so that it can be consid- 
ered virtually opaque to micr 'waves (Section 4.3).    On this basis, any line-of-sight signal 
would be nonexistent, and the signal that does reach the receiver during this period could be 
due only to signals reflected from the ground or diffracted by the fireball or a superposition 
of both of these effects. 

As a first attempt to explain the somewhat complicated experimental results,  the visible 
fireball was treated as an opaque sphere and the resulting diffraction patterns,   including both 
the direct  and  reflected transmission paths,  have been examined.    The details and results 
of this calculation can be found in Section A.3.    Since the reflection angles are,   in general, 
very shallow and the ground is relatively flat, the actual reflection coefficient should be high 
(~1).    However,  since measurements have been made of this quantity by various investigators 
(References 14 and 15) and the results of these measurements have not been in accord,  the 
calculation was performed for a series of reflection coefficients between 0 and 1 and a repre- 
sentative set of these results is shown in Figures A.3 and A.4. 

In comparing these results to the experimental results (Figures 3.11 and 3 12)  it is appar 
ent from the discrepancies observed that,  during the intermediate times,  there are other ef- 
fects, which are not taken into account m this calculation.   The first and most obvious dis- 
crepancy is the fact that the calculated signal levels are,  in general,  higher than the measured 
levels.    This may be due to the fact that even at late times the electron density near the surface 
of the fireball is high and any signal that passes near the sphere is attenuated to some extent. 
For example,  the fireball temperature at 2 seconds is still about 3,000° C (Reference 12).   The 
electron density near the surface of the sphere is, therefore, around 1011 electrons/cm3 and 
for a frequency of 1,000 Mc, this corresponds to an attenuation of about 18 db/m.    It is, there- 
fore, not unreasonable to find that the experimental results show lower signal levels than do 
the calculated curves. 

In addition,  there exists around the fireball an electron density gradient,   which can cause 
refraction around the sphere.    The differences in path length of the various refracted rays 
produce different time delays in the 1-psec RF wave trains with the result that they overlap, 
causing the received signal to be incoherent (Reference 16).   This is probably the reason for 
the distortion of the signal after the initial phase is over (Figures 3.2 through 3.9). 

The time at which the signal returns to its preshol level in the calculated curves agrees 
reasonably well with the measured results.    This time corresponds to the time at which the 
fireball moves out of the line of sight between the transmitters and receivers. 

An examination of the results of this measurement shows that there is a strong similarity 
between the 960- and 9750-Mc records and indicates that there is little or no frequency depend- 
ence at these frequencies.   The early portion of the 160 Mc record appears to be quite different 
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from the others; however, there appeared to be some interference on this i-li.nmrl [rum uuknov.ii 
sources.    At later times (ICT2 to 10 seconds) the signal was clean and appeared to be free trom 
the interference.    The 160-Mc signal started to recover at about 0.5 second but did not reach 
the preshot level until al)out 7 seconds.    This long recovery time can be compared to the 960 
and 9750-Mc records where the recovery takes place over a period of about 1 second. 

This difli ri mi is probably elm- solely to diffcn nces in the diffraction, since, from Equatiu:! 
A. 19, assuming a collision frequency of 2 x ^"/second, it can be sein thai there should be no 
frequency dependence in the attenuation by electrons over the frequency range that was used. 
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Figure 4.1 Normalised gamma ray intensity measurements at 
1,600 yards compared with Greenhouse Shot Easy scaled to the 
same distance. 
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Figure 4.3   Measured and calculated attenuation at Bunker .04, Shot Wilson. 
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Figure 4.5   Fireball surface temperatures and radio wave atkiiualion. 
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Figure 4.7   Attenuation as calculated for trarsmission 
path for early times, Shot Boltzmann. 
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Chapter  5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1    CONCLUSIONS 

The conclusions given in this chapter are listed separately for Projects 2.7.1 and 2.7.2, 
although the distinction between the two projects is not clear cut.    Project 2.7.1 was primarily 
aimed at support of high-altitude radiation measurements, which were to be made at Operation 
Hardtack.    Project 2.7.2 was added to prpvlde some basic information concerning radio wave 
propagation in the vicinity of a nuclear explosion. 

5.1.1 Project 2.7.1.   In the radial attenuation measurements made during this experiment, 
it was found that there were large radio wave attenuations (greater than 50 db) for periods of 
several microseconds.   If the electron removal mechanisms at high altitudes are assumed to 
be similar to those at NTS altitudes, then a simple extrapolation to high altitude indicates that 
these same conditions will exist for times of the order of seconds.   Under these circumstances, 
it is obvious that it would not be possible to transmit the data directly from the high altitudes 
involved in the Hardtack measurements, and therefore, it was necessary to incorporate a long 
time delay system. 

