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AFRSTRATY

The objectives were to: (1) proof test (at Nevadu Test Site altitudes) telemetry and nuclear
radiation detection techniques intended for use in measurements of effects of high-altitude nu-
clear detonations, (2) study radio wave propagation in the vicinity of nuclear detonations, (3)
study the effects of the electromugnetic (EM) signal produced by the detonation on the equipment
used, and (4) compire the calculated and measured attenuations.

Transmitters in the frequency range 160 to 9850 Mc were located in shiclded bunkers to
transmit radially outward {rom 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 trarsmitters of the EM signal gencrated by the detunation.

For frequencies neur 10,000 Mc, radial path attenuations greater than 50 db but probably
iess than 75 db and lasting about 5 gsec 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 psec for a transmitter at 1,600 vards from ground
zero. In both of these measurements, the signal strength recovered to its preshot vatue in
less than about 30 usec.

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 sonn as the
fireball moved out of the direct path. Extensive diffraction and multiple-path phenomena were
observed. i

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 large voltage excursions induced on the powerline
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 uv/m at 160 Mc and 40 pv/m at 960 Mc; no
signal was observed at 9850 Mc (minimum detectable signal was 50 uv/m). -From Shols Kepler
and Owens, the peak intensities 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,
Report of the Director, DOD Test Group (Programs 1-9)," ITR- 1445, which includes:
description of each detonation, including yield, zero-point location and environment,

B
the reader is referred to the “Summary

(1) a
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.

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, §.G. Gorbics, 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

INTRODUCTION

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 to telemeter 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 information 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 prool
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 nhases 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-
mitters 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.1.

(3) To measure the attenuation at a single frequency with a time resolution of 0.01 psec.
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 flux 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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(0 10 wbscove at the receiver station the duration and magnitude of 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 tirne at several
differzul freguencias,

(8) To meusure radio wave reflection by the fireball as a function of time at several differcr*
frequencies.

1.2 BACKGROUND

The attenvation of EM waves in the vicinity of a nuclear detonation depends essentially 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 1-psec resolution over radial paths for which the attenuation was to be kept within the dy-
namic range of readily available equipment (25 db). I it is assumed that the gamma ray inten-
sity from a nuclear device scales directly as the yield (Reference 2), it is possibie to deduce
that the mean lifetime of free electrons at sea level is about 6.6 x 1072 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. I 1.7 X 10™% 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 desirahle to make measurements of gamma ray intensities and EM wave
attenuation simultaneously. This would reduce the uncertainty (due to the inaccuracy of scaling
the gamma ray intensities with weapon yield) in estimates of the mean lifetime of {ree 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
{that being eontemplated) mrd B T al Uperation Ferdinek  To seeomplish the abowd dbjettives
Operation Plumbbob Project 2.7 was initiated.

1.3 ELECTROMAGNETIC WAVE ATTENUATION IN THE VICINITY
OF A NUCLEAR EXPLOSION

In Section A.1, 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
10'¥cm?) the electron density is assumed to satisfy the following differential equation:

dN,
St= = Qlt) - @ Ne Ny - BNg Ng, - K Ne (N ) (1.1)

Where: Qgft) = the rate of production of secondary electrons (E = 20 ev)
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ae = the electron ion recombination coefficicnt

B = the two-body dissociative attachment coefficient of oxygen
= the three-body electron attachment coefficient of oxygen
Neg = number density of electrons
N; = number density of positive ions

No2 = number density of oxygen molecules
For a typical electron density, Ng = 10%, and letting @ = 107°% (Reference 5),
@g Ng N, = 10%sec

assuming N, = N, . The second removal term, using g = 3 X 10~ !"! (Reference 4), has a
vajue

3N¢ Ng, = 1.8x10'/sec
and the final term, with K = 5 X 107 (Reference 4), yields
K Ne (No,)* = 1.4 x10"sec

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,

d—:{& = Qglt) - Ng [BNg, + K(Np,)*] (1.2)

Since the two attachment coefficients g and K are functions of energy, it seems reasonable
to replace them by average values obtained by “averaging” § 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 Qg(t) is small enough in a time of order
7. 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 1/7, where 7 will be called the mean electron lifetime. Equation 1.1 finally
becomes

el . g - Neld) (1.9

To calculate a value for 7, 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) for 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 process, because the average encrgy loss duc 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 LGP-39 Royal McBee computer, to calculate
an electron velocity distribution functioin together with a mean electron lifetime appropriate to
the present probleni. Steady-state conditions were assumed to prevail so tha. the nimliers of
secondary Jlectrans being born and removed per unit of time were tixen to be equal.  The nurni-
ber of electrons being born per unit time in the ith energy interval, AE;, was deterniined by
the secondary ene: gy distribution function for electrons as measured in Reference 6. The
“path” of a given electron is {ollowed in detail, starting with an energy Ej (located in the
AE; 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 are all determined by means of drawing randon: 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 be
calculated.

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

) g0 - Neln) wo

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

Qelz,t) = Qel2) Qelt)

then the standard solution of Equation 1.4 will be

t ’
Ne(z,t) = Qf2) j’o Qelt) el /7 gpr (1.5)

Examination of the integrand of Equation 1.5 reveals that it has a sharp spike at t’ = t, provided
that 7 << t. I Qeft’) is nearly constant, over a time span of order 7, then it may be removed
from the integral, and setting t’ = t gives

t '
Nelz,t) = Qgl2) Qelt) j et =t/7 4
]
= Qu(2) Qe® 7[1 = e~V
Nelz,t) = Qalz) Qelt) 7 (1=6)

where in the last step use again has been made of the fact that 7 <<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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uation near a nuclear delonation (Equation A.18) as b
R

Q = - 8.696 (w/c) K 7 Qglt) I Qefz) dz (1.7 E
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Chapter 2

PROCEDURE

2.1 FIELD INSTALLATION

The installation consisted of two essential parts: transmitting 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-diameter concrete drain tiles placed deep enocugh 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 gamima rays. The inte-
rior of the bunkers was lined with ‘/,z-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 range (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-1
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+1 second. At
H-1 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 psec, 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 descrintion 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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A compromise transmitter location on Banded Mountain (Figure 2.6) was employed such that
the line of sight from the transmitter antenna to the receiver antenna was within 100 feet of the

[ poirt o~ Banded Mountain at which the transmitter should have been locaterd wus inuccessible
E

Trarsmitters at frequencies of 160, 9€0, and 9750 Mc were used. The signal level was
record. S at Statici 400 with a Century oscillograph recorder, a drum canera, and oscilloscopes
- = 2y

E device cab.
] thus pre-iding time scales in the order of s s illise . ;
P 5 econds, milliseconds, and microseconds, respec-

tively.

