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FOREWORD

This report has had classified material removed in order to
make the information available on an unclassified, open
publication basis, to any interested parties. This effort to
declassify this report has been accomplished specifically to
support the Department of Defense Nuclear Test Personnel Review
(NTPR) Program. The objective is to facilitate studies of the
low levels of radiation received by some individuals during the
atmospheric nuclear test program by making as much information
as possible available to all interested parties.

The material which has been deleted is all currently
classified as Restricted Data or Formerly Restricted Data under
the provision of the Atomic Energy Act of 1954, (as amended) or
is National Security Information.

This report has been reproduced directly from available
copies of the original material. The locations from which
material has been deleted is generally obvious by the spacings
and "holes" in the text. Thus the context of the material
deleted is identified to assist the reader in the determination
of whether the deleted information is germane to his study.

It is the belief of the individuals who have participated
in preparing this report by deleting the classified material
and of the Defense Nuclear Agency that the report accurately
portrays the contents of the original and that the deleted
material is of little or no significance to studies into the
amounts or types of radiation received by any individuals
during the atmospheric nuclear test program.
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@  ABSTRACT

Detonation locator System AN/GGS-B  was tested by USASHDL
during Operation Plumbbob. This system determines the location cnd
the burst time of a nuclear detonation by detection of the low-
frequency electromagnetic pulse radiated from the detonation.

Two sets of triplet receiving stations were operated at about
500 miles from the lievada Test Site. The detonation locations vere
determined by inverse loran. The time difference measured was that
between the detonation pulse arrivals at a triplet's outlying
stations. Measurement was made at the central station from oscillo-
scope displays after the pulses were reluyed there by microwvave
radio. Vaveforms of pulses and sferics vere recorded on still film
for detail, and on continuously moving film for manual-visual tine
difference of arrival measurcn}énts.

The average error in lines of position of the detonation
points was 0.8 milés, and the average fix error wvas 2.6 miles. Burst
times of the detonations were determined within a few milliseconds.
Radiation was not detected for the underground shot, very heavily
shielded shots, and very-low-yield shots,

Wlaveform measurements corresponded to those observed in
previous tests and indicated waveform-yield relations which varied
vith distance and propagation conditions. Field strength varied as
the cube root of yield. Ground and sky wave components wvere
estimated from the observed waveform, and an increase of sky wave
delay with yield was noted. Many sferics wvayveforms were similar to
those of nuclear detonations, but it was possible to recognize the
nuclear-generated em pulse during heavy sferics, often without
Inowledge of exact time of detonation.

It vas concluded that Detonation Locator Systen Al/GSS-b j
vas adaptable for a nuclear detonation detection system at Anmyy 3
tactical ranges.
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(c) PREFACE

The equipment tested during Operation Plumbbob was designated as
Detonation locator System AN/GSS-h. It was intended for friendly fire

only--vhere the approximate location and time of a nuclear detonation
were known in advance.

Subsequent to Operation Plumbbob, Detonation lLocator Central
AN/csS-5( ) was designed. This later system has dual capabilities; it
can locate friendly dj’tonat:lons , and can locate enemy detonations by means
of continuous omnidirectional surveillance, but with less accuracy. Two
types of the AN/GSS-5{ ), electrically and functionally equivalent except
for the housing, have been designed. The AN/GSS-S(XE-].) is mounted in

semi-trailers; the AN/GSS-5(XE-2) is mounted in shelters and is designed
Tor helicopter lifts.
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CHAPTER 1

INTRODUCTION

OBJECTIVES

The primary objective of the electromagnetic (em) detection system
portion of Project 50.3, Desert Rock VII and VIII, Operation Plumbbob,¥
was to field test a breadboard model of Detonation Locator System
AN/GSS-I&,- . This system was designed to determine the location and
time of & nuclear dctonation. The locator utilized the low-frequency
em radiation from the detonation and was operated at a 500-mile range,

Additional objectives of the project were: (1) to record and study
waveforms, received at this range, of the signals generated by nuclear
detonetions,to add to knowledge of the signals' characteristics;, (2) to
analyze the signals for information on characteristics of the devices,
such as yield and number of stages; (3) to add to knowledge of those
propegation effects which influence the signal waveforms; (4) to study
the em signals due to lightning discharges, i.e. sferics, with the aim
of reducing their influence as a noise source.

BACKGROUND

For several years, USASRDL has been developing a system for the
detection of the low-frequency electromagnetic radiated pulse from a
nucleer detonation, in order to determine the location of the detonation
in space and time, and to estimate the detonation yield. This system is
to be used for confirming the burst location of friendly nuclear detona-
tions and may be used for surveillance of enemy nuclear detonations in an
army tactical area. The nomenclature Detonation Locator System AN/GSS-k
was assigned in May 1957 to the system of equipments as used in Operation
Plumbbob.

Quantitative measurements of the em pulse have been made, starting
with Operation Buster-Jengle (1951). Several agencies have participated:
LASL, to obtain disgnostic information on the mechanism of the detonations;
NBES, to obtain informatiqn on signal propagation effects and related
natural noise; E CRC, to develop detonation-locating systems to
operate at long end meJlum ranges (greater than 500 miles); and USASRDL,
to develop a detonation-locating system to operate at medium and short
renges (less than 500 miles). All the above studies have also been con-
cerned with the relation of the em signal to the detonation parameters.

At USASRDL many system concepts for locating nuclear detonations by
the detection of the rodiated em pulse were studied. In all, some fourteen
systen ioncepta were examined, based on crossed-loops, one- and two-clock
systems™, short and long baselines, etc. It was determined that an inverse
loran system using short baselinec 'was the most promising for a short-time
(1956-1962) development program.

*Table 1 gives a summary of Plumbbob events.




(c)

USASRDL has becn participating in the nuclear test program to study em
effects since Operation 'l‘mnbler-Sngpper (1952). The objective in some test
operations, e.g. Operation Redwing®, was to record and analyze waveforms, and
in Operation Teapottthe objective was to determine the feasibility of location
by detection of the em pulse. Two early concepts of a nuclear-detonation
locator system were tested in Operation Teapot at ranges of 60 miles and
200 miles. The use of Detonation Locator System AN/GSS-I& during Operation
Plumbbob was an experiment to evaluate the improved system concept.

THEORY

The detonation locator system utilizes a hyperbolic locating technigue
called inverse loran, which is related to the loran system of navigation3. The
inverse loran technique locates a transmitter by measuring the time difference
of arrival of its signal at appropriately located raired receiving stations.
Each time difference of arrival corresponds to a transmitter location anywhere
along a specific hyperbola of a family of hyperbolas which have foci at &
pair of receiving stations. Two intersecting hyperbolas, (which may be charteg
each from a different family, are required to obtain a fix. The location is
determined with respect to the known positions of the receiving stations.

In this application of inverse loran to the location of nuclear detonation
the electromagnetic burst of radiation generated by the detonation is the
transmitted signal and the time differences of arrival must be determined from
this single transient.

The em signal is a pulse which has its predominant energy in the very low
frequency region, and has components of lower energy at higher frequencies.
The duration of the generated pulse is short, usually lecs than 100 microsecondy
and the duration increases with the size of the burst. The radiated energy
in the pulse is very great, giving field strengths of hundreds of volts per
meter near the source. The received signal is influenced by propagation
effects; it shows great attenuation in energy with distance and a lengthening
of pulse duration due to superposition of reflected waves. Postulated
mechanisms for the generation of the pulse are discussed in Reference 4.

METHOD

(C)Time Difference of Arrival

The signal renerated by the detoaation wus received by two stations,
vhich instantaneously relayed the signal to a third station located between
them, These relayed signals were mixed with time nurleres and displayed on an
oscilloscope., Then the display was photographed. ‘The tine difference of
arrival (TDA) was determined by comparing the positions of the signals and
the time markers on the photographs.

(C) Time of Detonation

The time of a detonation wvas det@mmined by eo:paring with an abse-
lute time standard the arrival time of the clectreragnctic signal which the




detenation genrerated.  Timine wies eccompliched by LoNing a flach plistegeeph
of & counter at the incimt the signal was rocelved and ther refersing Lhe
reading Lo a previoucly ectabliched Statton WiV relf:rone: time reading.,

Both the counter and the oscilloccope dlaplay mentionad wbove wers roeodad
together on & contimwus-strip film., WWV time wees veed as the refercnee,
since all detonutions were ccheduled vith refercnee to tims cignals froa
wWWV. The technique uced made it poccible to tim: on event to an aceurany of
1 1 millisecond.

(c)vaveform Recordings

Recordings of waveforms were obtained by twc melhods. Tn the first methed,
osclllographs of ths dircet signel arriving at a station were recorded on o
single~frame camera. In thls report such an oscillograph recording is called
a Single Waveform Rzcording (SWR). In the scecond method, oscillomrephs of
the reloayed or indirect signnd used in the inverce loren lcoeation cystem were
recorded on & continuous-strip film. This recording is called a Coniinuouc
Waveform Recording (CWR).

In the SVWR method, at each of the stations operating during Prcject 50.3,
the electromapgnetic pulse wes detected by a vertical probe antenna wvhich was
connected to a cathode-follower receiver (CF). The output of the CF was
displayed on several oscilloscopes end photogiraphed by single-frame camerze
attached to the front of each oscilloscope. In order to display the initiel
vortion of a wuveform, a delay was inserted belwezen the CF output and the
vertical-amplifier input of each scop? while a trigger output of the CF was
fed directly to the cweep-trigger input of the scope. Thus the o3rilloccope
sweep vas initiot=d before the signal was applied to the vertical amplifier,
To avoid or reduce multiple exposures in the single-frsma cameras, the lenc
of each camera was opened for o short period (one to three seconds) befoiz
the signal arrived and was closed immediately aftar its reception.

In the CWR method, the electrcmagnetic signal was received et two cutlying
sites, each of which relayed the simual, vie video microwave links, to a master
station locat=d beltween them. At the master station, aach relayed signal was
epplied to one of a palr of adjecent oscilloccopes end shotosiuphed by cone
continuous-strip-film camerc, The sweep on each oscilloscope wac trirpercd
by the em pulse reccived dirzctly at th2 moster stetion, The direet pulse
was alweys recedved ot the moster station before the Indirect or ieloyad
pulce; therefore the sireaius were fanitiated before: the indirect signals were
applied to the oscilloscope. : .

Sferics occur at random intervals; therefore the continuous-strip-£film
camera could be employed advantageously to record their waveforms. The
techknique was the same as that used for recording eleciromagnetic signals
from nuclear detonations.




M W PRE—




*Altitude
Location .| above
Station Function Iatitude | Longitude Sea Level
|___ Capill: Triplet fect
Sendia Crest* |Slave 359 127 15,029" 1069 267 29,798" | 10,499
Capilla Peak* |Master 340 41 53.151" 1060 2h' 12,84G" 9,327
IaJoya* __|81ave 34° 20' 42.856" { 106° 54! 12.535" | 5,037
T Gleeson Triplet
Rustler Park*¥|Slave 31° 55' 07.0L" 2097 16' 30.54" 8,380
Gleeson®¥* Master 319 43' 34,.50" 1099 51 48.67" 5,169
Reef's Mine*¥* |Slave 319 25' L4L6.09" 110° 16' 56.16" 7,096

CHAFHR 2
CAUITHELT

SITE LOCATIONS

(c) The system used in Project 50.3 eovasisicd of 4y trivdats, ench of vhich

was made up of a master station and two slave stations. The triplets were
nomxd from the master station sites--hence the namee Copilla Triplet eard
Gleeson Triplet. The six sites werce located approximately 500 miles from
the Hevada Test Site, in central New Mexico and in the southcast coruer of
Arimona.,

Figure 1 is a mep showing the geogruphical locations of all si’.o.tions )
apmroximate distances to the Nevada Test Site, and distances between stations,

Table 2 1lists the stabion locations and their altitudes. Thece exact
locations, determined by land surveys, were used in later computations.

Table 3 lists the computed distances and signal propagation times in
microseconds between stations.

(U) TaBLE 2 STATION LOCATIONS AND ALTITUDES

#Prove Antenna locations
*ilicrovave Tower Locations

(U) TABLE 3 DISTANCES AND TIMES BETWEEN STATIONS

P Distance Time
Stations : Miles | Km ugec
Cooilin_ Tripict ¥
Sandia Crest to Capilla Peak 34.8 56 187.69
IaJoya to Capilla Pcak 37.2. 60 201.28
Sandia Crest to LaJoya 6k4.6 10k 347.82
Gleeson Trivlet
Rustler Park to Gleeson 37.2 60 199.02
Recf'sliine to Gleeson 32.3 52 172.18
Rustler Park to Reef's Mine 68.4 110 366.45
Capilla Peak to Gleeson 286.0 461, 1538.55

*Computed on the basis that velocity of propagation is +299,708 lon/usec
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The electromagnctic (em) pulse received by cach slave station was relayed
to its master station by means of a microwave radio link, which required that
radio line of sight e¢xist between each master station and its slave stations.
To accomplish this, four test sites were located on mountain peaks. Two were
on the desert plains. Figures 2 through 7 are photographs of each of the sta-
tions, showing antcnnas, vans, shelters, and surrounding terrain.

In some cases there were obstacles between the selected sites and the
Hevada detonation sites. Figures 8 through 13 show the profiles of the first
few miles of the paths between each of the six receiving sites and the Nevada
detonation area.

(c) Capilla Triplet

Capilla Peak was in New Mexico, upproximately 40 miles south of Albuguerque,
Its immediate vicinity was devoid of trees and its altitude was approximately
9,300 feet. No obstacles to the em pulse were present for sixty miles or more.
The associated slave stations were at Sandia Crest and LaJoya, located north
and south of Capilla Penk, respectively. Sandia Crest vns st an altitude of
approximately 10,500 feet on a densely wooded mountain overlooking the Rio Grende
velley. There was an obstacle in the direction of the Nevada test site; however,
this d4id not prevent reception of the em pulse. ILaJoya was located on the
desert floor at an altitude of 5,000 feet. The ground conductivity there was
poor. There vere no obstacles in the path of the em pulse in the irmediate
vicinity.

(c)Gleeson Triplet

Glecson vas located in southeast Arizona, 20 miles north of Bisbee, on a
desert plain at an altitude of 5,100 feet. The ground conductivity in this
area was poor. The two associated slave sites were at Reef's Mine, southeast
of Gleeson, and at Rustler Park, northcast of Gleecon, both in dcnsely wooded
arcag. Reef's Mine vwas at an altitude of T,000 feet and had no obstructions in
the immediate vicinity. Rustler Park was at an altitude of 8,400 feet, and in
a depression, a location which prevented an open view in the direction of the
Nevada test site.