Radiation detectors, which had been designed with complete electrical shielding and low- 
impedance load resistors, performed very satisfactorily.   The data obtained from these meas- 
urements was consistent and useful in t^ie analysis of the attenuation measurements. 

The effectiveness of the EM shielding in the bunkers was satisfactory for most of the pur- 
poses of this experiment.   There was evidence, however, that the EM field penetrated the 
shielding in the case of Bunker .03 during Shot Hood.   The loss of the data from Bunker .02 
for Shot Wilson, when the timing and power cables were not disconnected before the shot, in- 
dicated the strong necessity of all of the shielding precautions. 

The 4700-Mc high-resolution experiment failed and the reasons for this failure are unknown. 

5.1.2 Project 2.7.2.   The measurements of attenuation versus time,  in general, confirmed 
the conclusions drawn from measurements made during Operation Redwing (Reference 3).   In 
particular, the data from Shot Wilson could be roughly fitted by the parameters that were used 
previously.   However, an attempt to fit the attenuation data from Shot Hood was unsuccessful; 
therefore, it must be concluded that there are effects that have not been taken into account. 

The two attenuation curves obtained for Shot Wilson were compared, to check the assumed 
dependence of attenuation on distance.   Although this formulation is not unique, the distance 
dependence agrees with that given by Equation A.20 within about 10 percent. 

The measurement made at Shot Hood did not yield much information about the dependence of 
attenuation on frequency.   The three transmitters operated in a very satisfactory manner dur- 
ing the measurement; however, baseline shifts on the recording instruments caused most of 
the data to be lost.   These shifts were traced to voltage fluctuations in the powerlines at the 
receiving station.   Initial-phase attenuation data for Shot Boltzmann seems to Indicate that each 
of the three links on different frequencies recovered at about the same time (»100 tisec). This 
is just the result to be expected from the Lorentz theory If the radiofrequencies were somewhat 
less than the effective electron collision frequency. 

During Shot Boltzmann, the signal was strongly attenuated during most of the time the fire- 
ball was between the transmitter and receiver.. For short periods during this time (0 to «7 
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seconds), there were readable signals, probably due to complex reflection, diflraction, and 
refraction effects.   However, from the point of view of radar guidance and control and for data 
telemetering purposes, the signal would be unreadable. 

An upper limit for the reflection coefficient for the surface of the fireball was obtained. 
Upper limits for the magnitude of the EM signal in the frequency bands covered by the re- 

ceivers were obtained. 

5.2    RECOMMENDATIONS 

In order to be able to transmit data from the vicinity of a high-altitude nuclear explosion, 
a system that includes a delay of the order of seconds should be used, since the attenuation of 
telemetry signals under these conditions would be lengthy and severe. 

Care must be taken to shield any equipment from the effects of the EM signal during 
measurements of data at early times.   In addition, if 's mandatory to make each station self- 
contained without any leads that pass through this shielding, unless special precautions are 
taken.   In particular, the timing signal and powerlines in the vicinity of a nuclear detonation 
act as antennas, and severe voltage fluctuations are induced in these lines. 

Any future measurements of attenuation versus time and frequency should be carried out at 
higher altitudes, since not much of an effect can be expected at low altitudes for easily usable 
frequencies. 
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CALCULATIONS 

A.l    ATTENUATION 
The electric field of an EM wave in an isotropic, homogeneous conducting medium can be characterized 

by the following differential equation (Reference 17): 

Kp 9*1 (r.t) + jtajt 3EJF^). B y! E (r.t) (A.l) 

3t 

where K , p , a, and c are the dielectric constant, the magnetic permeability, the complex conductivity, 
and the velocity of light, respectively, expressed in gaussian units.   Assuming a plane wave solution of 

the foi m 

E(?,t,   =f,e^-(^'K-F' 
(A.2) 

where K is a unit vector in the direction of propagation and p is the propagation constant,  and substituting 

into Equation A.l yields. 

-^U'E (r.t) .1^10,1 (r.t)  .  -^P1   ' 

Solving this result for p' yields, 

If the complex conductivity is written explicllly as 

(7  ■=  aT - i m 

Equation A.3 can then be written as 

_1 

P    E(?,t) 

(A. 3) 

.[(K-^)-.H (A. 4) 

The propagation consUnt p .s norma.ly wr.tten In terms of the refractive index n and the extinct.,. 

ficient k in the following manner, 

n  =  n - Ik 

p'  «   (n'-k'j-KZnk) 

Equating the real and imaginary parts of Equations A.4 and A.5. 

and 

n'-k' ,(K-1^) 
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2nk  = f-ü 

Solving these equations 

k 

5 {or k, the extinction c 
oefficient. 

where t   =   (K - ■» 
The complex co 

■ l I 4JOr        ) 

i   r the action of an EM 
e coUis.on frequency  . , umlerlhe a T(r,t)   -   a E (r,t) 

Free electrons, which can be characterized by a singl 
field satisfy the following equation (Reference 18): 

3! R (f.t) 3 R (f,t) ~ - „ 
m ,— + i' m    =   e E (r,t) 

3t! at 

„he^e m is the ma 
electron.    Letting 

R (r,t)  =   H, e 

and E (f ,1) be a plane wave a 

äS of the electron,  e  is th 

iW(t-(p/c)K-7) 

e electronic charge, 
and R  is ^e „osiUon vec 

(A.8) 

tor of the free 

„      .,   anJ substituting into Equation A.. 
s defined in Equation A-. 