] 2.2.2 Shot Franklin. The Boltzmann instrumentation was used again during Shot Franklin
In thic case, the propagation path came within 1,200 yards of the shot tower. .

2.2.3 Shot Ifassen. The work planned for Lassen included preliminary experiments designed
to check intensity, response, 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
.1 %-band frequencies as a function of range, with a simultaneous gamma ray measurement

3 Time was available to install only three of the four transmitters originally planned. They \a;ere

installed in Bunkers .01, .03, and .04, and gamma ray detectors installed in Bunker .02. Atten- 3
uation data was taken at Station 400 with oscillograph, drum camera, and oscilloscopes..

215 Shot p';_-l_s_c_lgg The experiment during Priscilla was to observe reflections from the
fireball, to find the reflection coefficient (radar cross section) as a function of frequency and
time, and to attempt to relate this to electron density gradient. Because Priscilla waé fiela ed
] to a date approaching that for Shot Hood, only the X-band equipment could be spared for thisy
4 installation. 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
versus frequency, with a simultaneous gamma ray measurement. Transmitters at 160, 960
and 9600 Mc were installed along with the gamma ray measuring equipment in Bunker ;)5 ,
(Figure 2.8). Monitoring devices were installed, with an additional X-band system (97.50 Mc)
. L)

in Bunker .03 (Figure 2.9).
4

' 2.2.7 Shot Diablo. The recording equipment at Station 400 was used to cbserve EM signals
in the frequency bandwidths of receivers at 160, 960, and 9850 Mc.

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

2.2.9 Shot Owens. The purpose of the experiment during Owens was to measure boiii the
radio wave attcnuation and the gamma ray flux with high time resolution, to place a smaller
upper limit on the mean life of the electron. A 4700-Mc system was provided for this purpose
The primary installation was in Bunker .05 and consisted of the 4700-Mc transmitter x-bznd :
1 time correlation transmitter, and gamma ray equipment. Gamma ray detectors wer; also

installed in Bunker .04. The EM signal was again measured with a vertical dipole. <

2.3 REQUIRED DATA

In term.s of the ubjectives of Project 2.7 and the background outlines in Section 1.2, data
was required on attenuation as a function of time and frequency. In addition, auxiliar'y i
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was noedad to separate effects that interfere with the direct measurement of rudio 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 ohjrctives could be met with data of 1-psec resolution, since the important factor
ts the rel:tionship betwe<n the maguitudes of the attenuation and gamnma ray pulses, while the
shape of the attencation curve only had to be known to about 1-psec 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 1-psec-long pulses with a 1-Mc repetition rate. The receiving system used for
these experim=nts had a bandwidth such that these pulses were obtained essentially undistorted.
One advantog= 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 psec). 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 continucusly radiated signal was
used— 4700 Mc for the atienuation measurement, and about 9700 Mc for the time correlation £
link. The receiver would then sec 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 {ree 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-
cfal 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- 4
cussed in Sections 2.4.1 and 2.4.4. The high-resolution experiment was sufficiently 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. 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 (GR) 1208B variable-frequency oscillator, Airborne Instru- i
ments Laboratory (AIL) gated amplifier, Hewlett-Packard 211-A square-wave generator, AlIL
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 diagram of the Band 2 transmitter (890 to 360 Me) is shown in Figure 2.311. A GR 1
1208B oscillator served as a source of RF energy. Its output was fed to a gated amplifier where 3
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 triplar and doubler (AIL). The output sign:l from the doabler was then fed to a driver am-
plifier where the powcr in the RE signal was raised to o sufficient fevel to deive the final power
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
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supplies.
The block diagram for the Band 4 transmitter (9800 to 10,200 Mc) is shown in Figure 2.12.
A Varian V-55 klystron oscillator was the source of RF energy. It delivered an 800-mw peak- 1

power output and was square-wave modulated at its repeller 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 i
Hewlett- Packard X530A cavity wave meter was used to measure the frequency of the RF energy. ;
A Hewlett-Packard X750E dtrectional 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 ampiifier was lixed-tuned to the cemer vi the 152- (o 16U-Mc bund and had an over-
all bandwidth of approximately 10 Mc. The output signal from the RF amplifier was fed to the
grid of the mixcr 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 had 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 r

J

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 1
50 db of dynamic range and a bandwidth of about 2 Mc. The detected video output of this am- i
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 RG11/U coaxial cable to the input of the receiver. Here it was mixed
trrwry Ernpiee Deviess M A0TE erywinl miner st the sigoal froq: bhe 1ocal wecillabor, »ER ]
1209-B variable-frequency oscillator. The 30-Mc IF was then amplified by the IF preamplifier ! 3
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 recelver is slhown in Figure 2,15 The RF signal wae 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 ca: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-
torain was 125 &b, and de bean widtl - was approntmitcly 489
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The Band 2 receiving antenna was a 6-foot parabolic dish, center-fed from a hulf-wave di-
pole, with a gain of 23.2 db and a beam width of 11°. The transmitting antenna was a 2-foot
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 db of ¢ain and a beun width of 2°. The trarsnitting antanna was a 2-foot parabolic refloetor
fed from a waveguide, with a guin of 32.3 db and a beum width of 6°.

Calibration. Since the receiver contained a logurithmic element (lin-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 100-percent moduta-
tion. Since the dynamic range of the IF amplifiers used was greater than 40 db, the amplifiers
could see 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 lincar
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 attenvators with the necessary range
were used. Calibration curves ¢f the four logarithmic [F 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 {rom the
antenia through an KRG8, U counial calle 0 the Lipul of The recelver. The fast stage of
receiver was a TWT amplifier operating at 4700 Mc with a gain of approximately 40 db. To
limit the bandwidth of the receiver and 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 bandwidih of approximately 175 Mc. The output of the TWT was fed directly to a vileo
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 anternas 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 purpose 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 was an
X-band RF link between the bunkers at Station 9-2.7-9009.05 and the van at Station 400.

A block diagram of the transmitter is shown in Figure 2.21. 1t is essentially the sume as
discussed in Section 2.4.1, the difference being that it was operated without modulation :ntil
the arrival of the gamma ray field at the bunker. At this time, the klystron was driven out of
oscillation by a signal that was obtained from a gamma ray trigger photomultiplier located di &

20




rectly above the bunker. Thus, a step-functiou change in the RE carrier whose time of occur-
rence was established by the gamma rays was transm itted back to the receiving van with a
known total delay.