INSTRUMENTATION

(u) The slave stations 1) acted as relay station. in the continuous wave re-
cording (CWR) system, 2) served as recording stations for single wave recordings
(SWR).

The master station 1) received and recorded the dircet and indireet em
signals, 2) ascertained the absolute “ime of arrival of the em pulse, 3) de-
termined the time difference of arrival (TDA).

Figures 14 and 15 are photos chowving some of the instrumentation at a
slave and a mmaster station, respectively.,
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Figure 106 is a block dlagiam of the instrwaentation at cach of the two
triplels. The dnsbrunentabtion is deseribed in thie folloving: yaragraphs.

(c) Probe Antenna

A vertical probe antemna was used at each statlon for detecting the em
signal generated by the detonation. The probes vere locnted either on the
roof of the operution van or on a wooden shelter. Figure 17 illustrates one
of the probes and its ground plane. When the probe wus mounted on the van,
the van itselt, grounded at the four corners, constituted the ground plene.
When the probe was mounted on the shelter, the ground plane for the prohe
wvas constructed of scctions of l/2-1nch wire mesh soldered together and mounted
on the shclter to form a ploane of approximately 150 square fect. The plane was
grounded by several grounding rods driven into the earth.

The probe was constructed from scctions of an AN/GRA-h antenna kit, and
th2 antenna height could be adjusted by the addition or removal of sections.
Each section was 30 inches (0.76 meter) long, and the tip was 1l inches (0.28
meter) long. Because of the short length of the probe, relative to the vave-
length, the probe was not frequency-sensitive. Its effective height was taken
as being equal to approximately one half of its actual height.s Antenna effec-
tive height is discussed in Chapter 3.

(u) Cathode Follower Receiver

The probe antenna led directly to an impedance-matching device designated
as the cathode follower receiver (CF) which coupled the high impedance of the
probe antenna into the low impedance of the coanxiel cables feeding other equip-
ment. i

Figure 18 shows one arrangement of antenna and cathode follower.
Figure 19 i1s the schematic diagram of the CF.

Figure 20 is the equivalent input circuit, discussed in the next paragraph.

Ca

T Fe; A
It

(U) Figure 20 Equivalent input circuit

The cathode follower frequency response curve is shown in Figure 21. The
response of the CF was nearly flat from below 1 k¢ to beyond 10 Mc and its gein
was approximately 0.3 over this frequency range. The wide bandwidth was
achieved by using the EFP 60, a secondary emission type tube, in the CF.
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(v )Input Circuit

The capacitance of the probe antenna varied nearly lincarly with its
physical length (see Table 4), ranging from 31 uuf for one section to 110 uuf
for 11 sections. 8ince no provision was mude for controlling the gain of the
CF, to maintain the input voltage within the dynamic runge of the receiver, it
was necessary to vary the length of the probe. This changed the probe capacity,
and since this capacity was comparable to the input cepacity of the CF, the
voltage developed across the input was affected by this change in capacity as
well as by the actual voltage induced in the probe,

(U) TABLE L HEIGHT AND CAPACITANCE OF PROBE ANTENHA

No. of Height* Capacitance
Sections Inches Meters uuf
L 1 L1 1.0k 31
] T 1.80 Li
3 101 2.57 L)
b 131 3.33 57
5 161 k.06 05
6 191 4,85 T2
T 221 5.6l 82
3] 251 6.38 88
9 261 T.14 96
10 311 T7.90 103
11 341 .66 110

* Sections plus ll-inch tip.

Figure 20 is the equivalent circuit of the probe and input of the CF.
Applied voltage will vary according to the expression]':

w Cq R[ R (Cq * Cg) + J)
I &u?;? (Cq + Cg)e + 1 }v& (1)

E
]
(]
=
”

voltage input to CF
Vo = voltege in antenna
Ce = capacity of antenna

Cg = combined stray capacity and input capacity to cathode
follover = 27 uuf (measured)

R = input resistor to cathode follower = approximately 330,000 ohms
The ratio of Vi to V, varied with frequency and the number of probe
sections, .as shown in Figure 22. In calculating the signal field strengths

(see Predicted Field Strengths, Chapter 3), these variations were taken into
account.
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(C) Trigrer Generator

The trigger generator, which was part of the CF unit (sce right side of
Figure 19), producol a pulse of fixed amplitude, usually set at 4 to 6 volts,
when the received signal level exceeded a predetermined level. Previous tests
have shown that the initial portion of the em pulse from a low-altitude nucleer
detonation is negative-going and the trigger generator was therefore designed
for negative-going signals.

The trigger pulse initiated the oscilloscope sweep before the application
of the em signal, so that the initial portion could be recorded. Since it was
undesirable to permmit low-level negative noise signals to generate a sweep
trigger pulse, a trigger sensitivity control was included. This cont-ol varied
the bias on the first stage of the monostable multivibrator in the t rigger
generator. The bias had to be set high enough to prevent excessive triggering
by ambient noise, but low enough to permit triggering by the desired em pulse.
The correct setting was difficult to determine, since each test was a single-
shot operation, end values of predicted field strengths were not relieble.

This adjustment is discussed further in Equipment Settings, Chapter 3.

(u) Coaxial Cable Delay Line

Before the electromametic pulse was fed to the oscilloscope for recording
as an SWR, it was passed through & long coaxial cable which served as a delay
line. This delayed the signal until the sweep could be initiatod by the trigger
pulse. Although the amount of delay was usually insufficient to perinit display
of the very beginning of the pulse, it did allow reasonably accurate extrapolation
of the recorded signal to the breakawvay or start of the pulse.

To insure recording of the breakaway, a delay time of at least 3 micro-
seconds was necessary; this required approximately 2000 feet of cable. Each
slave statiou had available only 500 feet of RG-58 or RG-9 coaxial cable, which
provided a delay of approximately O.7 usec, Under conditions with a high
signal-to-noise ratio, a delay of this magnitude was sufficient, since the
sensitivity of the trigger generatqr could be made high and therefore it could
be triggerad by the very early portion of the initial rise of the em pulse.

(u) Oscilloscopes and Cameras

Each station had one or more oscilloscopes and cameras which were used
as displey and recording devices. Figure 23 is a photo of a typical installation
of camera and oscilloscopes.,

The oscilloscopes were either Hewlett-Pzckard Type 150 or Tektrouilx Type
535; they were high-frequency types capable of displaying signals up to 10 Mc
at sweep rates as fast as 0,01 usec/cm. Each oscilloscope displayed from 10 to
11 em of the signal on a P-11 type cathode-ray tube. The P-11 phosphor peaks
at 4600 Angstrom units and has a relatively short persistence, 2 milliseconds,
which is ideal for photographic purposes. The sweep rates used were generally
5, 10, and 20 usec/cm, with the vertical deflection sensitivity adjusted to give
3 to 5 cm of peak-to-peak deflection. The scopes were operated with the lowest
possible intensities, to permit sharp focus and high resolution,
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To rccord,in the SUR method, the transicnt displayed on the cuthode-ray
tube, a very fast lens and highly sensitive film were required. The caacra
uscd, Dumont Type 298, having an i‘/l.5 lens, and Kodal Tri-X film, met the
requiraacnts.,

In the CWR method at the moster station, an open-shutter strip-film
camera recoxded the signals relayed by both slaves. This camera was a
Laboratory-modified PlI-330K buill by the Camera-Flex Corporation. It had an
£/2.8 lens and a capacity of 40O feet of 35-mm film. Film velocity was con-
tinwously adjustable from O to 24 in/sec. To pemmit daylight recording of
the display, the camera was attached in front of two oscilloscopes under a
special hood which had been constructed. The shutter was open at all times
wvhen a signal might be displayed. A mechanical counter was housed in the
hood and it was positioned so that a counter number appeared between the
two' signals recorded on the oscilloscope. The nunbers on this counter vere
related to time as given by signals from Station WWV., This time was estimated
to be accuratc within 1 millisecond. Figure 47, in Chopter b, shovs a
recording of a typical CWR display.

() Redio Set AN/TRC-29-

As previously stated, the purpose of the slave stations was primarily to
receive the em pulse directly from the nuclear detonation and relay it to the
master station.

Microvave Radio Set AN/TRC-29 was used for relaying the signal. This set
is frequency modulated and can transmit a& video signal having a bandwidth from
30 cps to 4.5 Mc, The video signal was supplied in this operation by the signal
output of the cathode follower receiver. The AN/’].‘RC-29 operates in the 1700=- to
2L00-Mc band, and relisble propagation is limited to line-of-sight distences.
™ 11-689 states’that the path should not exceed 30 miles., This 30-mile limit
was found to be conservative, as acceptable communication was obtained beyond
37 miles, and fair results were observed from a distance of 64 miles.

This equipment uses duplexers to permit the use of a single antenna for
both transmission and reception at each station. The radio-frequency trans-
mission line between the duplexer and antenna consists of a single conductor
with a special dielectric coating which effectively prevents radiation loss at
the frequency erployed. The antenna is a horn-fed parabolic reflector eight
feet in diameter, mounted on an AB-216/U tover (see Figure 24).

The AN/TRC-29 also has facilities for an order-wire circuit which is in-
dependent of the video chamnel and is useful for voice commuinication between
stations. . L X

(U)Timer

A millisecond timing device placed the time of the signal arrivals within
several milliseconds of absolute world time. It consisted of a mechanical
counter driven by a synchronous motor (see Figure 25). Each wheel had ten
digits and turned 1/10 of & revolution for each complete revolution of the
preccding wheel., The last wheel (extreme right) had ten double digite and
five graduations betwcen each. This wheel was driven at ten revolutions per
second, so that each graduation represented .002 second and time could be read
to within .00l second. The counter ran 2 hours and 46 minutes before recycling

took place. 2




(U) Figure 25 Mechanical Counter

The accuracy of the timer depended on the 0-76/U Crystal Oscillator. The
synchronous motor which turned the mechanical counter was fed by a power
amplifier which derived its l-kc time base directly from tha 0-76/U Crystal
Oscillator. This crystal was stable to within 1 part in 10° (after approxi-
mately 24 hours warm-up time). Inaccuracy of the timer due to drift of the
oscillator over a short period of time-=l or so--was of the order of 4
parts in 1010, vhich is equivalent to 4 x 10-% microseconds.

The error ac ted in one hour due to the crystal being off frequency
by a parts in 10° may be calculated from the following considerations: The
synchronous motor turns at a rate such that the mechanical timer registers
+,001 second for each cycle of voltage applied to the motor. If the crystal is
in error by .o parts in 106, each unit on the counter will in fact correspond
tolt a 10° seconds » and a one-hour interval will actually correspond to

a
[3600 seconds x (1 + .133)] or (3600 & .0036 a seconds)

the epror being ¢ .0036 a seconds. If the errar is, for example, 1 part

in 10°, the error would be .0036 second for the one-hour period. Since reference
time, or the fiducial, was usually establiched less than 10 minutes before the
arrival of the em pulse, the accumilation of error would actually be less than

« 0006 second6 Observations indicate that any crystal error was much less than

1 part in 10Y. It was concluded that the timing error due to any inaccuracy

in Oscillator 0-76/U was small enough to be neglected in the millisecond time
reference measurements.

The mechanical counter turned continuously as it measured time. As each
em pulse vas received at the master station, it initiated or triggered an elec-
tronic flasher, vhich in turm illuminated the counter. The flash duration was
approximately 20 usec. This effectively "stopped" the counter for photographic
recording.

The timing system, Figure 26, is explained below.

(U)Time Delay Generators

Two time delay generators (TDG) were included in the master station system
for measuring the time difference of arrival of the em pulse at the slave
stations. A trigger pulse, initiated by the em signals directly received by
the master station cathode follower, was applied to the inputs of the two TDG's.
The output of each TDG was connected to the sweep trigger of one of the CWR
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display ozcilloscopes.  'hin In oficet dedegrsd the cuecps on oth coeillorconeg
until the clrnnls relayed from each slave arriveds  Leloying L siavh of the
suoep also peanitted the duation of Lhe swvecp Lo bLe chorters In ract, the
duralion of the usweep could be close to Lhe cyprelod duration ol the signal,
and the disploy of the signal could be expanded for rlwest the full width of
the oseilloscope face.

The TDG's were Dwnont Type 326 units, vhich accepted a trigrer pulse of
either polerity and gecnerated a 20-volt pulse up to 10,000 microcaconds loter,
The delay vas continuously adjustable with an sccuwvacy of 1%, The rice tinme

of the delayed trigger was approximately 0.2 microsccond.

(U)Time Marker end Mixer

A time-rarker and mixer device was used to measure the TDA of the em sige
nal., This wus a Laboratory-constructed unit which gencerated a serics of time
pips and superimposed them upon the signal rccelved via the microvave link.

The coubination of the time pips and signals was applied to the CWR oscilloscope
for display and recording.

The series of time pips was called a time comb (see Figure 27); this name
was sugsested by the apncorance of the time pips. The time comb consisted of
a scries of pips at 10-usec intervals and a larger pip imunediately after every
tenth pip. VWhen the time comb vas mixed with the incoming signals the waveforn
appeared as shown in the composite display. The pips were applied in the
direction of positive voltage. The time difference of arrival was determined
firon the relative position of the signals from each of the slaves on the time
comb. This measurcment is detailed under Data Reduction, Chapter 3.

The accuracy of the time comb was dependent on the 0-76/U Crystal. since
the time comdb markers were derived directly from that oscillator. Because the
TDA vas a very short period of time for this application, the crystal fre-
quency was not required to be extremely accurate. For ciomple, for a TDA of
500 usec, which is very large, and a fregucncy erroxr of ¢ ports in 106, the
epparent TD% would be 500 [ 14 a0 )]usec, and the time error would be
500 a (10~°) usec. For a = 1, the error is .0005 usec.

(U) Pulse Shifter

To determine the absolute time of arrivael <f the vm pulse, it was neces-
sary to establish a reference time or fiducial fru1i3 which arrivals were timed.
Ectablishing the fiducial was based on the use of a device knowvn &s the pulse
shifter. This instrument generated,at one-second in’«rvals, a pulse which
could be phased or shifted over a 999-millisecond rauge in one-millisecond incre-
ments.,  Here again, as for the timec-marker and the timer, the time base vas
derived from the 0-7G/U Crystal Oscillator and one-second intervals of the
seme accuwracy as in the timer vas assured,

The output of a rcceiver tuned to one of the WWV frequencies vas applied
to one of the CWR oscilloscopes. Then the output of the pulse shifter was
connccted to both the electronic flasher and the sweep trigger of the oscillo-
scope through the upper contact of Reference Time Switch S, a single-pole
three-position switch. This caused a sweep on the oscilloscope whith displayed
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(U) Figure 28 WWW timing pulses.
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the VUV signd, and also illuminated the digitel eounter. During tids tis.
the counlier wos rvning but the camera was stopped,

To set up a convenicent display, the output of the pulse shifter wos
then adjuwisted so that its l=pps oulput was gencrated approximately five milli-
scconds before the arrival of the one-second muriers from WWV. Figure 20 shows
the desired displny on the oscilloscope.