(1 + i v/u)_ 

Now since 

T(r,t) N, e 
3 Rfr^t) 

3t 

.here Ne  is the free electron density, 

Ne e2   iyjZ ' wi E (r,t) 

When Equation A.9 'S s 

(or the conductivity 

ubstituted into A 
7, the well-known Lorent?. formula (Referenc 

(A.9) 

;e 18) is obtained 

1 \   ^--i-r"-r 

where ul, , the plasma frequency, is uci.,.^- 
or and Oj , the following relationships can be obtained 

inN   eVm.    From the equation 
is defined as 4n Nee/"1 

(A.10) 

defining the quantities 

and 

ar       4 «  u;2 + i-1 

"l  =   4T u» + K
1 

Thenextstepistoes^-magn^^^ 
itude of the term (4»^0Mn Equation 

A.6.   As typical values 

let v 
e nex! ».»h       _ g „ 1o" and Ng 
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Thus, it is seen that the inner square root in Equation A.6 can be expanded, keeping only two terms in the 
expansion.    After this Operation is carried out, the result is 

-Kim] 
In the cases of interest here, Oi/t)1^   is very nearly unity, hence, 

"r k  »  2» (A.11) 

If for aI the Lorentz value is used from Equation A. 10, the resulting value for k is 

1 *  i 

2 u ZT". (A.12) 

which checks with Equation A. 14 of Reference 3. 
When the free electrons have an arbitrary distribution of velocities f(v). in contrast with the case when 

they can be described by a single collision frequency. Reference 19 indicates that the complex conductivily 
is given by 

in which f(v) is normalized such that *' f, f(v) v* dv =  1.    If the real part ar of this expression is in- 
serted into Equation A.11, the extinction coefficient is obtained: 

KN,, 

where 

K = 2-sr -^T J 8-v (IT?) 
f<v, dv 

(A.13) 

(A.14) 

and x E v/u is the "normalized" collision frequency,  in general, a function of electron velocity.    As can 
be seen from Equation A.14, the extinction coefficient depends in a relatively complicated manner on the 
collision frequency v , in contrast with the simple dependence of Equation A.12. 

It is easily seen, If x is independent of v, that Equation A.13 leads back to Equation A.12 as it should 
when a single value of v it appropriate. 

By considering propagation along the z  axis only and taking the ratio of the Poynting vectors {propor- 
tional to the |E (7,1)1' of Equation A.2) at Points 0 and z we obtain 

IP(»)l   t a-2(u/c)ki 
|P(0)| 

Expressing this result in terms of the number of decibels of attenuation (1 of the wave, which has traveled 
a di stance z , 

tl   « -10 1oglle~2<<,'/c)kl   -  -8.686 (ü)/c)ki (A.15) 

If k is a function of distance and time, as it is in the present case,  Equation A. 14 must be replaced by 

k(z.t)dz (A.16) 
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where z^- and ijj designate the positions of the transmitter and receiver respectively.    If the extinction 
coefficient k as given by Equation A.13 is used, then the total attenuation is given by 

tl   =-8.686 (u/c) K    \       Ne(l.t)dz (A.17) 

If, further, Ne (z.t) =• Qe(7.)Qe(t) r , as was deductd in Equa'ion 1.6, then the resulting expression for 
attenuation becomes 

fzR 
SI   =  -8.686 (w/c) K TQe(t)    I      Qe(z) dz (A.I8) 

If now the transmission path is radial, with the transmitter near the ground zero,  then an appropriate 
Qe(z) is given by 

-(R-RT)/L 

^(R)-       (K/RT,' 
0. + B.U.F.) 

where B.U.F. (buildup factor) takes into account multiple scattering of gamma rays and L is the gamma 
ray mean free path. Inserting this expression into Equation A.18 yields for the attenuation along a radial 
path 

rRr 
(u/o) K T Qe(t) eRT/L (RT)2 - ~  (1 + B.U. 

■'RT       R 

F.) dR (A. 19) 

where Qe(t) is now the electron production rate at the position of the transmitter. 