A block diagram of the receiver is shown in Figive 2,210 It is a specind wide-band super-

hetsrodyne receiver develop. tat the Navel Roson e Labaratory (NaL). The wasey, ride input
to the recener fecds a single enided crystel mixer operatirg as a firat detrctor. The tocal
oscillator is a 2K25 klysiron. The IF is 100 Mc¢, which is amplified by three Spencer Kennedy
Lab 202P chain amplifiers witha pandwidth of approximately 200 Mc. The crystal video second
detector feeds three Hewlett- Packard 204B chain amplifiers with a bandwidth of approximately
150 Mc. The output from the receiver is a negutive step function of about 20-volt amplitude
with a 1078 second rise time and a signal-to-noise ratio of abuut 20 to 1.

The transmitting and receiving antennas used here were the sane as the Band 4 anteanas
described in Section 2.4.1.

Time Markers. To establish a 1-shake time correlation between the instantaneous
gamma ray field and the RF attenuation, a time marker whose time of occurrence relative to
prompt gamma ray pulse was known must be displayed along with the data. In both the bunker
and the van recording systems, the time reference marker was established by the output signal
from a protomultiplier looking at a Pilot B scintillator located in the immediate vicinity of the
bunkers at Station 9-2.7-9009.05. At the arrival of the prompt gamma ray flux, the output from
the photomultiplier 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 is
developed across the anode load resistor of the photomultiplier. This signal turned off the time
correlation transmitter carrier, as discussed above, and was used to provide time markers in
the bunker.

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
triggered successively with about 0.002-psec delay between the starts of the sweeps. The sig-
nal was then delayed 0.095 psec and fed into two Hewlett- Packard 204B chain amplifiers con-
nected in series. The 59-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 psec, and 2 bandwidth of approximately 150 Mc.

The output of the amplifiers was fed to the deflection plates of ‘he three scopes and then
through 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 rndio wave attenuation is causcd by electrons, the rate
of production of these electrons 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-
what later times (a little less than 30 psec for 14-Mev neutrons at 1 mile from the device),
some of the electrons are produced by the neutrons. For this experiment the roentgen is a
natural 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 air.

For gamma ray intensity measurements with a time resolution of 107? second, the simplest
detection system consists of a fast scintillator and some device for measuring the light output
as a function of time. The requirement that the scintillator be fast, that is, have a decay time
of less than 10~*% second, rules out all the inorganic scintillators. A liquid scintillator consisi-
ing of a solution of toluene and terphenyl was selected, since this combination has been well
tested at previous nuciear tests and seems to work at intensities up to 5 X 10° r/sec before
saturating.

Since toluene, 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 photcdiode rather than a photomultiplier was chosen as the light measuring device.
The advantage of no variation in gain with supply voltage for 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 tin.e, a readily availuble tube, the 335, was selected. This tube has a sp: ctral reapons.
that peik: in the ne r ultravielet and thus matches the ultraviolet light ovtput from the scir-
tillator.

Photodiode Selection. To test the pulse response of these photodiodes, two types
of high-intensity light flashers were used. One was an FX-1 flash tube manufactured by EG&G.
The flash tube was fired by charging a 0.2-pfd capacitor to 8 to 15 kv and then discharging it
through th= flash tute by firing 2 5C22 hydrogen thyratron. This unit guve a pulse whosa half-
width was approxiniately 1 psec. The other consisted of a similar unit containing a flash tube
made at NRL and gave a 30-musec pulse when a 500-pufd capacitor was used.

The 935 phacdivde had to meet ralker stringent requirements. First, the tubes to be ueed
must have dark currents of the order of 10~ 1 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 107 !® 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 if 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 v~ xt test refeeted all e tubes tht Deoke Jown when seblcdted 1o & manmber U Hight
pulses tnut 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
Co* source availabie for the calibration of the detectors gave detector current outputs that were
about 10 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 {ar 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 ba 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 1-usec flash tube, the FX-1,
S0 that ihe tube was saturaied au ail voitages. A plot of the pedk curient ve.sus puotodiode
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 puise when the photodioae was 1 foot away. OSince the FX-1 tntensity 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 10% 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 Wie 538 toter 3 that Lhedr cutyat b Hirear up W surrents of tall doir safuratio. verrent.

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

22

i e

Mg oo




soniewhat later. To do this the FX-1 flash tube was piaced 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 liniited the current to 0.01 ampere. Another pulse from the
30-musec flash was timed to occur when the current from the 935 had dropped to about a third
of the satur.tion valua, No appurent differences butween the shert pulses were visible, wletler
they occurr< ] after the FX-1 suturation pulse or were trigu-red separately. From this it was
concluded that, 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
conditiors of the tube. This calibration technique made it necessary to consider the question
of the response of the 935 phictodiode 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 approximately 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 ;naximum 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
25-usec 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 lony. The 935 photo-
diode was placed as close to the end of the cell as possible. With the cell filled with a solution
of Y, percent terphenyl in toluene, the detector sensitivities ranged from 2 to 3 x 10”% 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 107 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 Co® 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 Co*® stand-
ard field at the National Bureau of Standards (NBS) and is known to +3 percent. Current from
the detectors was determined by measuring the 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 Co® gamma ray sensitivity.
The medlan 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 Co*® was
checked against the laboratory staadard Co* 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 measurements were for steady -state conditions, it wos 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 were taken of individual
pulses displaved on an oscilloscope. These pulses were 0.1 to 0.2 pusec long, depending on the
sotting of the botateon controls.  Neat an r-chimber enclosed in lucite was usod to measare
the averave field at the dotector position. Thus, it was possible to determnine the number of
rocntgens per pulse and compare this value with that obtained by measuring the area under the
pulse given by the detector. The two measurements were made several times and checked to
=25 percent, which is about the limit of accuracy of the experinent.

Field Installation. The complete gamma ray measuring equipment at the NTS was
made up as follows. At each position where a measureinent was to be nade, two or three de-
tectors with the scintillators at ground level were used. The number used dere nded on the
range of intcnsities to be covered. The detector 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 hunker 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 det2ctor 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 voits. 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/cm 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/em. 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/em, respectively.
The voltage of Detector 3 was sét at 150 volts to limit the pulse 10 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 vurious 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 approximately at detenation time referred to the recording station. The recording
methods decided upon consisted 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 psec, begirning at detonation time.

The second was 2 mediuni-speed recording; again, it was doce photograrhically from coth-
ode ray tubes. The time interval covered here woes abut 15 m=ece, with 1-usec resoletion,
beginning slightly before detouation time.