Switeh 8 was then placed in the off (middle) position and the camcra was
started. AL somc predetemmined time, e.g., one second before the beginning
of any known minute prior to or after the signal oxrival, switch S was azain
placed in the pulse shifter (upper) position. The next pulse from the shifter
then initiated the flash, wiich illduminated the counter, and trigrered the
sveep. ‘

As a result, the counter number and the one-second marl:ier of WWV were
both recorded. The recorded counter nuwiber then represented a precise and
knovm instont in absolute time. This established the refercnce time. Reference
time moy be established eithier after or before the event, or at both times to
reduce error. Switch S is in the lower position when recording signals.

(u)Pulse Generator

The pulse generator shown in Figure 16 was used to amplify the outputs of
the CF and the pulse shifter sufficiently to drive the time sorter, strobe
flasher, and time delay generator.

(U)Cozmunic:ttion Sets

Fach station was equipped with one of the following radio comnunication
sets: AN/GRC-26, AN/GRC-19, or AN/GRC-9. This radio equipment was used for
adninistrative commnications only and was qg’t part of the project instrumen-
tation. i :

(u)Pover Unit

Electrical pover was furnished by PU-26A/U goooline-driven generators;
no camercial power was available at any station. These units were connected
to provide 120-v, L-vire, 3-phase power. The power units were rated to
deliver 12.5 kw, but because of the greut altitude and poor quality of fuel
their efficiency was low.

(u)rest Equipment

Test equipment consisted of such conventional items as oscilloscopes,
signal generators, and VIVIl's., The signal generators produced the display
calibration signals,which vere generally 20 kc/sec.
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Vernier Time Interval Measurement System

A vernier time interval measurement system (VIIM) was aveilable which
was capable of measuring intervals of time within 0.0l usec. A complete descrip-
tion of the VIIM end its operation is presented in Refecrence 8. '

The VIIM provided an additional method for measuring the TDA of the
source -generated em pulse and the round-trip transmission time betwcen a master
and a slave. Because this equipment was delicate, it was not often operable
and therefore could not be relied on for TDA measurements. The method for
measuring a signal TDA with the VIIM is given in the Appendix. However, the
VIIM wes used to measure cable and instrumentation delays, necessary in the CWR
system of time-difference measurement and for computing round-trip transmlssion
times; Figure 29 illustrates the circuit for measuring delays with the VIIN.
Transmission times between & slave and the master station was determined from
the measurement of. the time required for a pulse to be transmitted from the
master station via the AN/TRC-29 to one of the slaves and to return to the
master, Figure 30 illustrates the circuit and signal path of round-trip
measurements. The time for one way was assumed to be half of the round-trip
time, less any delay in the equipment. Detaills of the measurement technique
are given in Chapter 3,

3




lorth Latitude

374

116,2°

Viest Longitude

116.1 116,0 115,9
AT = Timg| of arrival, Sandla EWI = Time of arrival, LaJwa
- wmem= Sphorical Iyperbula
—— Spheruidal Jiyperbala
ar . o @ (-xx,x) 5ite and cqupuled sphorcidal time qifference
-y F
w
ar -
prem———
H
Ar =
e
"-h
ar =
_""'-.-'—Iﬁ“
—
] U5
— ~ "“EE..
Scalen - —
SR — i
0 1 2 miles "~
(c) Fig. 31 Construction of line of position chart, Capilla triplat,




- e e (L W

CHAYLSL 3
OLLRALTURH
CONPUTATIONAL PROCEDULRES 10 OBPATHING WIu

(U) ™o procadures vere vsed indepondeatly to obuvin the Incation of i
detonation (prround woro) from obscrved Line-diffur.ne: inforantion. Opo
procedure was ossentinlly minphical; the iunbevseolion of nrovion.ly chocted
lires of position (time differcnce lines) pove the requirsd loeriise.  'the
cecond proeccdura wou o caopmbntional, iterative procedors; a proevioasly
vrepared eluctronic covmuber progrom gave cneceesnively closer apryrciimabion
to the required loecation,

In either mathed, the resulting accuracy depend.d on 1) the oquitisng
ced for the charted lines or the itexative procedvre, and 2) thy curvyzé
geograrhic coordinntas of exch station detection entannn.

Accurate goodetic distunces on the earti ore obtained from the 2ouaticng
of U. D. Lembort.? fhe cquations are baced on a cpheroidal evrbhv nicdld, ase
convanizant for machine corpubatior, and aive resulbs acenrcte to 1 ot in
200,700, Distonecs cur be coapntied direebly in bewas of sicend pro; oo bic

tine.

(U) renshiien). isthnd

-

In the graphical proceodare, gromniphie coovdinates of pointe on Wb,
(Jires of pocition) wre corte® and the: poinbs ars ploticd on s oo isd 1.
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the I 630 vsinreie Dma Bola Tyoaeoccing jochine available ot Shic Loy o
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to agrez witn some comuitations for a spuzroidal model. A cuort obtained
in this manaer vas not expected to be aitreazly accurate, bub it corld e
constructed ropidly. ‘The charls were availoble at tne field instollcblion
during tihe test opaitition. PFigure 31 dasonstrates tue grapuical nzthod,
discucsed bzslow. i

The cquations for the cpusricul hyperbolos, using tie slove stations o
zs fovi, are given by Sitterly in Chapter O of Refercnce 3. Indapenlontly, 1
geodetic distrnees in microseconds between sceveral sites in tae test area
and each slave werce culceulated for tne spheroid according to the meuhod o
(zzabert, and time differences of arrival were noted.

The chart. ol tie test area on wnich thoe hynerbolas were plotted was o
Transverse Mercator Projection of geograpinic coordinates wiln the scole al
center approximately 1 to 175,000. 'Mne projection nrescerved anles irom
the spheroid to tue nap. ; i

Oince the lines of position weie coleuloved Lor a cphicre wist nol o
a gpheroid, sites did nob Sall on Ll lines oy pousition corcesponaing to
heir conymted spucioidol clime dirrercnews.  Mlee sites were appioabm ely
T oaer .y sy s e saliecicad By afete widh $ise sams ddy .o dles e
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asgsociated with the Capilla triplet, and approximately 1.9 microscconds
avay from the hyperbola with the same time differcncg for the Gleeson trip-
let. Jlowvever, asswiaing that the directions of the computed linec accurately
represented the directions of the desired lines and that the spheroidal
time differcnces computed at a point were correct ifor a line passing through
the point, one could arrive at an improved time-difference ¢rid LY int. rpo-
lation. The grid constructed in thie mamner provided,with the scale used,
adequate resolution for time-differeace diata obtained to the nearest 0.1
microsecond. A point could be located witnin 400 feet of the location
established by tiie iterative procedure.

(u) Iterative Method

An iteratlion procedure utilizing the Lambert equations, was devised
by Philip Miller of the Boeing Airplane CompanylQ to obtain accurately the
geoygraphic coordinates of a point designated in terms of time differences.
Coordinates of the *ixed position are assumcd and the Lambert distances
(in microseconds) .. *he detection antenmna coordinates are calculated.
Differences of the iamvert distances are then computed and compared with
observed time difference. An adjustment of the assumed coordinates is then
made, and the process is repeated until the adjustment is negligible. De-
termining what would be a negligible adjustment depends upon the precision
with which the observed time differences were obtained. The number of iter-
ations required depends on the accuracy of the assumed coordinates. Usually
less than 10 iterations were sufficient.

This procedure was programmed for the IBM 650 which is available at this
Laboratory, and the program was used with data from the Plumbbob operation
wvhen the data arrived at the Laboratory. '

(C)Accuraey of Computations

A measure of the degree of accuracy with which the computed time dif-
ferences reflect actual time differences mmay be obteained from comparison of
computed and observed round-trip station-to-station propagation involving
a slave and a master station. A description of the round-trip measurements
is given later in this chapter,

Comparison shows that the propagation time computed according to the
methods of Lambert differed from observed values (with equipment delnys sub-
tracted) by no more than .06 microsecond for the 35-mile distence. It may
be noted that these observations, made on the AN/'I‘RC-29 frequency of 1700 Mc
can be, at best, only suggestive of accuracies obtainable at VLF at a 500-
mile range with the described method of computation.

Theoryn indicates that computation of ground wave propagation time
should include a correction to account for the phase lag due to the influence
of ground absorption and other propagation factors. Theoretical predictions
of propagation time of a signal of fixed frequency can be made in this manner,
with thc assumption of some av=rage ground conductivity and permittivity.
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These phagse=~delay corrections were not used in the coiaputalion of expectrd
tine difterence of arrival of the detouation transicuts at the stations
in Oporation Plumbbob. Reasons are discusced belov.

The signal paths to the slave stations of a pair differed by no nore
thon 16 miles and the stations were within 75 miles of each other. Ascunming
sirdlav average path ground porateters, a reasonable asswaption, the dif-
foreace in phasa corrcctlon for the two paths should amount to no more than
a fcw tenths of a microsecoud. Experiments reported in Section D of
Reference 12, using a 100-ke signal over paths rouzhly 500 miles long, show
day~to-day variations in propu;ation time of a few tonths of a microsecond
or morz. These varintions were attributed to ambient atmospheric conditions.
Tha some paper also reported the obscrvation of some long-term averases of
mro; ation time, different by greater than 1 microcecond from the propagation
tines computed by the Johler method. Fron these observations it seems to be
questionable that accuracy can be improved by including a phase delay in com-
puting the time-differeunce grid.

DATA REQUIRSMENTS

(u) “o utilize the nuclerr-detonation detection and location system, the
followring infommation is required: (1) the coordinates of the sites of the
detecting stations, (2) the velocity of propagation of electromagnetic waves.
How precise this information has to be depends on the locating accuracy
specified for the system.

(U) Geodetic Survey

Accurate geodetic surveys of the detection antenna sites of the stations
vere required for the iterative procedure and for the line-of-position charts.
Surveys of the sites were made by the U. S. Army Corps of Engineers, giving
locations accurate to .00l second of arc (about 0.1 foot) at the Capille
triplet and to .Ol second of arc (about 1 foot) at the Gleeson triplet.

(U) Mep Spotting

Preliminary time-difference calculations were made before the Corps of
Engineers surveys were completed. Calculations were made on the besis of
geogrephic coordinantes spotted on 1/2’; »000 contour maps of the area. These
points were from 250 feet to 750 feet frowm the finally surveyed points. The
finol survey-derived spherical hyperbolas were displaced from the preliminary
apherical hyperbolas by two miles in the vicinity of the Neveda Proving Grounds.
In a location system that does not require accuracies better thun two miles at
4 500-mile range, map spotting might be a satisfactory survey device.

(1) Velocity of Propagation

In all the above computations the propagation velocity of 0.299708 km/usec
(0.18623 miles/usec) was used. This value incorporates an average refractive
index for the lower atmosphere and is the value currently in use at the U, S.
Navy Hydrographic Office.
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(C) Additional Data

Since time differcnces were obtained by measuring firom the filined oscillo-
grams, it vos desirable that all equipment be adjusted for the best display.
To mnke such adjustments, it was helpful to have advance information con-
cerning the general arca of the detonation location, the yield of the device,
some infomnnation concerning its shielding,* and some information conceining
the time of detonation.

All this advance information, although not intrinsically necessary for
satisfactory operation, added to convenience and ecconomy in CVWR operations.
Advance knowledge of the approximate time of detonation was useful for
economy, because the system wvas calibrated and cameras were operated only
at times vhen the detonation signals could be received or vhen sferics records
vere desired. The absolute time reference for the detonation made search of
tiie CWR films more rapid, and it served to confirm the finally selected sig-
nal waveform. .

For the SWR cameras, advance information on the time of detonation was
essential,since the cameras could be open, at most, a few seconds.
PRELIMINARY M=ASUREMENTS

(U) Certain measurements could be made before actual test operations.
These include round-trip propagetion time and antenna effective height.

(U)Bound Trip and Delay, Using VIIM

Knowledge of sipnal propagation time between slave and master was
needed, to correct observed time-difference data. This propagation time
vas obtained by measuring, with the aid of the VIIM system, the propagation
time for the round-trip transmission of a pulsed signal between slave and
master,

To perform these measurements, the VIIM was connected as shown in
Figure 30. A rapidly rising pulse out of the pulse generator started the
VIIM and was simultancously transmitted via the AN/TRC-29 to one of the
slave stations. A% the slave station the pulse was received and instan-"
taneously returned to the master, also via the AH/’I‘RC-29. Upon receipt of
the pulse at the master, the VIIM vas stopped,and the time for & round trip
wvas obtained. The time delay generator was used in this setup simply to
amplify the returned pulse sufficiently to stop the VIIM. The delay through
the TDG was knowvn and constant, and therefore the proper correction in the
propazation time could be made.

(C)¥ At the Nevada and Pacific Test Sites, atomic devices are often shielded
to collimate the garana radiation. The effect of this shielding is to
attenuate the electromagnetic radiation. Stockpile weapons used tactically
ere not shielded.
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To determine the delay attributable to the AN/1IN1C-29 equipment, two
sets werc directly comnected, eliminating epacc propagation time. The
average delay so measured was 0.35 usec. Round-trip meacuraments arc given
in Table 5.

(u) TADLE 5 U PROPAGATION TIMI MRASURMIMGSNTS

s b One-Vay Propagation Time  Differcnce

Average Measured Ubserved Computed

Observed AN/TRC-29 ~ a-b Lambert

Round-Trip Delay 2 kquation

Measurement
Stations usec usec usec usec usce
Capilla~-Sandia 375.61 .35 187.63 187.69 .06
Capilla-laJoya not measured .35 - 201.28
Gleeson-Reef's Mine  34k4.76 <35 172.20 172.18 .02
Glee'son-l'{uxs't.lefj".rk "398.38 35 199.02 199.02 none

Delays through various equipments and cables were determined, using the
VIIM as shown in Figure 29. The procedure is similar to that used for round-
trip measurements. Use of the TDG to amplify the returned pulse depended
on the amplitude of the "stop" pulse. If the returned pulse was of sufficient
amplitude, the TDG was not employed. Measurements of delays through the
coaxlal cables and the cathode follower receiver, and measurement of one-
vay transmission time through the AN/TRC-29 were made. It was found that
the delays in similar equipment had negligible differences. Therefore,due
to the symmetry of the detonation location system the delays through indi-
vidual pieces of ‘equipment were ignored,and only the difference in trans-
mission time from eacn of the two slaves to the master was used in calculating
the time difference of arrival,

(V) Antenna Effective Height

The voltage developed in the antenns, Vg,is a function of the elecctric
field strength and the effective height of the antenna.