A.2    RADIAL ATTENUATION INTEGRAL 

If the approximation B.U.F.  =  (0.5/E1/4) (R/L) (Reference 2) is adopted, then the integral of Equation 
A.19 may be written 

I 
|-Rre-R/L    r       /0.5\   Rl dR (A.20) 

Where:   RT   »   transmitter position 

Rr   =   receiver position 

L   =   the mean free path of a gamma ray 

E  =   the energy of the gamma rays In units of m,c2 

If O.S/E"*   = B, and x = R/L, Equation A.20 reduces to 

rx0 

I 1 rRe^ U + B x)   dx (A.21) 

In the cases of Interest for this report, the upper limit of this integral can be replaced by " , since the 
value of this integral from xR to •> is much less than the value from xT to xR .    Rewriting Equation A.21 
in the following form 

I MO-M 
and carrying out an integration by parts on the first Integral in the brackets, then 

I i[^-»-"C^H (A.22) 
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The integral that lumains in Equation A.20 is a standurd integral (Keferente 20). 
energy of 1 Mev, the values of L • I (Xj) are shown in Figure A.l. 

Using a gamnia ray 

A.3    DIFFRACTION AND REFLECTION 

In order that calculation of the fireball diffraction patti rn be nialu tructablü, the lino-of-sight path was 
considered to be obscured by a sphere,  taken to be a perfect absorber, having the same diameter as the 
visible fireball.    Simplifying further,  if the opaque sphere is replaced by a disk,  it is seen that this prob- 
lem is essentially the same as the physical optics problem of diffraction by a "black" disk (Reference 21). 

The rigorous solution to this problem requires the solution of an EM boundary value problem.    However, 
it is well known (References 22 through 25) that the rigorous solution may be closely approximated by the 
Fresnel-Kirehhoff diffraction formula (Reference 26).    This approximation is subject to the conditions that 
the wavelength be much less than the smallest dimension of the diffracting region, and that its dimensions, 
in turn, be much less than the distances from the transmitter and receiver to the diffracting object.    These 
conditions can be seen to be satisfied (the longest wavelength used was =2 meters) for the times greater 
than about 100 Msec, by examining the fireball diameter versus time dependence given in Figure 4.6. 

The Fresnel-Kirehhoff diffraction integral for the x component of the electric field,  EX(R),  at the posi- 
tion of the receiver, as given by Reference 25, is 

Ex(R) 4lT •JJ 
J k (r + s) 

ik       —-.- (sn-r + rn-s|dA (A.23) 

in which Sx is the electric field source strength of a point source, polarized in the x direction and located 
at the position of the transmitter and k = (2 n/X), where \ is the wavelength of the microwave field.   From 
Figure A.2 it can be seen that r is the vector distance from the transmitter to the surface element dA . 
s is the vector distance from dA to the receiver, and  n is a unit normal to the surface element dA. 

In the present application it is not unreasonable to take the antennas to be a point source, since the trans- 
mitting antennas produce nearly spherical phase fronts, and the solid angle subtended by the fireball is small 
compared to the solid angle subtended by the antennas at the half-power points. 

To obtain the diffraction field resulting from an opaque disk, the integral should be taken over the entire 
x-y plane in which the opaque disk is situated with the value of the integral over the disk itself taken to be 
zero, as is usual, in application of the Fresnel-Kirehhoff formula.    This is equivalent to excluding the disk 
from the region of integration.    If Ex  is the diffraction field resulting from Equation A.23 for the disk ex- 
cluded from the integration surface,   Ex   the field which results from integrating over the entire unohscured 
x-y plane, and  E£ the field obtained by integrating over only the region occupied by the disk,   (which gives 
just the field due to an open aperture of the same extent),  it is easily seen that 

=   E" < (A.24) 

Hence, the computation of £%  now involves only tn integration over the aperture A along with the use of 

Equation A.24.    Equation A.24 is just a statement of Bablnet's principle.   Ex" is well known and is just thi 
electric field at a distance (/t ♦ (R) resulting from a point source polarized in the x direction, 

elk<'t + 'R) 

't + 'R 

To take into account that portion of the total signal that has been reflected from the desert floor (treated 
as a plane), the fireball diffraction pattern has been calculated at the position of an image receiver, using 
reflection coefficients between 0 and 1. 

The evaluation of the integral of Equation A.23 was done numerically using on LGP-30 computer.   Since 
the contributions from the plane of integration in Figure A.2 do not depend on the azimuthal angle « . ex- 
cept where the absorbing disk is located, the plane was divided into angular rings of width &p >=  i meter. 
The total contribution from each ring was calculated and stored.    To complete the integration it was neces- 
sary only to sum the fractional part of each ring which constituted the absorbing disk, considered here as 

an aperture, to obtain E£ , and then to apply Bablnet's principle given in Equation A.24 to finally obtain Ex 

The results of this calculation for 160 and 960 Mc are shown in Figures A.3 and A.4 for a representative 
set of reflection coefficients. 
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Figure A.l   Results of radial range integral 
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