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

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

High-Speed Pecording. The high-speed recording of data occurring immediately
after the detonation ~nd up to H+ 100 pusec 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 set up Lo 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 stahility 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
follon ~g fashion: Before the signal arrived at H—1 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-1 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~1 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 I-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 that established the necessary dc voltage
level at the grid of cathode follower V1-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 sweep 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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Medium-Speed Recording. The medium-resolution attenuation data was recorded
on a 4-channel 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-inch oscilloscepe tubes mounted in quadrants above a 20-
inch-diameter drum.  The inner surface of the drum was grooved to accept T0-miun photographic
filmi. The optical system of this instrument consisted of a 45° first-surface mirror and a 25-
mm-focal-length lens (F1:1.5 Wollensak Cine-Raptar) mounted to project the image of the scope
tube face on the film surface. The drum was rotated by a :‘/‘-hp motor at a speed variable from
3,600 to 4,200 rpmn. 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 psec, in order to resolve two signals 1 psec apart. The
tube used was the T51P24. To {it four records on the 70-mm 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 channeis. 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/usec 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/usec,
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 was 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
psec, 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 EG&G timing signal at H—1 second and was automatically locked out after a single inten-
sifier pulse.

The inputs to the vertical amplifiers came from 1-usec delay lings 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 tirmes slower than about 300 psec, 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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and an internal 100-puise/sec time marker {rom which the actual paper speed could be deter-
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 precise timing mark
corresponding to zero time wus recorded by stretching either a gamma ray or FIDO trigeer
pulse sufficieatly to be registered by the instrument.

Timing and Control Panel. [Inthe original concept of the bunker control systen,
the bunker installations were to be prepared for a shot and left, operating from station power,
in a standby condition until the EG&G 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 recuced to a minimum and the bunkers could be closcd 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:

H-2 hours: Start motor generator.
H-1 hour: Transfer bunker from external (station) power to
internal (motor generator) power.
H-5 seconds: Turn off ventilating fan.
H-1 second: Start the paper drive on a recording oscillograph and
arm the oscilloscope sweep and lockout circuits.
H-0.95 second: Open the oscilloscope camera shutters and disconnect
the station from power and signal wires.
H+0.05 second: Close camera shutters.
H+1 second: 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-1 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. TIln. 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—1 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-—-Z 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~1 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 the 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




switch, except for “off,” and each EG&G relay was indicated by pilot Jights, so that the state
of the control system was readily apparent. A similar arrangement was used in the oufput part
of the control system, so that the thing being controlled could be operated manually, disconnecct-
ed from the control system, or operated automatically by the control system. Pilot lights were
used in the same way here, permitting the condition of each controlled circuit to be quickly de-

termined. A
The various bunkers were used for different functions on different shots, and the control H
circuits were désigned to handle all of these functions. For a given experiment, this some- 9

times left surplus circuits in the control system, but these could be disabled from the {ront

panel. To set up the control system for an experiment, it was only necessary to throw the i

appropriate switches into the automatic position. 3
The only control functions required in the van control system were those involved in opening b

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~-1 second.

TABLE 2.1 ENERGY SENSITIVITY OF DETECTORS

Median Energy Fraction of Co® Sensitivity
kv
200 0.86
145 0.86
95 0.71
28
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Surface of Bunker.

F- £Exhoust Fon.

G- 11OV. AC Skw Motor
Generator.

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

Copper Shield Interior

Figure 2.3 Typical bunker installation.
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Figure 2.6 View of transmitter

installation on Banded Mountain.

Figure 2.7 Transmitter installation, Shot Priscilla.
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Chupter 3

RESULTS

This chapter will be devoted to a presentation and evaluation of the data obtained. The analysis
of and conclusicns resulting from the data will be discussed in the next chapler. 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 mouuted on top of Building 400, giving an antenna
height of about 40 feet (Figure 3.1).

3.1 SHOT BOLTZMANN

Participation in Shot Boltzmann was a measurement of attenuation through the fireball. This
was dorne 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 IF 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
usec. 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 psec 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 recnrds from the drum camera, of which only the first few milliseconds :re reproduced,
are chown in Figures 3.6 through 3.9. There is some overlap of late data on the early data.
This w..5s caused by the intensifier gate not turning off right on time.

T -arly portion of the record from the slow recorder (Century) is shown in Figure 3.10.

A con . . site 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 unfortunatc that the 2.7 burkers were so far from the Boltzraun tower. As it was, no
significant gamma ray dati could have been obtained. 1If this information were available, it
would allow the analysis of the propagation data to be made more quantitative in some respects.

3.2 SHO1 FRANKLIN

The Boltzmann 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 psec 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 nct reproduced 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-1 second.
The precise cause of the failure could not be determined; however, it appeared that the signal
did not get to the bunker.

3.4.2 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 psec 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 baselire
represents 50 db below the unattenuated signal level. The termination of the data at about 14
psec 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 elfect was apparent, with the
possible exception of Bunker .01.

3.4.3 Bunker Monitoring. 1t 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 PRISCILLA

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

3.5.2 Reflection from Fireball., This measurcnient was designod to give the EM wave re-
; flection coeficient of the fireball at 160, 960, and 9750 Mc. This data would allow an estinia‘e
4 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. s
The reflected signal was so small that it was below the receiver noise level. Therefore, a
value of the 9750-Mc reflection coefficient was not obtained. An upper limit can be set, how- i

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. 3

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 L
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 4
of this determination depends on the magnitude of the deflection. Thus a 0.4-cm deflection 4

probably cannot be determined more accurately than 225 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 photograjas, though the errors
involved here are small compared to those previously mentioned. - 3
The detector's response to neutrons is probably several times that of an equivalent mass of ™~
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 | 4
given on the graphs are upper limits on the ionization at times after about 23 psec.

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 3
installed in Bunker .05, 1,600 yards from ground zero. A transmitter at 9750 Mc was installed 4
in Bunker .03, 1,270 yards from ground zero, to allow comparison of measurements made in 1
the bunker of its power output and power supply voltages during the detonation with its signal | i
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received in Building 400. Horizontal polarization was used in all cases. The 9600- and 960-Mc
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 3.28 throuth 3.31. A scvere baseline shift can be observed in these pictures.  This
wos apparently caused by the FM signial entering the receiving station van on the poweriines
and disturbing the receiver and recording system. Most of the data is hopeless, but something
: can be resurrected, as discussed in the next chapter. 4
1 The data from the drum camera was somewhat less perturbed by the EM effect, but it is no 3
more informative than that from the high-speed oscilloscope cameras. The results are, there- ]
fore, not reproduced here. J

There was no apparent long-term signal on the Century record. The record is, thercfore, i
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 itsell moke it difficult tu reconeile the short pericd 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 Moy reslrons st the bunker, Wnling to sebpert Bhe logul jonipntivn explamtich  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.

w————

3.7 SHOT DIABLO |

The caly participation by this project in this shot wns 2 measvrement of the FM 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
showt In Figures 333 wnd 3,38, rospectivaly  No signal wes cbsersed in the S030-Me ehanoel
and its record is not reproduced here.