Vo = EHerr (2)
vhere E = field strength in volts/meter
Horr » effective antenna height in meters
The above voltage relation was considered in estimating the effective
height of the probe antenna as measured by a field intencity meter, Radio

Test Set AN/URM-6. However, the results of the measurement (see Figure 32)
shov an erratic change of effective height with change in frequency.
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(u)

In measuring the effective height, the AH/UIuI-() was tuned to secveral
low-frequency radio trancmitters operating in its frequency range of 15 le
to 250 ke. A calibrating loop antenna wiiich gave readings of tnec actual
field strength in volts/meter was used, and the sipgnal strength was noted.
Then the output of the cathode follower detection syctem containing the
probe antenns was measured, using the AN/URM-6 at the same frequency. The
cathode follower output was corrected for the cathode follower gain of 0.3,
and the cathode follower input V; was corrected for the variation of the
input circuit with antenna heigh% end frequency to obtain-an estimate of Vg.
The ratio of this estimate of V to the loop antenna field strength reading
gave an estimate of effective antenna height. This height, expressed as a
percentage of the actual antenna height, is plotted in Figure 32 against .
frequency. There were few active and receivable transmitters in the range
between 16 kc and 200 ke, and just above 200 ke there was considerable activity;
therefore most of the measurements were made above 200 ke.

According to theory5 , for a straight vertical antenna whose actual
height is very much less than one wavelength, the effective height is one half
of the actual height. The estimated effective heights in Figure 32 varied
considerably above and below the theoretical velues at the frequencies
measured. Since the measurements did not indicate clearly to the contrary,
the theoretical value wvas accepted as the best choice.

EQUIPMENT SETTINGS

Sweep Trigger Delays

Advance information on the general location of the detonation helped
determine the optimum oscilloscope sweep-speed settings.

For the CWR display, it was desired to have the corresponding signals
vhich were received at the master station from both slave stations displayed
on oscilloscopes with 100 or 200-usec sweeps. If the signal arrival at the
master station was to be utilized for a trigger, it was necessary to compen-
sate for the difference between propagation time of the signal traveling
directly to the master station and total propagation times of the signals
retransmitted to the master via the slave stations. Delays introduced before
the oscilloscopes at the master station were triggered allowed for the desired
display. An additional requirement for & suitable display was a reference
display of the zero voltage level on the oscilloscope sweep; this was the
"pre-signal" display.

To estimate the required sweep trigger delays described above, the follow-
ing relation was applied separately for each. slave-master combination:

Sweep Trigger Delay + Pre-Signal Display =

Propagation Time . und zero to slave * TroPegation Ting), . +o master

+ Equipment Delay - Propagatlon Time.,.. .3 ,e10 to master.
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(c)

The expected signal. propagation times were comouted using the Lambert
formula for geodetic distances (sce Computation Procecdurcs, above) Co-
ordinates of predicted grounds zero were obtained from Des c:L foel: Comand,
iap-spotted station coordinates were satisfactory in this computation. ‘The
equipnient delay wvas assumed to be identical at all stations, and vas neaswa-
ble. Propagation time, slave to master, vas experimentally detcirained or
computed. Since the grounds zero were not spread over a very large area,
the right-hand side of the equation showed, for any one slave-master pair,
little variation for different shots.

For the Gleeson triplet the average time difference between the arrival
of the direct signal at Gleeson and the arrival of the signal via the Reef's
iline slave station was approximately 170 usec. The direct signal received
at Gleeson was fed to the sweep trigger vwhich, after a suitable delay,
triggered the sveep in time to allow for a 35-usec pre-signal display. This
required the 1ntroduction of a delay of approximately 135 usec. For the
signal received via the Rustler Park slave station, the time difference of
arrival of the two signals at Gleeson was approximately 275 usec. In this
case, in order to allow for a 35-usec pre-signal display, it was necessary to
introduce a 240-usec trigger delay.

For the Capilla triplet, the average time difference between the arrival
at Capilla of the direct signal, and arrival of the retransmitted signal
via LaJoya,vas approximately 105 usec. For the Sandia-Capilla link the
average time differencc wvas 1ll5 uscc. Here, for all shots, a common 90-usec
sveep trigger delay was usad for both slaves. This allowed a 1l5-usec pre-
signal displey for the signal arriving via LaJoya and a 25-usec pre-signal
display for the signal arriving via Sandia.

For some shots a 100-usec sweep vas employed, which displayed most but
not all of the ground wave signal and its sky wave reflection. A 200-usec
sweep vas used for other shots, and this showed all of the ground wave and
one-hop sky wave signals.

Predicted Field Strengths

It wvas advisable to have predictions of the signal field strengths
expected at a station, since predictions aided in setting equipment at an
appropriate sensitivity. Predictions of peak negative field strength at 500
miles vere made at this Laboratory for specific yield weapons based upon the
fnirly ﬁoneistent results of previous tests reported by USASRDLY,2 and
Nesi3 The reported field strengths of previously observed devices

‘ closcst in yield and distance to a given device were uced, essuming variation

to be direct with the cube root of yield and inverse with distance, to obtain
several results for a device of given yield at 500 miles. The smooth curve
given in Figure 33 was drawm through the set of points obtained. The re-
sulting curve vas compared with the thcoretical predictions made by

JEE BT nppl/ and in gencral they agreed for kiloton-range yields.

Plunbbob observations of fiecld strength and their relation to the pre-
dicted value arediccussed in Chapter k.
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(U) Veriations for Shielded Dovices

Advance information on device shielding vas desirvable, so that equipment
sensitivity could be adjusted eppropriately. Previous rccults indicated that
elcctromagnetic energy received from shielded devices was less than that from
unshielded devices in the frequency band rcceived by this cquipment. To
incrcase equipment sensitivity for these shots, the antenna height was in-
creased from.the height celected as best for an unshielded shot of the same
yield. '

(C) Setting Height of Probe Antcnna

The height of the vertical probe antenna was to be adjusted so that the
field strength predicted for a given detonation would develop approximately a
one-volt zero-to-veai: signal at the input of the cathode follower receiver.
This input signal was limited to 1 volt because the CF began to saturate as
the input went above 1.5 volts. The maximwa signal cmplitude wvas not to
exceed 1.5 volts and the l-volt level provided a 50% margin for error. Con=
sideration of the relation betwcen CF input voltage and signal field strength
led to a method of estimating the suitable antenna height for a detonation
of glven expected yield. _ ~

The relation between CF input Vi, and signal field strength E, is

BE_ Vi
W fEEgeg (3)

wvhere H 1s the actual height of the antenna in meters and H/2 is talien as the
effective height, and vhere V1/Va is the voltage ratio graphed in Figure 22.
The ratio Vi/Va depends on the input equivalent circuit,and its value varies
with input signal frequency and antenna height (see Input Circuit, Chapter 2).

The equation may be expressed as

2 Va
Elﬁx-ﬁ;xvi

and since Vi is to be restricted to 1 volt, H mmst satisfy the following
equation:

2 "a
Ey =S xXx_~=x1volt h

vhere Vo/Vi is an indepcndent .Ninction of height and L) designates the field
strength at the antenna vhen there is a l-volt input to the cathc de follower.
Figure 34 is a graph of field strength E) against frequency, for suitable
values of H. If a signal frequency is asswied, Figure 34 can be used to
select the cntenna height for the value of E; closest to the estimated field
strengzth E. Data obtained during previous’ tests indicated that the larger
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Plumbbodb devices have their major energy in the 10 to 15-kc region and the
energy of the smaller devices is in the 15 to 20-lkc region. An assumpticn
of 15 ke for all shots was considered to be acceptable for establishing the

antenna height.

The usable vertical size of the cathode ray tube on which the electro-
magnetic pulse vas displayed was approximately 6 to 8 cm. To stay within
safe limits, at the slave stations, the SWR oscilloscope vertical deflection
sensitivity and the height of the probe antenna were adjusted to provide a
vertical deflection of 4 to 6 cm peak to peak, or 2 to 3 cm zero to peak.
The actual field strengths developed at the test sites varied from the
predicted values and had different values at each of the six sites. The
average over all sites was generally found to be from 1/2 to 3/4 of the pre-
dicted values of signal levels for a particular event. As the operation pro-
gressed the results of the earlier events were used, together with the original
predictions, to estimate the levels for subsequent shots. The procedure fol-
lowed vas to use three different antenna heights. The antenna height calcu-
lated in accordance with the above considerations was used at only one station
of a triplet, an antenna shorter by one 30-inch (0.76 meter) section vas in-
stalled at the site in a higher field-strength area, and an additional 30-inch
section was used at the site in the lowest signal-level area. For the Capilla
triplet, the progression from lowest to highest field strength areas were
IaJoya, Capille, eand Sandia in that order. It was not possible to establish
a trend for the Gleeson triplet due to lack of sufficient data from this

triplet.
(U) Trigger Generator Sensitivity

The sensitivity of the cathode follower-irigger generator determined the
level of signals vwhich would trigger the sweeps of the oscilloscopes. The
sensitivity was controlled by adjusting the bias level on the first grid of
the 6J6 multivibrator in the trigger generator. Setting of the sensitivity
depended upon the relative levels of the predicted field strengths of the
electromagnetic pulse and the ambient noise. If the sensitivity were main-
tained at a level to insure reception of the electromagnetic pulse at the
earliest portion of the signal, it would result in excessive triggering by the
background noise; therefore a decreased sensitivity was necessary. To fix
the limits of lowest sensitivity, a calibration signal of 20 ke, equal in
amplitude to the predicted level, wvas fed into the input of the CF, and then
the bias vas adjusted to slightly below the point at which no triggers were
generated. The upper limit or highest sensitivity wvas determined to be the
point at vhich triggers by ambient noise exceeded one trigger per second.
The final level of the sensitivity was set slightly lower than the maximum
allovable--but never below the minimum required by the predicted level.

The SUR camera lens was alwvays open, and a swveep on the oscilloscope
resulted in a photographic recording; hence an excessive trigger rate which
caused multinle exposures vas to be avoided: In situations during vwhich the
signal-to-noise ratio vas nearly unity or less than unity there was no choice
except pemnitting trigoers due to the noise. The probability of receiving
and recording the electromagnetic pulee decreased rapidly as the noise level
approached the signal level. To increase the probability of recording the
einal and obtaining the least number of exposures due to noise, it wvas
neccscary to open the camera lens immediately before the expected arrival time
and then close the lens imnediately thereafter.
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For the CWR continuously moving film strip, the trigsering rate woc
not so critical, as a proper setiting of film spced could reduce overlapping
oscilloscope sweeps. ‘

The trigger sensitivity was set by an opecrator at the stntion according
to the obsecrved incidence of sfeirles in the locolity during the tine just
before the operation. '

() Film Spced

Observation of thc local sferics activity was clso useful in setting
the CWR film advance at an optimuwn speed. It was necesscary to avoid eicessive
crowding of sferics-trigmered sweeps, so that (1) the signal sweep would be
observable, and (2) the sferics waveforms could be studied. It was also de-
sirable, of course, to conserve film. Film speed wvas veriable from O to 20
inches per second, and the speed was usually sct at from 2 to I inches per
second.

(c) Oscilloscope Sveep

After the bias had been adjusted, the SWR oscilloscopes were set for
externally triggered sweens at rates of 5, 10, and 20 uscc/cm.

Some lnowledge of the signal duration was desirable in order to set CWR
oscilloscope sweep speeds which would provide optimum display of the total
waveform or the portion of the wavefoima desired. Previous test results had
indicated that total direct signal dwiation, an incrcasing function of yileld,
ranged from about 20 to 70 usec.

. Previous results also indicated that one-hop sl:y waves have appro:zimately
the same duration as the direct wave and that they arc reflected from helghts
of 60 to 80 km. At the distances at which the stations in the Plumbbob tests
were located, sky wave ariival was expected about 50 usec after the arrival
of the direct vave. k

From this mfomfion, for most shots,total sweeps of 100 and 200 usec
were chosen for SWR oscilloscopes and CWR displays of complete direct and
reflected waveforns. : ‘

-

: The sweep speeds chosen did not allow for good detail in the initial
portion of the waveforms. Obtaining the diagnostic information available
from such detail in the sipnal waveforms was not considered to be an objective
of this test project, but such infonmiation would have proved valuable.

(U) Oscilloscope Vertical Deflection |

Vertical deflection sensitivity (VDS) was often chosen so as to provide
three centimeters zero-to-peal: deflection for a one-volt signal level at the
input of the CF. Since the gain of the CF was 0.3, a VDS of 0.1 volt/em
provided the desired detlection. A deflection oi 3 centimeters appeared to
be best, since it alloved for an error of a factor of 2 in estimating field
strength and still provided an adegquate waveform for analysis.
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(U) RECORDIIG AND TIMING

(u)Photographic Recording

The SWR display on the cathode ray tube was photographed automatically
on reception of a signal, provided the camera lens was open during the insten
of reception.

In order to derive quantitative data fram the recordings of the SWR
vaveforms, it was necessary to record other information on the photographs,
Figure 35, a typical recording of a waveform, shows the following:

1) The centimeter grid scale from which amplitude variations with
time are measured.

2) Baseline which establishes the reference level for measuring Positive
and negative deflection.

3) Calibration sinewave signal, usually 100 ::¢, which indicates sweep
linearity and acts as a reference for cathode follower gain.

4) Data card shoving the site, date, time, and scope identification.

The baseline, calibration sinevaves, and the em signal were recorded by
opening the lens and triggering the sweep vhile the appropriate signal vas
applied to the vertical amplifier of the scope. For these exposures, the
camera was set with a lens opening of £/1.5 and shutter release on Bulb. The
grid and the data card were photographed by an instantaneous exposure of 1/25
second at f/3. !

The above were recorded in three different places on a single 2}" x 31"
piece of cut film. The upper section had the data card only; the center
section had the electromagnetic pulse, grid, and baseline; the lower portion
contained the calibration sinewaves, grid, and baseline. A triple exposure
wves required for the center and lower sections.

The importance of maintaining the oscilloscope trace at maximun focus and
minimum intensity cannot be overemphasized. Resolution is directly related
to the degree of focus, and optimum focus is attained at the minimum intensity
consistent with requirements for registration on the film. Since no meter
that was capable of indicating the proper setting of the trace intensity wvas
available, this adjustment depended on experience obtained by trial and error
methods with test signals. .

It vas possible to distinguish the em pulse imveform from the noise on
multi-sweep recordings obtained when the noise level was high (see Figure 36).

(U)Detemune.tion of Time of Detonation

The instant at vhich an event occwrred was fixed with reference to
world time as provided by the WWV radio time signals. The method of utilizing
the ‘signals required the instrumentation shown in Figure 26.
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(v)  Synchronization of the Timer

Synchronizing the timer was an essential step in the t:lm:l.ng' opcration,
and it wvas performed prefersbly within 30 minutes of the event. It was
performed before and/or after the event, depending on conditions to be dis-
cussed.

Accuracy of timing increased as the time of synchronization approachca
the time of the event. Establishing synchronization in close time pPraciuity
to the detonation was not alwvays possible since it depended on the quality of
the timing signals received from Station WWV during the period of interest.
Establishing the fiducial must occur when conditions permit adequate receptiog
of WWV. Reception was adequate when the one-second marking signal, i.e.,

5 cycles of a 1000-cycle tone, was discernible wvhen viewed on an oscilloscope,
Figure 28 illustrates the appearance of several successive one-second marking

sicnals.
(u) Synchronization with WWV Signal

Station WWV bréadcasts on several freguencies: 5, 10, 15, 20, and 25 Me,
The radio receiver was tuned to the frequency which provided the best reception,
and its output was applied to the 3 channel of one of the oscilloscopes used
for continuous waveform recording. For recording WWV, the sweep mode selec-
tor was set at 2 milliseconds per cm, and the flascher was triggered at the
rate of one pulse per second, resulting in a display of a 20-millisecond
portion of the WWV timing signals and the illumination of the mechanical
counter.

Every 59th-second marker is omitted in the WWV timing signals. This
permits identification of the marker which starts each minute. The first
sweep in Figure 28 illustrates this. In addition, the beginning of every
five-minute period is announced by voice,so that any second of time can be
related to absolute world time, The instant of time vwhen the fiduciel
is to be established is pre-selected and that time is recorded. A good
choice would be the start of any five-minute period.

The CWR camera was placed in position to photograph the oscilloscope
display,and equipment vas switched on so that the first pulse out of the pulse
shifter vas the 59th-second pulse. The first pulse illuminated the timer and
swept the oscilloscope. The second pulse resulted in a photograph of both a
new count and the first one-second marker. This established the reference
time.

(u) Post-Event Synchronization

Synchronlzation after the detonatioca aided in decreasing any timing error
due to a possible shift in the 0-76/U Crystal frequency. If it had been im-
possible to receive WWV before the event, synchronization after the
event vas essential. The procedure was the same as outlined above. For |
synchronization, there must be no interruption in the operation of the mechani-
cal timer between the arrival of the electromagnetic pulse and the time ' at 1
which the reference is established. :
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(U)  Rining the Hvent
After or before (as the cnse may be) the fiducinl was eota‘blisilcd, the
instruwicntation was set up for CWR, which required swcep rates of 10 or
20 usec/cm. The channcl sclectors were placed in the A position on both
scopes (see Figure 26). Switch S was then placed in the lower position to
permit a delayed triggering of the sweep and electronic flasher by the signals
received directly by the master.

Signals from the north and south slaves were fed into the vertical ampli-
fiers. No displays or times were recorded until the camera was started,
and to coarcrve: film, the camera was not started until 15 seconds before the
schcduled event. In the meantime, the film velocity required to reduce or
prevent superposition of the displays wos determined from the observed rate
of sferies arrivels. A total deflection of 6 cm on the scope covers approxi-
mately 0.24 cm or 0.1 inch on the film, so the film velocity was determined
by estimating the average number of events per second and setting the
film velocity equal to events per second x 0.1 inch. One inch per second
was the minimun velocity because the film did not run smoothly at a lower
specd. When the camera was started, every signal, including the electromag-
netic pulse, received directly by the master station resulted in a photographic
recording vhich included the timer counter.

The absolute time of the event was found by adding to or subtracting
fron reference time the difference between the timer reading at reference
and the reading at the arrival time. The timer reading at reference time
had to be corrected for the displacement of the second-marking pulse from -
the start of the oscilloscope sweep. This difference recding represents
milliseconds of elapsed time, making it possible to resolve time of the event
to one millisecond.

This does not imply that the time of the eve:t vms determined within
one millisecond of absolute time. 8ignal propegation time should be con-
sidered. At the Capilla or Gleeson sites, approximately 1650 and 1900 miles
fron tte WWV trensnitter respectively, the WWV recorded time was 8.9 and
10.3 milliseconds earlier respectively than the local reference time taken
at the 105th meridian. To correct for this, these 9 or 10 milliseconds,
respectively, should be added to the observed time. An .average propagation
velocity of 0.18623 miles/usec (0.299708 km/usec) was assumed. Also, the )
propegation time of the signal from its source to the receiving site should H
be considered. Since the location of the signal source in relation to the
detection stations can be determined (by the inverse loran method), the
distance from source to station was knowm. This distance could be converted
to approximate propozation time. For these stations the signal propagation
time was approximately 3 milliseconds. This time should be subtracted from
the observed time to obtain the corrccted time of generation of the signal,

Duc to radio propegation effects, which vary with frequency and other
factors, and variations over the long distance between Beltsville, Md. and
the test sites, the delay of the WWV time signal was observed to vary by as
much as five milliseconds. The frequancy aspect of these variations vas
observed by simultancously comparing the time markers as received on two
WWV carrier frequencies, 10 and 15 Mc. Most recordings vwere made when the
sun rose over the path between VWV end the recording stations, and this may
have contributed to the obscrved variations.

!|.9
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DATA REDUCTION

(U) Data reduction wus performed minunlly. Ilo antomatic cquipmnent vas
availeble for required CHR time-differcnce measurcicents, diagnostic crocsovey
measurenients, or wmplitude measurancnts.

The images on the SWR films were cnlarced 5 times from approximately 2 on
to original scope face size (10-cm sweeps),and measurements were taken from
these enlarged photographs.

CWR film strip measurcuents were talen from a projection wvhich cnlargeq
the sweep image size 25 times to approximately the sumz as the original Scope
face size. Coincidence of signals at the slaves vas visually not:d. For
convenient handling, 8 x 10-i.ch prints of selected ClUR sections were made
with a swcep length one third of the original scope length,and some measure-
ments were taken from these.

For the frequency analyses, data points were rend by an operator, and
the calculations were performed on the Laboratory IDid 650. Other required
¢ nputations were performed on desk calculators or on the electronic computer,

(u)Method of Obtaining Timz Difference of Arrival

Differences between the arrival times of the sipgnal at the slave stationg
of a triplet were computed from the CWR film projected on a screen as c¥hlaned
below. Refer to Figure 47 in Chapter 4.

(u) Capilla Triplet

Because of the identical 90-usec scttings of the sweep trigger delays
in the Capilla triplet (see Sweep Trigger Delays, above),the first 100-usec
marker on the waveform of the retransmitted signal from one slave corresponded
in time to the first 100-usec marker or the waveform of the other retransmitted
signal. With 100-usec markers as origins, an equal number of 10-uscc markers
on cach waveform were counted off to the left, terminating at that 1l0-usec
marker which just preceded the signal at the oscilloscope which received its
slave's signal first. (In every case the retransmitted signal from LaJoya
arrived before the one from Sandia.)

From this common 10-usec marker as reference time on each waveform, the
time in microseconds to corresponding points on the signal, e.g., the break-
avay point, wvas measured. Let Tg and Ty denote these times for Sandia and
LaJoya signals, respectively.

Then
Tg - Ty, - (Pg - P) = £T(s.L) (5)

vhere AT(S-Lg 1s the difference betveen the arrival times (TDA) of the signals
at the slave Stations in the Capilla triplet, and Pg and Pp, are the signal
propagation times between the respective slaves and the master station at :
Capilla. Thcse times were obtained from-round-trip measurements (Table 5) ,ond
the average value of (Pg - Py) was found to be -12.56 usec.
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(U) Glreson Triplet

In the Glecson iriplet, due to the establiched 135-usce trigger delay
for the path via the Roef's Mine slave station and the 2l0-usec trigeer
delay for the path via the Rustler Park slave stution, the second 100-uzee
marker on the swecp of the Reef's Mine slave station corresponded in time
to the first 100-usec marker on the swecp of the Rustler Park slave station.
Using the first 100-usec markers for each sweep as origlins, dilferences couls
be established from corresponding 1lO-usec markers in the same manner as in
the Capilla triplet, except for the addition of 100 uscc to the time measured
to breakaway of the signal from Rustler Park.

Let TRp end TRy denotercasurcnents for Rustler Park and Reef's Mine,
respectively. .

Then
Trp - Tri - (Pre - Pry) = AT(RP-RM) (6)
where (PRP - Pm) is the difference in transmission time between each slave
and the master statfon at Gleeson [ (Pgp - Ppy) was equal to. + 26.84 usec]
and AT(rp.gy) 18 the difference between the arrival times of the signals at
the slave stations in the Gleeson triplet.

(y) Variation in Method

In those instances where the 1l00-usec time markers on the waveforms were
not discernible, time measurements could be made from the start of the sweep.
In such a case the reference time was the time of arrival of the signal at
the master station, with the start of each sweep occurring after the established
trigger delay time. The delay times for the start of the sweep at the slaves
of the Capilla triplet were equal, and in the AT calculation, the trigger
delays would effectively cancel each other and therefore could be neglected.
In obtaining AT(RP 1) for the Gleeson triplet, the trigger delay times have
to be considered. R¥. and Dpy denote the trigger delay times of Rustler
Park and Reef's Mine, respective Y.

Then
AT(gp-r1) = (Trp + Dpp) = (TRy + D) - (Prp = Pry)

vwhere Tpp and Ty are times to signal brealiavay, measured from the start of
the sweep.

The AT obtained this way could contain small errors due to scope
trigger build-up time or inaccuracies in the time delay generators.
Nevertheless, it was possible to refine such AT values so as to eliminate
these sources of error. If some of the 1l0-usec markers were visible, they
could be used as reference markers knovn to differ in time by an exact
multiple of 10 usec. Measuring time to start of the signal from these
reference pips would give the appropriate units and decimal digits of AT usec,
while the AT value obtained with the sweep start reference time could supply
accurately the tens digit. .
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(V)
(u)

(u)

Required Corrections

Correction for Equipment Delay

Establishing the actual time difference betwecen the arrivals at the
slaves required correction of observed time difference values for any un-
compensated equipment delays. In the calculation of time differences it was
assumed that the CF and AN/TRC-29 transmitters at each slave produce an
identical delay. Measuremcnts showed thatthe delay was the sare within .Ol ugme,
At the central station, the two AN/TRC-29 receivers were considered identical,
and both signals passed through the same time-marker mixer. In the mixer the
time marks were applied to both incaoming signals simultaneously. These are
reference fiducial times which should be observeble on a CWR recorded wavefornm,

The delay cable at the slave station was not used in the AN/TRC-29 equip-
ment., It was used only in the SWR circuitry, hence its delay need not be
considered in computing AT. Also, information about the central station
sweep trigger delay was required,in general,only to identify the appropriate
100-usec markers on the waveform. There wac no need to consider this delay
in the AT computation when these markers could be identified.

Correction for Propagation Time

It was necessary to correct the time differences recorded at the central
station for the difference in transmission time from slaves to central station.
The correction was based on the average of the reliable observed round-trip
propagation time measurements, made during the test series.
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CHAPIER U
RUSULTS -
SULEIARY O} RESULTS

(¢)Continuous Waveform Recorder

The success of the continuous-vave recorder (CWR) system as a field
operational means of obtaining identifiable signal waveforms and time dif-
ferences was a gratifying result of Operation Plwmbbob.

Tables 6 and 7 give a swmnary of CVR operating, recording, and timing
results.

After equipment was installed and operating, the Capilla and Gleeson
triplets obtained 10 and 6 lines of position, recpectively. Correlation be-
tween triplets produced ) fixes. ‘he Capilla triplet was completely oper-
ational for 13 of the 26 Plumbbob events. Twelve of these successful oper-
ations were consecutive over a T-week period. The Gleeson triplet was
operational for a total of 10 events, 8 of these simultaneously with the
Capilla triplet. !

The Gleeson triplet was much less successful than the Capilla triplet
in obtaining timing results; this was mainly attributable to operational
difficulties at the Gleeson triplet and to a poor location for the Rustler
Park detection antenna. The latter dravback was remedied in mid-test by re-
locating this antenna. Stable operation was achieved at the Gleeson triplet
by 30 August, when the Franklin Prime shol was received with partial success.

The Capilla triplet did not actually start complete CWR operations until
the Stokes shot on 7 August. ‘Previous to that time, readying and coordinating
the equipments precluded use of the CWR on an operational basis. Reasons for
the early6unsuccessi‘ul operations and some subsequent difficulties are given J
in Table ,

Between 7 August and the end of the tests, the Capilla CWR detonation !
signal waes established successfully on recordings of 10 of the 12 nuclear shots i
for which the CWR was completely operational. At the Gleeson triplet, between |
30 August and the end of the tests, the detonation signal was successfully
distinguished on recordings of 6 of the 7 shots for vhich tlie CWR was completely
operational. During the early part of the test series, before the Rustler Park
antenna was moved, the Gleeson CWR also obteined a successful reéording of 1
the Priscilla shot.

Failure to discern any CWR waveform attributable to Shot Ranier at either
station was due to the fact that this shot was .an underground detonation which
was unlikely to generate an em signal that was detectable above the surface.
Failure to isolate any signal attributable to Shot Shasta at the Capilla trip-
let was due in part to the high sferics activity which was recorded at the
time. Shasta was a heavily shielded device and the Shasta em signal was
expected to be very weak at 500 miles; equipment was set to detect a weak
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sigmal and thic increzced the number of recorded srevien. Shots Dinblo wud
Whitnhey were elso heavily shielded devices; this henvy shileldine and cxeescive
recording of sferies may a)eo account for the failure to divtinsuish with
certainty the Diablo cirmel on the Gleecon CWi Tilm. The Saturn deviee wes
non-nvclear and it wos nobt expected to generate on observable em siymal.

Tor each shot detected on the CWR, there ic on evalustion of the wavelora
identification precented in Table 7. Those waveformc vhich were clenely dic-
tinct firom the surromding sferics ard which could be attributed to ctenice
datorations ore morked bxeellent or Good. Wuvelorms which were not very
distinet frem some nearby sferics and which vwere identified morae by their
times ol occurrerce are labeled Fair or Foor. Weveforn characteristics ars
discusced in a later parasrarh.

(C)3ingle Wevefona Recorder

SWii's, which recorded at each station the dsztonation em signal arriving
at the station, were expected to provide an undictorted measurable wav2form
af the detonation signal. Oscilloscopes wvere op2rated el variouc swecp sypeads
so as to provide for a more detailed axamination of the waveform than wns
available from the CWR recording. TFor some detornetions, equipment vas in-
orerative or was not set properly and thereforzs wvas not triggered by any enm
transients.