3.8 SHOT KEPLER

The only participation by this project in this shot was a2 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 fcet above ground level). The signal was conducted




to an oscilloscope by an RG8/U coax terminated in its characteristic impedance at the oscillo-
scope. The outer conductor of the coax was connected to the aluminum hody of the van at the
! base of the probe.

3 Figure 3.35 shows the oscilloscope camera recording of the signal, and Figure 3.36 is a
calihrated greph.

3.9 SHOT OWENS

3.9.1 Gamma Ray Measurement. Detectors were installed in two bunkers for this shot. ‘,

B: 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 ol 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 inconclusive
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 psec 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. i1
The failure of the 4700-Mc link is inexplicable. The large fluctuations in the output power

recordead 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 cutolf 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 data 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 DETECTOR INSTALLATIONS,

SHOT WILSON
— " Detector  Number of  Deflection
Detoctor Rarye Lo :
- Voltage  Scopes  Sens.tivitics 4
volt v/em :
High intensity 3,000 2 20, 2
Low intensity 3,000 2 20, 2
Low intensity 100 2 0.2, 0.05 4
3
TABLE 3.3 TRANSMITTER INSTALLATIONS, SHOT WILSON fi
Bunker Range from Ground Zero Frequency i
Y Tyards T Me ;
.01 920 9550 ]
.03 1,270 9650 i
.04 1,400 9750 3
k.

TABLE 3.4 GAMMA RAY DETECTOR INSTALLATIONS,
SHOT HOOD

;;;or Ran": ~ Detector  Number of  Deflection
2 Voltage Scopes Seasitivities
T Tivelt T T v/em T
High intensity 3,000 2 20, 2
High intensity 100 2] 0.2, €.05 !
Low intensity 100 1 0.5

TABLE 3.5 GAMMA RAY DETECTOR INSTALLATIONS,
SHOT OWENS

;;;0‘_ Rang—e Detector  Number of Deflection
Voltage Scopes Sensitivities
- C T wolt ) viem
High intensity 3,000 2 20, 2
High intensity 100 1 0.2 | 3
Higb intensity 3,000 2 20, 2 3
2 0.2, 0.05 1

High intensity 100




Figure 3.2 Signal recorded for first 100 psec
on 160-Mc recelver, Shot Boltzmann.
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-Mc receiver, Shot Boltzmann
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Figure 3.4 Signal recorded for first 100 psec
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Figure 3.5 Signal recorded for first 100 psec
on 9750-Mc receiver with vertically polarized
antenna, Shot Boltzmann.
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Figure 3.8 Mitial portion of drum camera record
from 160-Mc receiver, Shot Boltzmann,
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Figure 3.11 Signal level from 160-Mc receiver, Shot Boltzmann.
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Figure 3.12 Signal level from 960-Mc receiver, Shot RBoltzmann.
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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
vertically polarized antenna, Shot Boltzmann.
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Figure 3.15 Signal recorded for first 100 psec
from Bunker .01, Shot Wilson.

| I
Figure 3.16 Signal recorded for first 100 psec
from Bunker .03, Shot Wilson.
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Figure 3.20 Relative positions of the transmitter,
Shot Priscilla.

reflecting sphere, and receiver,
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Figure 3.25 Gamma ray intensities at 1,600 yards
for first 15 usec, Shot Hood.
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f Figure 3.28 Signal received from 160-Mc
1 transmitter in Bunker .05, Shot Hood.

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
Figure 3.31 Signal received from X-
jransmitter in Bunker .03, Shot Hood




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

Figure 3.3 Bignal from 160-Mc receiver
for first 100 usec, Shot Diablo.




T — o S i - . Qg il - = S e LTRSS TN D R I Sl -

Figure 3.34 Signal from 960-Mc receiver
for first 100 psec, Shot Diablo.

Figure 3.35 Recording of EM signal
for first 100 psec, Shot Kepler.
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Figure 3.36 EM signal versus time, Shot Kepler.

Figure 3.37 Gamma rays from Bunker .05 on high-
intensity channel with 20-v/cm sensitivity for first
S usec, Shot Owens.
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Figure 3.39 Gamma rays {rom Bunker .05 on high-
intensity channel with 0.2-v/cm sensitivity for first
10 psec, Shot Owens.
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Figure 3.40 Gamma rays from Bunker .
50 usec, Shot Owens
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Fignre 3.41 Gamma ray intensities at 1,600 yards
for first 3 usec, Shot Owens.
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Figure 3.42 Gamma ray intensities at 1,600 yards
for first 50 psec, 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 MEASURFEMENTS

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—1 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 psec. 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 7 (electron
mean lifetime) and K (a parameter that depends on the radio frequency, the elzctron 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 para.neters. At the
time (kis report was written, only preliminary values had been obtained. Since Equation A.13
involves only the product of these parameters, let the quantity K7 be called A. They are
7=117%x10"8sec, K = 1.77x 10713, giving A = 3.0x 107,

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 1072 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.2C 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,




it was used as the electron production function in Equation A.19. Using A = 3.0 x 10'", the
calculated attenuation is shown on the same figure; however, the fit is not satisfactory. The
best fit, which is still far from satisfactory, is also shown. This curve was obtained by using
A =9.0x107%,

Thus discrepancy is apparently not due to an anomalous gamma ray meuasurement, since its
general features are in agreement with both of the other gamma ray measurcements shown in
Figure 4.1. Therefore, the assumptions involved in the derivation of Equation A.19 and ils
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 5
of recovery of the experimental attenuation curve is more rapid than the rate of recovery of E
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 mare complicated distance and time depend-
ence. It should be kept in mind that, during the recovery phase, the most erergetic 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
coniiguration 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 ints 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 possibilily is that this discrepancy may be due to the EM signal produced by the burst.
The mean lifetime of a free election, 7 in Equation A.19, could be affected by a sufficiently in-
tense electric field. This parameter depends 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
nucleaY 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- E
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 ﬂ
calculated from the parameters of the receivers used. The signal power at the receiver input
terminals, PR, is given by

PR = w G o watts

Where: w = free-space energy flux at antenna, w/m?