Teble 8 gives a sumwiry of the waveforms vhich ware recorded. Many of
the recordings showved a single oscillogrem wvhich could be readily identified
es the detonation - signal. Others chowed ceveral superimposed oscillograms,
of which one could be identified as tle d=sired signal; thece are classified
uander Signal. Thosce recordings conteining orly oscillograms which were nct
characteristic of the detonation signel are classified under Sférics in the
table. On sone reccrdings there were so many superimpssed oscillograms thot
an interpretotion wac imposcible. These are licted as Unresolved. Also in
this category are listed two oscillograms, those of Shots Diablo and Vaitney,
at LaJoye, viideh aras unresolved only becausc of their singular appenronce,
These are discussed later, under Shielded Devices.

The Gleaccon triplet providzd many less detonation SWR's than did tha
Capilla triplet; this was due to various operational difi'iculties and to the
comparo Lively unfavorable loeation of this triplet. At the gsouthern triplet,
ther: was ucually a greater incidence of local necise, vhich required operaticen
with n Jdecreaced triscer sensitivity. In addition, actual field strergths
wara ot'ten lower tnan the predictad field strengths for thesz locations.

The comhination of lov trizger sensitivity and weal field strengths pieventad
detecticn of mony of the shets.

WAVEROL L APPIALNCE

{S-7RD) Typical VWaveform Characteristics

Pipgare 37 shows some tynical single vavefounm reeordings: Shots Lamirce,
Smo%y, and I'ood. In comparineg the Sypical wavaioime it vas obsorved thab
certain charactarictics were ecrmon to all. As erpected, the initial hnlY
cvele vz alvays negohive-geing and hed o shawn leeding edme.  The negbive
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half cycle was folloved by o positive-going portion, wvhich we chall refer to
as the positive portion of the direct wave,

Detoantion-generated em ground waves observed in previons teste nsually
had & duration of esbout 20 to 100 usec (depending on yield) and conzisted of
1 or 1 cycles. The additional cycle and greater duratlon of the trancicntg
obgerved in this test vndoubtedly are due to combination of the gromnd weveg
with ionocphere-reflected vaves., From observations in previous tacts the oy
wave igc ¥nown to be cimilar in chape, but reversed in polarity from the groung
wave. Due to the stations' distance (approximately 850 xm) from ground zcro,
the cky wvave arrived 40 to 50 ucee after the start of the ground wave. ‘This
placed thz arrival of the sky wave .chortly after the peak of the initial
pocitive portion of the ground wave for most chots. llence, the arrival of the
sky wave, early enough to combine with some of the positive portion and any
second negative half cycle of the ground vave, c:xplains the appearance of +he
initial positive portion of the total transient, as well as the large amplitude
of the second negative portion of the transient,

(S-FRD) Wavcform Components

In order to confirm the charactericstic appeerance of the ground wove,
resolution of the resultant wave into ground and sky components was attempted.
Figures 38 thru 42 show probable components of a typicel recultant. Also pre-
gented are frequency analyses, which are discusced in a later section.

On the waveforms, the peak of the ground wave positive portion is labeled
A. The first break in this portion of the wave, point B, may indicate the
arrivel of the sky vave. The sky weve was initially positive-going due to
nearly 180 degrees phase shifts ‘upon reflection from the ionosphere, and
it coniridbuted a major positive peak in the resultant vaveform, point C, dis-
tinct in these wvaveforms Irom the peak A. From the appcarance of the wave-
forms of Shots Smoky and Hood (Figures Ul and 42), it wms assumed that the
points D of the positive pcrtion (the second peek in the vositive portion)
indicates the cecond crossover, or return to zero of the positive portion
of the ground vave. The decreacing voltage from D to the minimum point E
indicates a challow minimun point of a second negative half cycle of the
direct wvave. This assumes a sky wave in:reasing monotonically fiom point B
to a peak value above point C. This = Lysis indicates that the ground wave
positive half cycle is longer than the : ‘rst negative half cycle. Also
the possibility thet the additional neg:'ive half cycle exists 1s supported.

(s)Vaveforms at Gleeson Triplet

A few observations nede at the Glceson ctetions are presented,with their
Capilla counterparts, in Figures 43 end M, They show that the sky wave
arrived at Gleeson during a relatively latexr poxtion of the ground wave than
it did at the Cupilla stations., The llood event clearly chovws a sky vave
arrivel approzimitely 10 usec later at Reef's Mine than the cky wave arcival
time as estlhmated, in the manner of the precéding paragraph, for the Capilla
wwvelforms. 'The Reef's line aund other Glcecson triplet observations confinned
thz long csround vave pocitive half cycle and indicated a sharply rising cky
wvave., This agreed with sky wave comporentc ac ectimated previoucly. These
obcerviticns houever did not resolve the uncontaminated appearance of the
second negistive half cycle of the round wave,
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(S-FRD) Fige 39 Vaveform, Components, and Freguency Srectra:
Franklin Princ, 4.7 Ktj at Sandia, 390 km.
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Waveforms:
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(S<FRD) Frequency, le
Fig, 40 Waveform, Components, and Frequency Spectras

Priscilla, 36.6 Kt} at LaJoya, 365 km,
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Maure 43 Comparison

Hood Y277 T
Sandia 839 KM

Hnod Y=77 ¥T
Canilla 933 XM

Hood =77 KT
LaJoya 882 xv
Hood =77 XT
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Vilson Y=10 n
LaJoya, 911 Ky
Capilla ‘l‘ripl.t

Wilson Y=10py
ReefSMine,825 )
Gleeson Triplat

Stokes Y=19 R
Sandia, 886 gy
Capilla Triplet

Stokes ¥Y=19p
Gleeson 820 N
Qleeson Triplet

Figwe 4/, Comparison of waveforns at Capilla and Gleeson triplets,

(Events Wilson and Stoves,)
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Laplace Y=)1,22KT
8 Sept, 157 0600
Capilla 908 gy

Fr 1
ranklin ;;zfgmr
30 Aug, 157 0540

Capilla 908 xM

Priscilla v=35.¢
sc 3 ]

2, June'57 1530
Capilla 893 kM

Smoky  Y=43.0KT
31 Aug.'57 0530
Capilla 915 kM

Figure 45. . Waveforms of typical small- and large-yield Plumbhhob
events,
67

D el b



Figure 46 Waveforms
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OHQM Y-902 KT
25 July'57 0630
LaJoya 882 KM

Figeau Y-10.8XT
14 Sept. '57 0945
LeJoya 877 XM

Charleston Y-11XT
28 Sept.'57 0600
Sandia 889 KM

Galileo  Y-11,3KT
2 Sept. '57 0540
LaJoya 88, XM

Boltsmann Y-11.5

28 May'57 0455
Reef&Mins 820 xM

of typical medium-yield Plumbbob ewants.
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Sourr variation frca Lhe typicol oboerved woveform s due to thy vaci-
ation 0" grourd waveshapres with yield., In purticialaz, the crooccover Uimes oand
totel dwation inercocced with yield., In Pigure 37, the cmll-yield wvaseforn
of Shot Linloce schows Lie ground woveform essentinlly complete before thz
aacrivel ot the sky wave,und the wavefour of Shot llood shows shy wave arsivel
dgurinyg tha rositive hol)f cycle. If sky wave d2lays wer: the some for all chots,
cine would enrect concidorable change in the cbeerved waveform of siall deviees
compurad vith large dovieces, but this is not what was observed. Figure I
shows typical Flumbbob small-and large-yleld shots, and Figure U6 chous typiezl
Tlumbbob medium-yield sihots. The cky wave delay seems to inerease with yiczld,
ag dzes Y crossover time. The effect ie to produce a reasonably chavacter-
istie vosultant wmvesheyre (ground plus sky wave) obszerwnble in nzarly all of
the Tigures recordad ot a given triplet.

Gin Recordines
“Pypical CHil recordings are displayed in Figures 47 and 48, The Shot
Fizeau weveform, lowest cireep in the Capilla display, Figure L8, and the Shot
Leplace vaveform, lower sweeps in Figure 47, show the typical detonation wave-
foim feulures. The waveioims are clear end chow little distortion resultins

Jrem AN/‘;‘RC-Z’Q relransmuission deseribed in Chapter 2. Comparison with the
SWA photographs presented corlier in Figmre 35 end others daronstrates the
d2srec of fTidelity. On these CWR recordings, ac on many ctherc, most of

thz time markers are dictinet and do not distort th- waveforam. The 100-usec
markers cen be idantified, giving & clear fiducial refersnca. The countex
reading gives a world-time refarence, related to the WWV sicnal racorded
carlier on the film strin. (Note that the counter reading is both invertad
ard reversed, This ic due to the optical arrangemsznt of the counter display.)
Th2 sign2l is well geparated Trom nearby sferics sweeps. (The sferics cwecy
arpeers 60 milliseconds after the signal sweeoon cn the Shot Fizeau film. Time
inereases froa botton to top on thece displeys.) The f£ilm was suaming at b
inehec por ceeond; a clower il speed wonld have geuzrated the sferics on
hese £iIm elips, but the creed chocen certainly vas aot detrimeniald. AL
thic speed, time recolution of gweeps to ebout 5 milliseconds can b2 obtained.

Figures b9 thru 5 show poitions of CHR f£ilms on which detonation wave-
forns vere detected. For tne Capilla triplet, the Sandia wavefoim is on tae
sight, and tue LaJoya waveforn on the left. TFor the Gleeson triplet, the
fuseler Park waveform is on tne right and thz Reef's Minz waveform on the leri.
ost detonation signals wivien were detected on the CUR were in general dis-
tinctly different in charocler from the surroanding sievies. They shoved the
cipected vaveloin, described carlier in this chapter, and displayed the
Ziwected negative polarity. The jwitaposition of the signal on sweeps fiom
noreh and soubh slaves of a triplet was helpiul in recognition, though sferics
&lgo showed coiacidence. The lnowm expected time diiierence and delay on
clave scope sweeps was e helpiul factor and mnde the search more rapid by
en2bling imnediute elimination of some similar coincident sfexics., The
abcolute time rei'erence also made the searcii more rapid, but its main contii-
tution was to confima the sclected signal. Since the eveul times weve lnowm
sor this test, it was poscible to conclusively acceowpl or reject a pavtlcdar
recorded pulse, Only in cases of noise, contwamination, or sijnal dislovceion,

S in Figuees M0L, boy, and vy, ws identificoilon dirricult. \r evaluation

Q.
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of the raliwbility of the wvavefovm ideatlification of rach chot-atiributed CUS

oscillogrom is riven in Table 7.

Distorticn of Waveflozms

(s) Distortion on CW2's

In thie QUR displeys at the Gleccon trirlet, som2 pzeuliar effects due to
A/TRC-29 cqulrymant operation are noted. There is n roversal of polarity in
come of Lz waveform npechic -- the tip is elfectively turmed inzide out. The
Shot Gnlileo, Gleeson triplet,CWR vaveforms (Figure £1b)  e:hibit thiz effect,
observable vhen compared with the seme shot, Capilla triplet,CWR (Fipgure 51e).
This moy also be obcerved on the Shot Fizeau, Rzef's lline,pocitive pealz
(Ficure '3b), and the Shet Leplace, Cleeson triplet,nciative peaks (Fipure L7v).
Tor an explanation of the. technical difficulties caucing this effect, uee the
dAiscusciom orf the AI-:/TRC-29 in Chapter 5. The .same mechanism, vhich occurred
intermitiontly, explains the peculiar appearance of the Shot Smoky, NMustler
Parii, CWR vaveform (Figure 50b).

Thic distertion did not affect the CWR timing information, end it is
lioped that such distortion can be avoided in future operationc.

Wistortion on SHR's

On 1y SWR wmwveforms o discontinuity vas observed on the first negati.e-
;0ing portion of the ground vave, often apnearing azain on the first nezative-
going portion of the sky wuve eand at the came negative amplitude. (See Figures
13 and 26.) This indicated that the pulse might have baen generated vithin
the equipncnt vhen a nerticular negative voltage level vas reached. Actually,
there wvas a pulse geneorated within the trigger generator circuit which wms
used to trizger the sweeps on the ccopes. This pulse wvas fed to the CF, which
uses the ZFP-60, a cecondary emission type tube. This tube ic relatively
unctable end it may be drivan into a different mode of operation, causing
¢ charp change in plate current. This could feed back throuzh the power
cunply and affect the video output of the CF, thus giving rise to the
observed cpikes., The equirment was dismantled before this effect could bve
checked. [ i |

R S

[ o !
Irn vicuing the truncients, it wasc noticed that there were some othar
high-frequency signals riding on the vaveforms; these were caused by trens-
mitters necar the ctatiors. Recordings at Sandie continually revealed a 700-Yc
disturhance, indicating an interfering signal originating nearby.
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&, Capilla Tripiet, 100-usec sweep,
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b. Gleeson Triplet, 200-usec sweep.

(s~FRD) Figure 51 CWR display of Event Galileo,
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(s) Shielded Devices

Waveforus cculd be observed from at least one of the announced shielded
devices--Poltzmann. Phis device had only moderate shielding. These wavefornms
had no observable distortion ard had reasonable field strength.

Other devices had been announced as heavily shielded. Among these were
Franklin and Kepler, which were not detected on SWR films. However, at the
times of Diablo and Whitney, two heavily shielded devices, certain wavefims
were recorded on the single transient oscilloscopes. These two waveforms,
observed at IaJoya, are given in Figure 56. In their first half cycle they
resemble the typical detonation signal, but thereafter there ic no resemblance,
The waveforms may be from em transients unrelated to the detonation signal.

Unfortunately, for & variety of reasons, there happened to be limited
success with the operation of the CWR during most of the shielded shots. There
vere no means of obtaining absolute times of arrival in milliseconds for the
waveforms shown and of comparing them with exact signal times. The CWR film,
made at the time of Diablo, although available, hiad no world-time reference
counters photographed. Examination of the film disclosed several sweeps which
bore some resemblance to the oscillograms in Figure 56. The waveforms in
Figure 56 remain unresolved bacause eviderce is not conclucive in either
direction.

23 Sept '57 0530

15 July 'ST 0430
laJoya 888km

usec/cm

———

(8-FRD) Pigure 56 SWR displays near the times of Events Whitney and Diablo.
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WAVEFORM MEASUREMENTS

(S)Time to First Crossover Versus Yield

Because it had been observed in previous tests that time to first crosc-
over correclates with yield, consideration of this relation was continued in
this tect. Figure 57 is a plot of Plumbbob obscerved first crossover time T
vs yield Y, and th: associated regression curve, The figure also presents
the crossover-vs-yield regression curves obtained in the Teapot end Redwing
series. ‘ ‘ '

The point of first crossover appeared on all of the CWR's and most of
the SWR's received. 1In general, therc was very little discrepancy between
the SWR and CWR measuremente. However, the faster sweep cpeed used on most
SWR's provided for a more accurate meesurement than did the CWR's. The cross-
over time of the SWR was plotted, when it was available, and is included in
Figure 57.

Some of the SWR's did not show initial breakawey from the zero reference
line, as the delay time was insufficient. For those cases, about half of the
erossovers plotted, the Tp value was obtained by extrapolation. Use of these
inadequate measurements may explain some of the scatter of the data. For
twvo shots, Newton and Doprler, the CWR measurements were available ‘and vere
used.

Regression Curve

Analysis from previous tests indicated that crossover time could be
approximated by linear functions of the logerithm of the yield. The Plumbbob
regression curve is given by the equation:

Tp = 7.00 log Y + 12.01 (7)

This was computed by minimizing the sum of the squares of the deviations of
observed Ty values from regrescion line values.

Plumbbob data did not indicgie any need for separate regression lines
.« The regression line was based on all ob-
served events,

(s) Predictions of Yield

If a linear relation between log Y and Ty is assumed, yield prediction
errors can be minimized by use of the regression of yield on Tp. This re-
gression is determined by minimizing the sum of the squares of the deviations
of the actual Y values from those on & theoretical curve. The dependence
indicated is of the form:

logY=aTp+ b
When all Plumbbobd results were combined, the resulting equation was:

log ¥ = .132 Tp - 1.502 (8)
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The graph of this cquation, not chowm here, differs elightly fron thot of
Equation ‘7.

On the Plwabbob rerreccion curve, the fit of the predict:d to actual
yields was gued, except ror Shot Priscilla.

Predictions made on the brcis of either reprecsion equation will have
an error which vuries with yield. This is due to tln esientially exponential
character of the relaiion. DBither equation fives an error from the predicted
value of apprcximately Y/3 for ecach microsecond error in Tp.

Frequency Analysis

U) Figures 38 throusir U2 chow the Fourier amplitude spectre of a fou
selected tronsientc. The transients were compoced of combined ground and
sly wave arrivals.

For eacih event anclyzed, there is a spectrum of tiie entire trancient, as
recorded. This is the recultant wave, including the sy vave. Also, for each
recorded waveforn an assumption was made ccneerning the ground weve appearsnce
and the fipgures chow the assumed giound and sky wave components., Snectra of
the ascwmed ground waves are prezented, with the ascuncd ground weve duration
indicated with each figure, Spectrum amplitudes were normwilized with respect
to the maiimun amplitude cof the spectrum of the combined ground and cky wava.
Spectra of asswied ground waves vere noiunlized botir with recpect to their
pecii amplitude and with zespeet to the poali smplitude of thie spectium of the
coubined ground and sliy wave. Table 10 lists the freguencies with peak ampli-
tude in each spectrum.

(S-FRDY TABLi 10 PEAK FRICUINCILS IN SPECTRA

Ground Vave Resultant
Spectrun _Spectrun
Event#* kc/oce 1'e/sec
Wheeler 28 30 -
Laplace 21 3h
Fronldin Prime 22 11
Fizeau 16 1k
Priscilla 1y 12
Snolzy 13 11
Hood 14 11

* Listed in order of yield.

(S) spectro of Cround Wave

The amplitude spectra of the ground waves (observed or assuned) which
were analyzed showed a broad pealk centered about a frequency which varies
from 10 to 30 ke inversely with yicld. These frequencies are listed in
Tatle 10. These results compare favorably with Teapot results, and with
results obtained by other obsecrvers.
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Phase Srectinm of Obsorved Signal | -
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(s) Bpectra of R:cultont Yaves

Amplitude specora off the rcoswliont of Ghw ground and sty waves siwy
two pealis,with a shary minineva in the vicinity of 20 lic. Th? frequoncy
related to the larger peal: ic licted under Recnlicnt Speetivm in Table 10,
The minimun encrey region is atbributed to the arrival at the observineg
stotions of ohy wove compousnts at freguancies near 20 ke in phose oppositicn
with the growwd wvave components,

Of the two peaks in the amplitude gpectiw of the resultant wavefonins
enalyzed, the larger peal: is a few Iilocycles lower than the ground waove perl,
excent in two caces.  Th2 oneeptions are oaly those sirmals in which the
growd weve peaked very close to the 20-Xe region (Shots Laplace and Fionklin
Prime). In these caces, the erpected peal: in the resultant wove was com-
pletely suppressed due to phace oppesition of the components,

Analysis of the Shot Wheeler ground and sky waves (Figure 53) which vere
visually seraiable, supports this interpretation. Wheeler ground and sity
wave components in the 5-to 35-ke region chowed eppro:ximataly equivalent
amplitudes, and Figure 59 shows that close to 20 ke the components were 180
degrees out of phase.

(¢)  Spectrum of Two-llon Regultant

In the case of Shot IMizeau, the two-hop sly vave was observed, end was
included in a frequency analysis presented in Figures 60 and 6l. The effec:
of adding the two-hcp data was to narrov the bandwidth about the peak fre-
quency when compared with the one-hop resultant anelysis. It was generally
observed that the more cycles or half cyclec which were included in a fre-
quency anelysis, the narrower was the bandwidth about the peak. Thic was to
be expected from theoretical considerations of Fourier analysis of sinusoidal
functions of finite duraticn,

The lower plot in Figure 61, vhich shows the Event Fizeau ground vave
analyzed assuming both l?;- cycles and 1 cycle, shows the same effect. Peak
frequency is the same, within 1 ke, dbut half-peak-power bandwidth varies with
the number of cyclez. The rotio of the frequency at which the energy has
maxinmum amplitude, to the half-peak-power bandwidth (.707 peak amplitude) was
approximately equal to the number of cycles analyzed.

Field Strength Measuremenis

(s) Table 1l preseante field strengths computed from SWR and CWR photographs.
The values, observed at approximotely 830 and 890 Im, ranged from 0.08 v/m
to 2.46 v/m.

Field strength for the SWR vas computed: according to the relation
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SD

vhere E = field strength, volts/meter

]

oscilloscope sensitivity, volts/centimeter of deflec*ion
D = measured deflection, centimeters

A = cathode follower gain:

He = effective antenna height, meters

c = W1 . yvoltage input at cathode follower
Va voltage induced in antenna

The setting of 8 was described in Chapter 3. The deflection D measured
was that of the first negative peak, the measurement being centimeters (scope)
zero to peak. A is fixed. C was evaluated using Figure 22. In selecting C
at the appropriate antenna height, the frequency was taken at 10 kc for the
events Stokes, Priscilla, and Hood, and 20 kc for all other events. Ten ke¢
closely represents the predominant frequency of the higher-yield devices,
while 20 kc closely represents the predominant frequency of the smaller devices.
The actual antenna height was the number of sections listed in Table 12 multi-
plied by 0.76 meter (the length of each section) plus 0.28 meter (the length of
the tip). An effective antenna height of one half actual height was used.

(U) TABLE 12 NUMBER OF SECTIONS IN DETECTION ANTENNAS
L stler Reef'! ‘

Event Sandia [Capi IaJoya | Park Gleesoh Mine
Wheeler T 8 6 6

“Taplace 6 3 7130 10
Franklin Prime T 1 1
Owens 6 1 8

_Wilson 3 )
Doppler Y 1
Fizeau 3 4 5 6 6
Charleston 3 3 3

_Galileo 9 10 11 6 6
Newton 2 4

|_Boltzmann 2

[ Btokes 5 é

| Priscilla 2 3 2
Smoky 'y 5 5 " b
Hood 2 3 1 B

89

——————. e W



For field strengths measurcd from CWR films, the obscrved signal de
flection was compared with calibration signal amplitudes of known voltage
input (Vg ,c) at the slave cathode follower in a simple proportion:

3ignal Deflection %z V
Calibration Deflection = 1s©

Signal Vi =

Then for the signal Vi,

vy 1
E-'E-Xz (10)

A typical calibration signal, with frequency 20 kc and V1 c ™ 1 volt,
is shown in Figure 062. ’

(c) Variations Observed

Some shots were recorded both as an SWR and a CWR. The measurements on
these recordings indicated that field strengths rcad from the CWR tended to
be lover than the field strengths read from the SWR. The average CWR field
strengths measured about 20% less than the average of the SWR field strengths,
Some of this loss may be real and due to transmission via the AN/TRC-29;
some of the difference may be due to recording and reading variability. An
apparent gain was observed in two cases, and in several cases the difference
was negligible. Since a trend of SWR vs CWR values could not be completely
substantiated, the two methods of reading were ccnsidered as two distinct
readings of the same E value. Their average may be considered the best esti-
mate of the em pulse field strength at the receiving site.

A variation in field strength from station to station was observed. In
addition to variability introduced at stations by recording or reading

problems, there was a lack of uniformity in the data due to changes of an-
tenna heights.

There were some cases in vwhich several stations used the same antenna
height for a given shot. From the observations of Shots Franklin Prime and
Charleston at the northern stations, some inferences can be mnde. These
show that ground wave field strengths tended to be greater at Capilla than
at LaJoya, and greater still at Sandia. Since the same station-to-station
trend in field strength was observed when different antenna heights were used,
and observed voltages were appropriately corrected, it can be inferred that
the theoretical correction factors are reasonable. They do not seem to dis-
tort natural trends unreasonably.

The station-to-station variation in the northern triplet was attributed
to variations in signal paths, local terrain, and station orientations and
elevations. It was also observed that ground wvave field strengths tended to
be greater at the Capilla triplet than at the Gleeson triplet; this also was
attributed to terrain characteristics along the path. Gleeson path lengths
we. » / ;tually 50 kilometers shorter than the Capilla path lengths.

i i
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Note: This display was inverted vhen orinted, Displays are normally
printed showing tiic-marking pips pointing up, and counter nunbers

shoving time increasing from botton to top of page,

(u)

Figure 62 Typlcs} CWR calibration signal,
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(8) Variation with Yield

()

Examination of Table 1l reveals that, in general, there is a trend to
greater peak negative field strength for greater yield. The field strengthy
recorded on the SWR's at statlon Sandia best demonctrate this. When the
SWR and CWR data are considered separately at cach of the other stations,
this trend is supported, although not so markedly, principally because of
the scarcity of data at these stations. Consequently, while it would have
been preferable to consider SWR and CWR data separately, and data at each
station individually, it was considered better to treat the waveform re-
cordings Jjointly, by averaging at each station, and also to arrive at a meapn
field strength value for each event by taking the grand average over all
stations. Although field strength varies inversely with distance, it was
considered permissible to include mcasurcnents from stations of both triplets,
because of the relatively small difference in distance from the detonationg
relative to the average distance. A further argument in support of combining
the field strengths is that averaging of several values smooths out random
variations attributable to paths, terrain, etc. The mean field strength
values were plottéd against yield and are presented in Figure 63.

Although the plot shows some scatter of points, there is a definite
trend towards increasing field strength for increasing yield. Some of the
scatter may be explained by the variations in device structure, particularly
in shielding. For example, although Shot Priscilla was of smaller yield than
Shots Smoky and Hood, its field strength was greater. This was probabdbly due
to the fact that Shots Smoky and Hood had some shielding, end Priscilla had
none.

The equation of the regression curve on the graph was determined as

Y = (69.2) 26 (11)

TIME DIFFERENCE OF ARRIVAL

The TDA of the signal at the slave stations wvas computed from the suc-
cessful CWR recordings. At the Capilla triplet, ten time differences of
arrival vere obtained, and at the Gleeson triplet, six. Precision of measure-
ment varied with photographic clarity, sweep speed, and with the waveform
feature utilized. The results obtained are given in Table 13. Although
tenths of microseconds are presented, time differences (AT) are considered
to be precise only to about * 0.7 usec. This estimate is based on the obser-
vation that CWR time intervals were measured to only * 0.5 usec. The dif-
ference of two such readings is expected to be accurate to * 0.5 V2.

Expected time differecnces, computed by methods described carlier, using
coordinates of test sites supplied by AFSWP, are also given in the table.
The observed AT's differ from computed values by less than 1 usec. The
average AT error was about } usec at either triplet, which is equivelent to
errors of about 3/‘& mile in the lines of position at a range of km,

The presence of sferics noise was a disturbing factor in some 1ecordings,
particularly Shot Franklin Prime at Gleeson and Shot Doppler at Capilla.
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(See Figures 490 and 55.) Noise prevented positive identification of
waveform features. Decpite the distortion on the LaJoya waveform, a time
differcnce was obtained for the event Doppler. ‘This may not be completely
reliable, but the small error indicated in Table 13 supports confidence in
the value.

(S) LINES OF POSITION AND FIXES

A line of position (LOP) corresponding to each observed AT is shown
in Figure 64. For the geometry of the station and ground zero locations,
the position crIog e was approximately 1.k mi/usec times the time error for
either triplet.™’ The average Capilla triplet LOP error was 0.8 mile and
for the Gleeson triplet it was 0.9 mile. The position errors are tabulated
in Table 13; they vary from 0.2 to 1.4 miles.

Lines of position were obtained from both the Capilla and Gleeson
triplets enabling the test sites to be fixed for five shots. Fix errors,e¢,
are given in Table 13 and are showm on the line-of-position chart. These
errors are functions of the crossing angle § of the two LOP's, as well as
of the individual LOP errors, e] and ep. 'The relation

1 2
€ = po— (™ + e22 t 2ejes cosg) (12)

may be used to compute the fix error. For the geometry of the station con-
figuration, the crossing angle is approximately 30 degrees. The fix errors,
vwhich ranged from 0.6 mile to 4.9 miles, averaged 2.6 miles.

SFERICS

(V) The continuous wave recording system allowed for the recording of much
sferics activity, i.e., the atmospheric noise attributed to lightning and
other electrical discharges. Because of the film velocity, sferics which
occurred & few milliseconds apart were usually well separated on the film,

The sferics activity at any location showed great variation in waveform
characteristics, duration, and frequency of occurrence. It was usually pos-
sible to identify the vaveform characteristics of a particular sferic at both
slave stations of a triplet, and it was often possible to identify the same
vaveform at the second triplet, about 300 miles away. Thus it would have been
possible to obtain lines of position and fixes for many sferics observed.
Some statisticol data on firequency of occurrence was taken from the samples
of CWR surrounding cach shot and is reported below. There was also a series
ot sferics sampling runs made, vhich still remains to be analyzed in search of
criteria for shot-sferics discrimination.