G = numerical power gain of antenna with respect to an isotropic radiator b
@ = ¥45, the cross section in square mcters of an isotropic radiator at wavelength a
A meters. E
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The inherent receiver noise, which determines the smallest signal that can 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,” Np, of the receiver, into which can be lumped all other sources of

noise in the receiver. The noise fimire can be expressed as the ratio by which the therimal

nots. would have to be incrs ased to produce the same total nese sigual,. This o povalent”
noise power at the recewer input termnals, Py, is then

PN = P] N(

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

Pp = Py
The energy density required at the antenna can now be calculated from
woG = Pj Ng¢

PJ can be found from the expression

P‘l = 4k Taf
Where:  k Boltzmann constant
T = absolute temperature

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

So that Pj = 3.29x 107 M watts

The other parameters for the receivers used are given below:

.Fr_equenqy .NL _ G
Mc ‘
160 13 0.28 16.2
360 32 0.008 205
9850 160 0.00008 20,000

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

1 J’é 2
= = V- E
w 3 i 0
where ¢ and g are the dielectric and pernieability constants of free space, and E; 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 E,.

Fregquency S T _ Eg
Mec w/m? v/m
160 9.4 x 10714 €.4x10"¢
960 6.4 x 10713 2.2 x 1078
9850 3.3x 10712 5.0x 1078
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The signals recorded during Shot Diablo are shown in Figures 3.33 and 3 34, The 9850- Mc
receiver signal did not show above the noise; therelore, its record was not reproduced. An
upper limit of about 50 uv/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 time. This could have been produced
by pretriggering in the swaop circuit, but the data must be regarded as suspect. I it s tiken
as valid, it leads to a peak intensity of about 25 pv/m.

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 oseilloscopes,
and the transmission-line-antenna system was carefully terminated and checked with a putse
generator exaciting the dipole. There should be no distortions due to coupling capacitors, or to
ringing in the system. The results of these measurements will not be analvzed here; 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.

Fach bunker installation was 6 feet below ground level, completely shicelded by a l/32 inch
copper sheet with soldered joints, and electrically disconnected from the outside world (with
one exception) from H-1 second on.

The exception mentioned consisted of waveguides soldered to the copper shield at the pont
of entry to the bunker and coaxial cables similarly treated. The wavepuide should not mive
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 shiclded
electrically and just under or just above ground level. There seems to be no evidence inany
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 impediances at frequencies
more than about 20 percent different from the operating frequency. I the electrical bond be-
tween the transmitters and the copper shield were faulty, or the inductance n 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
poussibility is that the disconnect mechanism used to 1solate the bunker from power and timing
lines at H—1 second did not operate. However if this had failed, the damage to the tunker
would probably kave 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 generated 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 larpe a yield.

This bunker was the only source of valid monitoring information. However, there was no
indication in the records uvbtained 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 difficulties 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
their capebility was exceeded for 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 firebell, and a recciver 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 ionization produced by the gamma rays is sufficiently in-
tense so that the attenuition over the transmission path, as calculated from Equation A.19, is
greater than 50 db. At 0.01 second, this gives a signal strength at the receiver of about 107
w/m’ or 25 db less than the minimum detectable energy flux (3.3 x 10712 w/mz, 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° beam 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, S, at the recciver position
is then approximately given by (assuming reflection into a solid angle of 27 radians),

s . PO
r " uR
Where: Py = power output of transmitter

C = reflection coefficient

R distance from fireball to receiver

It

Equating S, to the minimum detectable signal strength (3.3 x 107!2 w/m? and substituting 0.8

watt for Py 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 m?.
+ Since there was no detectable 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 {ireball 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 time, 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 imtial phase (0
to 100 psec), the intermediate phase (100 psec to 0.5 second) and the final phase (0.5 to 10 sec-
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onds). The size and position relative to the ground of the: Bobtzrann fircball tor tine - of intoe
est are shown in Figure 4.6.

The major effect during the initial phase is attenuation of the signal by 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 ncar the fireball, the integral of Section A.2
was evaluated for an R of twice the maximur firelall radius (=370 mters). Insertieg twice
this result (to get the total attenuation from the transmitter to the fireboll and then to the 1
ceiver) into Equation A.19 and using the gamma ray production function from: Itefor nee 2,

! scialed to the correct yield for Shot Boltzmann (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 through space that the ine-of sight signal path
has a peak attenuation of more than 2,000 db. The sigual then recovers to withun 10 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 first 50 psec (Fig-
ures 3.2 through 3.14).

. From about 100 pgsec to 7 or 8 seconds, the line-of-sight path is obscured by the fireball.
i 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 linc-of sight signal
would be nonexistent, and the signal that does reach the receiver during this period could be
due only to signuls reflected from the ground or diffracted by the fireball or a superjosition
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 reftected transmission paths, have been examined. The details and 1esults
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 cocfficieat should be hiph
(=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) 1t is appar-
ent from the discrepancies observed that, during the intermediate times, there are other ef
fects, which are not taken into account in 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 10'! electrons/cm? and
for a frequency of 1,000 Mc, this corresponds to an attenuation of about 18 db/m. 1t 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 1
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 (Refercnce 16). This is probably the 1eason 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 preshot level in the calculated curves aprees
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 360- and 9750-Mc records and indicates that there is little or no frequency depend-
ence at these [requencies. The early portion of the 160-Mc record appears to be quite different

e T —
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from the others; however, there appeared to be some anterference on this channel from unkeovn
sources. At later times (1072 to 10 seconds) the signal was clean and appeared to be free from
the interference. The 160-Mc signal started to recover at about 0.5 second but did not reach
the preshot level until about 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 aboat 1 second.

This diffe rence s probuably due solely to differences i the diffraction, since, from Equation
A.19, assuming a colltsion frequency of 2 X ]O“/SL‘('OIld, it can be scen thit there should be no
frequency dependence in the attenuation by electrons over the frequency range that was used.

o - : . :
= —= Plumbbob
[ f | Shot tHood
1 — = — - Plumbbob
Shot Owens
I
0’ I ———= Gieenhouse
il ;I Shot Easy
I | (Refecrence 2)
(N

r/sec/k!
o
@

0® g’ o w® I+ 10
Time , sec

Figure 4.1 Normalized gamma ray intensity measurcments at
1,600 yards compared with Greenhouse Shot Euasy scaled to the
same distance.
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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,
aithough 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 prqvide 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 the 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 fatlure 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 usec). 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 Boitzmann, 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 (0to =7
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| seconds), there were readable signals, probably due to complex reflection, diffraction, and
1 refraction effects. However, from the point of view of radar guidance and control and for data 4
1 telemetering purposes, the signal would be unreadable.
An upper limit for the reflection coefficient for the surface of the fireball was obtained. 3
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 tu transmit data from the vicinity of a high-altitude nuclear explosion, i
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, it ‘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 {requency 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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Apperndix

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):

4nap 3EF.Y
c? at

i
=i

3%E (

t

K i3

R

+

= TEEL

'l

|
A
@

(A.1)

where K, p, o, 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 form

E@Y - B em(t—(p/c)l'c-?)

(A.2)

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

into Equation A.1 yields,

4n0p
ot

K -
—E#‘ UZE(F,K) +

Solving this result for p’ ylelds,

4no
L. _
p u(K 1 w)

If the complex conductivity 15 written explicitly as

g = op —loj

Equation A.3 can then be written as

ol o))

iwEFEYN = - = EFD
[+4

(A-3)

(A.4)

The propagation constant p is normally written in terms of the refractive index n and the extinction

ficient k in the following manner,

p=pn~1lk
or

P = (o} ~ K — 1@2rK) (A.5)
Equating the real and imaginary parts of Equations A.4 and A.5, 2
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Solving these equations for k. the extinction coefficient,
wiz) |14
[ 4a0y .
k- |15 §-1? 1+ =3 (A.6
[ 2 % 1\ [ wt ’
where £ = (K — 1n0i/w), the modified dielectric constant.
The complex conductivity ¢ is defined by the following equation for the current density:
i@y - oEED (A7)
Free electrons, which can be charucterizcd by a single collision frequency v, under the action of an EM
field satisfy the following equation (Reference 18):
32 R (Tt aR L -

mo (:’)— +vm -———(:—l - eEFY ' (A.8) 1
at ot .
where m i$ the mass of the electron, e s the electronic charge, and R is the position vector of the free ,.
electron. lLetting
+ iwt-@C KT E

R@EH = Ree

and E(rt) bea plane wave as defined in Equation A.2, and substituting into Equation A8,

) 1
K

rt)il—1
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Now since

a REYH
ot

IEy = Ne®

where Ne is the free electron density,
. N e’ y — i ", Ex
(0 = —— iz 1) EF (A.9)
m (V)
When Fquation A9 is substituted into A.T, the well-known LorentZ formula (Reference 18) is obtained

for the conductivity
(A.10) (
1 3

2
= o'l v i
ir ot et o+ vt
.

is defined as 4n Neg eY/m. From the equation defining the quantities

where w; , the plasma frequency.
o and 0} . the following relationships can be obtained:
2
w v
- P
Ir T xS v
and ! 4
2
“p w 4
. v -7 ,~
LERFRLE & 4 by
estimate the magnitude of the term (47 ur/wg)' in Equation A.6. As typical values

The next step is to
10'! which gives

let v = 4x 10, w = ¢ x 10! and Ne =
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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

11
PRy £ i 1L 4
Z\¢§ w
In the cases of interest here, /)" is very nearly unity, hence,

or
k = 2x— (A.11)
w

If for o, the Lorentz value is used frum Equation A.10, the resulting value for k is

wh
w’#‘ll

k =

1 {A.12)

N~
Eflx

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 conductivity
’

is givean by
wf " vy “a v
o = —:f- [I o (37) fv)dv - le 5y (;.;T*‘vi) f(v) dv
]

in which {(v) is normalized such that 4 n fn{(v) vidv = 1. If the real part o, of this expression is in-
serted into Equation A.11, the extinction coefficient is obtalned:

k = KN, (A.13)

where

1are! 1 4x (" @ v
Te x x
i dT ) ey (nxz) iy av a.14)

]

and x = v/w 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 ¥ is appropriate.

By considering propagation along the z axis only and taking the ratio of the Poynting vectors (propor-
tional to the |E (T.t)|! of Equation A.2) at Points 0 and z we obtain

|f @l | -2w/erkz
Expressing this result in terms of the number of decibels of attenuation @ of the wave, which has traveled
a distance z,

-2w/e)kz | g geg w/c)kz ' (A15)

1 = -10log, e
If k is a function of distance and time, as it is in the preaent case, Equation A.14 must be replaced by

IR
0 = -8.688 (w/c) I k(z.t)dz (A.16)
i
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where zp and zg 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 ‘

2 E
R k
0 = —8.686 (w/c) K J N (z.t) dz (A.17) ;
z :
If, further, Ng(z,t) ~ Qe(z) Qeft) 7, as was deduced in Equation 1.6, then the resulting expression for 4
attenuation becomes
ZR
2 = —B.686 (w/c) K 7Qglt) I Qelz) dz (A.18) ]
7 E
1f now the transmission path is radial, with the transmitter necar the ground zero, then an appropriate
Qe(z) is given by ]
R~ RT)/L By
Q.(R) = ——————— (1 + B.U.F.)
€ (R/RT)z b
4
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 A
path A
Re _py/1,
Qg = - 8.686 (W/c) K 7 Qe) RT/L ®p) - f ¢ — (1 +B.U.F.)dR (A.19)
Ry B
where Qg(t) is now the electron production rate at the position of the transmitter. 1
A.2 RADIAL ATTENUATION INTEGRAL
If the approximation B.U.F. = (0.5/E'4) R/L) (Reference 2) is adopted, then the integral of Equation
A.19 may be written '
Rr .~R/L ;
e 0.5 R
1= ( : 1*(‘:74 2 dR (A.20)
Rt
Where: Ry = transmitter position i‘
Rr = recelver position
L = the mean free path of a gamma ray
E = the energy of the gamma rays in units of m,c?
If 0.5/E! = B, and x = R/L, Equation A.20 reduces to
1 R g_x
1 == =5 [1+Bx] dx (A.21) )
L x .
X
(|
In the cases of interest for this report, the upper !Imit of this integral can be replaced by = , since the
value of this integral from xg to = is much less than the value from xT to xg - Rewriting Equation A.2]
in the following form
- -«
1 e"x O—x
o= { I S I 3
xT X,
and carrying out an integration by parts on the first integral in the brackets, then
ety ® X
' I - 1-B) £ (A.22)
L xp x i
xT
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The integral that remains in Equation A.20 is a standard integral (Reference 20). Using a gamma ray
energy of 1 Mev, the values of L - I(x) are shown in Figure A.1.

A.3 DIFFRACTION AND REFLECTION

In order that calculation of the fireball difiraction pattern be made tractable, the line-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 i5 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, 1
it is well known (References 22 through 25) that the rigorous solution may be closely approximated by the
Fresnel-Kirchhoff 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 usec, by examining the fireball diameter versus time dependence given in Figure 4.6.

The Fresnel-Kirchhoff 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

TRy

Sx j eik(r +s)
E = — = ik - ———[8R-FT+rn-s N
x(R) 4'l I gt [so-TF+rn-:s]dA (A.23) 3
in which Sy is the electric field source strength of a point source, polarized in the x direction and located
1 at the position of the transmitter and k = (22/A), where A is the wavelength of the microwave field. From ;
4 Figure A.2 it can be seen that T is the vector distance from the transmitter to the surface element dA , ;
3 5 1s the vector distance from dA to the receiver, and 0 is a unit normal to the surface element dA. i

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 1s small
compared to the solid angle subtended by the antennas at the half-power points.

9 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 !Be Fresnel-Kirchhoff formula. This is equivalent to excluding the disk
4 from the region of integration. If Ey is the diffraction field resulting from Equation A.23 for the disk ex-
k cluded from the integration surface, E:" the field which results from integrating over the entire unohscured
- x-y plane, and EQ the field obtained by integrating over only the region occupied by the disk, (which gives
it just the field due to an open aperture of the same extent), it Is easily seen that
ED = - gl (A.24)

Hence, the computation of Eg now involves only un integration over the aperture A along with the use of
Equation A.24. Equation A.24 is just a statement of Babinet's principle. EY" is well known and is just the
electric field at a distance (I + Ig) resulting from a point source polarized in the x direction,

elk{lt +IR)
"*’R 2

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 an 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 Ap = 1 meter.
The total contribution from each ring was calculated and stored. To complete the Integration it was neces- |
sary only to sum the fractiona] part of each ring which constituted the absorbing disk, considered here as

an aperture, to obtain EQ . and then to apply Babinet's principle given in Equation A.24 to finally obtain E,?.

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.

93




3 - -4
10’
L -
x .
© o
5
) »
8 L i
<
3]
!
3 - —
i
Lonll I 3
* 10
lm »
T
5 , 4
- -4
-8 |
10
(o] 2 q 6 8 10
G

Figure A.1 Results of radial range integral.

94 |




ﬁmq.o.ﬂm

. £135w093 uonORINIA 2

CILCERED
¥sid buiqJosqy

R e e e e e r—— = T————

-y aandtg

95




e e 2 e a0

‘O Q91 10] SI[NS3Y £V aandid

S et e

J8% ' awij .
|
i02-
I
@
2
_ =
_ 0
A0 — M
L | w
o ;
SjUaNgjand udi e ey W.
I IN 09I
—— ..ﬂ-_l.
_{.f _
b

96




e e O c T T = e - = . I ’
TIN 096 407 sad p'Y aandid
L] ="
W ¢ r o og-
M
o2-
u
(o)
2 ~
[=} -
| B0 ————— Ry
| 0 ——— g
- zo 2
SjUAID) (R0 UONIR|jRY a
| IN 096 o
. o
|
|
|
~ t\”./.
L..l ..__f_rrj....
LT
e R
=0

ks ke




*

T

REFERENCES

-—

e ——— \_________.———‘_—'
4. L.M. Chanin; “The Attachment of Slow Electrons in Oxygen”; Research Report
403FD317-R2; Westinghouse Research Laboratories, Pittsburgh, Pennsylvania; Unclassified.

5. L. Loeb; “Basic Processes of Gaseous Electronics”; First Edition, 1955; University of
California Press, Berkeley and Los Angeles, California; Unclassified.

6. M. Ishimo; “On the Velocity of Secondary Cathode Rays Emitted by a Gas Under the
Action of High-Speed Cathode Rays”; Philosophical Magazine, XXXII, Page 202, 1916; Un-
classified.

7. H.D. Hagstrum and J. T. Tate; “lonization and Dissociation of Diatomic Molecules by
Electron Impact”; Physical Review, February 1941, Vol. 59, No. 4, Page 354; Unclassified.

8. D.T. Stewart and E. Gabathuler; “Some Electron Collision Cross Sections for Nitrogen
and Oxygen”; Proceedings of the Physical Society of London, 1958, Vol. 72, Page 287; Un-
classified.

9. J.D. Craggs, R. Thorburn, and B. A. Tozer; “The Attachment of Slow Electrons in
Oxygen”; The Proceedings of the Royal Society of London, Vol. 240, Page 473, 1957; Un-

classified.
10. J.B. Fisk; “Theory of the Scattering of Slow Electrons by Diatomic Molecules”; Phys-

ical Review, Vol. 49, Page 167, 1336, Unclassified.

_—

12. “The Effects of Nuclear.Weapons“; 1957, Page 69; U.S. Government Printing Office;
Unclassified.

13. M. P. Bachynsky and others; “Electromagnetic Properties of High-Temperature Air”;
Proceedings of the IRE, Vol. 43, No. 3, Page 347, 1960; Unclassified.

14. E.W. Hamlin and others; “X-Band Phase Front Measurements in Arizona During April

1946"”; Report No. 6, 1 February 1957; Electrical Engineering Research Laboratory, University

of Texas; Unclassified.

15. J. P. Day and L.G. Trolese; " Propagation of Short Radio Waves Over Desert Terrain”,
Proceedings of the IRE, Vol. 38, Page 165, 1950; Unclassified.

98

v




16. W.R. Young, Jr.and L. Y. Lacy; “Echoes in Transmission at 450 Megacycles from
Land-to-Car Radio Units”; Proceedings of the IRE, Vol. 38, Page 255, 1950; Unclassified.

17. M. Abraham and R. Becker; “The Classical Theory of Electricity and Magnetism";
Page 188; Hafner Publishing Company, Inc., New York; Unclassified.

18. H.A. Lorentz; “The Theory of Electrons”; Page 139, 1952; Dover Publications, Inc.,
New York; Unclassified.

19. H. Margenau; “Conductivity of Plasmas to Microwaves”; Physical Review, Vol 109,
No. 6, 1958; Unclassified.

20. E. Jahnke and F. Emde; “Tables of Functions”; Fourth Edition, Page 6, 1945; Dover
Publications, Inc., New York; Unclassified.

21. A. Sommer{eld; “Optics”; Page 213, 1954; Academic Press Inc., New York; Unclassified.

22. Thid, Page 325.
23. J.A. Stratton and L. J. Chu; “Diffraction Theory of Electromagnetic Waves”; Physical
Review, Vol. 56, No. 1, Page 99, July 1939; Unclassified. .
4
24, W. Franz; *Zur Formulierung des Huygensschen Prinzips”; Zeitschrift fur Naturfor- b
schung, Vol. 34, Page 500, 1948; Unclassified.
25. S. Silver; “Microwave Antenna Theory and Design”; First Edition, 1949; McGraw-Hill
Book Company, Inc., New York; Unclassified. §

26. M. Born and E. Wolf; “Principles of Optics”; Page 379, 1959; Pergamon Press, New
York; Unclassified.

.

i

99-100