(U) Area_of Surveillance

The chart chown in Figure Oh presents only the test area. The area which
the equipment ectually had under “"surveillance" during its operation was a
considerably larger area. Figure 65 shovs the surveillance area, vhich
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(S) Fig. 64 Line of position and fix chart.
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is discussed in detail in Chapter 5. In this context su‘rveil]ance arca
indicates the area in which a fix could be made for an electromagnetic
transient signal source similar to the detonation .sigmlk Boundaries of
the area were determined by the oscilloscope sweep duratjons and the preset
trigger delay. A sferic was considered to be in the are# of surveillance
of a slave station if the initial portion of its waveforti could be observeq
on the associated oscilloscope, and it was considered re¢ognizable if half
of the ground waveform was recorded.

(c)sferics Frequency i

To obtain some quantitative data related to the probpability of locating
the true signal, some statistical data, presented in Table 1li, was obtained
on sferics occurrence in those sections of CWR film containing the signal.
The film sections analyzed were usually short, ranging firom 20 seconds to 300
seconds; and the rate of sferics activity varied, with the average time be-
tween sferics varying from less than 0.1l second to 50 seconds for the
visually separable sferics sweeps. The sferics were classified into initially
negative-going, initially positive-going, indeterminate, and multi-sweep. The
sferics vere considered to be indeterminate vwhen the initial portion of the
signal was not displayed because of the preset sweep delay.

It must be remembered that the master stations were required to trigger
the scopes only upon receipt of the negative portion of a signal. This nega-
tive signal causing the trigger could be from an initially negative signal,
or it could be the negative portion of an initially positive signal. The
initial portions of negative signals or sferics from the surveillance area
were displayed. The beginning of an initially positive-going sferic would
be displayed if the pre-signal display, which depends on the sferics source
area and the fixed trigger delay, was greater than the duration of the initial
positive portion of the signal. Sferics with initial portions not displayed
vere classified Indeterminate in the table. Indeterminate signals also in-
cluded signels originating outside of the surveillance area.

The sferics were classified Multisweep vhen many sweeps occurred nearly
simultaneously and were not visually separable. At the rate of film speed :
used (usually L inches/sec) mltiswveeps indicated sferics occurrences more
than once in two milliseconds. There vere many such instances of multisweeps,
indicating frequent electric storms. Signal detection difficulties due to
such storms are not insurmountable. These storms were recorded most frequently
vwhen the detection equipment was operating at high sensitivity in anticipation |
of detonation signals of low fleld strength such as those from Shot3 Saturn, 1
Shasta, and Rainier. VWhen strong signals were anticipated, equipment was
operated at a low sensitivity level, which reduced the number of recorded
multisveeps.

Vhen there vas a coincidence of occurrence at both slaves, the sferics 3
were tabulated under Both Slaves. Sferics were tabulated under Both Slaves
even vhen the initial portion could be viewed at only one slave. It was then
classified on the basis of the one initial portion. :

No covunt was made of sferics waveshapes which resembled signals as this
would have consumed too much of the time of a trained svaluator.
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The tabulations show that the averape frequency of sferics with an
indication of initlially ncgative polarity, appearing at both slaves was, at
the maximum, one in 1l scconds for the intervals observed. The averapge rate
of occurrcnce of negative-going sferics olboerved at only one slave was much
higher, rcaching one in 0.7 second. lowecver, in some arcas the desired
signal itself was the only negative-going sigmnal in the whole run of approyi.
mately 30 seconds. In the film sections campled, the taobulation of all thoge
sferics with determinable polarity showed an average of 67 of the sfericg
were initially positive. In only I out of 18 of these sections was the pro.
portion of positive sferics less than 50%. These percentages were observeg
even after some positive-going sferics had been eliminated by means of -the
selective trigger circuit. This tends to bear out earlier conjectures of
the importance of discriminating apainst initially positive-going sferice.

(C) SKY WAVE DELAY DATA

The arrival of the first-hop sliy vave was observed for all shots, and in
some instances two- and threce-hop sky waves were observed. Apparent sky vave
deloys were measured, cmploying selection of time of sky wave arrival as
shown in Figures 38 through 42. Some information was obtained which could
be of interest in a study of VLF propagation. (Sce Low Frequency Propagation,
Chapter 5.)

When Plwnbbob dawvm shots observed at a given triplet were considered as
a group and the first-hop sky wave delay was plotted against yield, a posi-
tive correletion of cky wave delay with yield vas observed. Table 15 gives
the number of minutes after sunrise that detonations occurred. Figure 66
shows the delay-yield relation vhich is discussed in Chapter 5. Agreemen.
is secen with Operation Redwing obscrvations. Data from the pre-dawn Operation
Teapot shots was reexamined and this data also indicated such a variation with
yield. Redwing and Teapot data are given in Table 16.

(U) TABLE 15 DETONATION TIMES AT GROUND ZERO » IN MINUTES AFTER SUNRISE :
Event Minutes Event Minutes ]
Wheeler 26 Galileo 25
Laplace 4o Newton 23 |
Franklin Prime 26 Stokes 31
Owens 106 Priscilla 125 5
Wilson 32 Suolgy 26
Doppler 23 Hood 11
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CHAPTER 5

DISCUSSION

SYSTEM OPERATION

(c) The continuous wave fllm recording and timing system was superior to
the "one-clock" or "two-clock" methods used by USASRDL in Operation Teapot.
The probability of fixing on a false signal (i.e., sferlcs) was much smaller
than in the previous test, because the waveform was intimately connected
with the time-difference measurement. System cquipment ims much more sensi-
tive than the USASRDL Teapot equipment, photography was greatly improved,
and time-difference measurcments were more reliable and accurate than if the
Teapot systems.

Evaluation of Equipment

(v) Oscilloscopes

The performance of oscilloscopes was generally satisfactory and reliable,
There were no failures to obtain data due to oscilloscope malfunction. Some

6BQTA tubes had to be replaced during the tests,but no serious difficulties
occurred.

(v) Photography

The SWR photography was satisfactory.

The CWR photography was not so successful, and the rosulting films were
often lacking in resolution. R:asons were: (a) the film development was not
instantaneous and the effect of adjustment for the prevailing scope intensity
was not evident until the film was developed; (b) it was difficult to focus
the cameras properly because of the short depth of field resulting from the
wide aperture, and also because the effect of the adjustment was not im-
mediately observable; (c) lens speed, £f/2.8,4*ms not fast enough for use with
the low trace intensity on the oscilloscopes vwhi.ch was required for sharp focus.

Another difficulty encountered on several occasions was the jamming of the
film nagazine,

(v) Radio Set AN/CRC-29

The AN/TRC-29 was satisfactory as a broadband wavefoim transmission link
vhen operated within its rated operating range and vhen equipment was in proper
alignment. Under these conditions the waveforms, except for some high-frequency
detail, were faithfully reproduced. With proper alignment, distortion could
be satisfactorily eliminated. It would have been desirable to have continuous
AN/TRC-29 operation in order that the equipment be maintained .in proper align-
ment, but this was not feasible under the conditions of the test operations.

At the Glecson triplet the operator's inability to predict the approximate
signal strength sometimes forced the AN/'I‘RC to operate with voltages outside
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of its lincur operating range. This produced overmodulation and an inversion
of the peaks of the pulsec. Also, 1n one case, whal appecred Lo be n racti-
fied pulse occurred; it is believed that this was due to a shift of the fre-
quency about which modulation took place to an extreme of the Al/IRC-29 oper-
ating range.

(v) Vertical Probe Antenna

The vertical probe antennas were satisfactory for receiving thy elec-
tromagnetic signal ,but there is some uncertainty as to the effective heipght.
During the test the actual antenna height was changed by increasing or de-
creasing the number of sections according to the expected field strength.
Since - effective antenna height ie not easily measured, in future use of this
system it may be advisable to maintain & constant antenna height and vary the
gain of the cathode follower,

(v) Cathode Follower

The cathode follower had a nearly flat response in the region from 500
cycles to about 5 Mc at l-volt input; this bandpass was considered adequate
for reproduction of the signal. 4

(v) Power Units

The high altitude and poor-quality fuel (the gasoline used genecrally
contained water) contributed to low -efficiency of the PU-26A/U gasoline-
driven generators. A great deal of maintenance and repair was required to
keep the generators operating for the duration of the field test, but
fortunately no breakdowns occurred at critical times.

(v) Time Reference Markers

The time reference marking system was adequate. Most of the l0O-usec markers
could be detected on the waveforms and did not produce any noticeable dis-
tortion. However, the 100-usec markers were sometimes difficult to recognize
because of poor photographic resolution.

(v) WWV as Time Reference

Using WWV as & real-time reference was not satisfactory for millisecond
accuracy, but it was satisfactory as a real-time rclerence to better than .0l
second in half of the cases observed. Some of the difficulty resulted from
propagation effects. The reception of WWV signals was erratic and it was often
difficult to distinguish the one-second marking pulse group from the noise in
the type of visual presentation employed. Moreover, it was necessary to count
the number of millisecond pulses from the beginning of the oscilloscope sweep
to the pulse group, a process which gave doubtful millisecond accuracy. In
addition, relating to real time depended upon recognition of the 59th and 60th
second pulses of the WWV minute at a reference minute observed at the station
clock and recorded on the data sheet,
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With the possibility of error in cach operation described above, the
counter number relation to recorded reference time was often doubtful. ,g
a result, particular sweeps were not alvays identified conclusively in rea)
time without additional time reference information. However, with good
fiducial refercnce accurate to* 1l millisecond, synchronism could probably
be maintained for several hours with an accuracy of * 1 millisecond. Suf.
ficient accuracy was inherent in the frequency standard used. With an ip..
proved frequency standard, accurate synchronization can be maintained longey,

Accuracy of Time-Difference Measurcment

(v) Timing Markers
[

Basic considerations in time-difference accuracy are the accuracy of

the timing markers and proper indication of the fiducial reference marker,

Timing marker accuracy was considered to be very good. Oscillator 0-76/u
vwhich was used to generate the time comb, had good short-term stability. Any 4
short-term variation in the oscillator itself was of much smaller magnitude
than the magnitude of &ny error introduced by oscillograph recordings or
photographic techniques.

The 10-usec markers which were used for measuring time intervals had a
.02-usec rise time; this rise time was negligible with respect to the inter-
vals measured.

(v) Time Delay Generators

The time delay generators were cstimated by their manufacturer to be
accurate within 1% of the preset delay. Such generators were adequate for
ordinary operation because the fiducial-time-marker method of data analysis
did not incorporate this delay. For the method in which the delay value
wes to be used to obtain a rough AT measurement, the maximum error incurred
would be less than 5 usec, since each of the two delays was less than 250
usec. The sweep trigger build-up time was considered to be negligible since
it vae, at most, a few hundredths of a microsecond.

(v) Oscilloscopes and Photography

Oscilloscope sweep speed was a major factor affecting the accuracy of
time-difference measurements., For a slow sweep tle interval corresponding
to a linear distance mcasurement is correspondingly larger in time than for
a more rapid sweep. Since the concomitant errors 19 distance are the same,
the errors in time are greater for the slow sweep. Sweep speeds of 20 u_sec/cm
did not allow for good timing resolution of waveform features. The 10 usec/cm
speed wvas a better choice for timing purposes, but still not adequate for some
requirements in line-of-position accuracy. The 10 uaec/cm sweep shoved a
readily identifiable waveform, but at best, this waveform could be resolved |
accurately to only about 0.5 usec. |

Photographic considerations also affgcted the time-difference determination.
Sometimes oscilloscope trace intensity produced undesirably wide photographic

traces or bleeding. This contributed uncertainty in the measurement of waveforn
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features or timing pips. This uncertainty, however, was negligible compared
to the uncertainty caused by slow sweep speeds, explained above.

(v) Waveform Feature Resolution

The broadness of the particular waveform feature used for time identi-
fication was a factor contributing to total error. The breakaway point
usually is a sharp and readily identified waveform feature, and therefore
usually contributes little error. The pre-signal voltage levels were well
defined due to the allowed trigger delay. This contributed a very satisfac-
tory reference level for the complete signal.

The first crossover point is another point which was used for AT
measurements when the breakaway was not sharp. Measurement indicated no
noticeable change in the accuracy of the fix when the crossover point was
used. : '

(c) Propagation Velocity

An average of observed round-trip propagation time values was used in
correcting observed time differences, but there was a day-to-day variation in
the effective velocity of this retransmitted signal. However, over these
short round-trip distances (70 miles), at the AN/TRC-29 carrier frequency of
1700 Mc, measurement showed that this variation affected the ground wave
propagation time by, at the very most, .05 usec. The propagation velocity of
the low-frequency transient from the burst site to slave receiving sites may
also have varied due to path conditions and ambient atmospheric conditions;
hovever, such variability was not measurable. A small change in the assumed
signal propagation velocity would have had no observable effect on the com-
puted time difference charts.

If better time-difference measuring accuracies become available through
improvement in data display and data reduction techniques, it may be desirable
t0 measure round-trip propagation time shortly before or after the time of the
test and use this value in the AT computation.

(C) COMPARISON WITH PREVIOUS TEST RESULTS
(c)Waveforms

The waveforms observed in Plumbbob closely resembled those observed in
the Teapot tests by the Signel Corps and NBS. They did not resemble as closely
the waveforms recorded by the Signal Corps in the Redwing series, which showed
very great energy at extremely low frequencies. It is possible that the
difference in shape is attributable to Redwing equipment distortion. However,
no confirmatory check of the equipment was possible after the Redwing test
series. It is expected that future tests with propagation over sea water
will indicate to what extent the differing propagation conditions of Plumbbob
and Redwing contributed to the observed effect.
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(C)trossover Time Versus Yield

The Plumbbob crossover-versus-yield curve is simllar to the curves
obtained from Teapot or Redwing results. However, in general, the Plumbboy
crossover times were slightly longer than Teapot and still longer than those
for Redwing devices of similar yield.

-

An attempt was made to combine all of the qfirst-crossover
measurements obtained from Operations Teapot, Redwing, and Plumbbob » SO a8 to
fit a universal regression curve. lHowever, it was impossible to fit a single
regression c~uarve that would satisfy all of the observations with a reasonably
small scatte:. The curves which were fitted for each operation are indi-
vidually presented in Figure 57.

The Teapot observations were made at 100 and 320 km; Plumbbob observationg
were at 850 km. From a study of Teapot and Plumbbob data, both involving
propagation over land, it was apparent that for a given yield the time-to-first.
crossover measurement increased with distance from source. Propagation over
land as in Teapot and Plumbbob should have caused grecater ground wave attenu-
ation of the higher frequencies and could have caused the observed longer
crossover times; that 1is, the lower frequencies became more dominant with
increasing distance.

In the case of Redwing, propagation took place over seuawater. The
attenuation of high frequencies with distance is greatly reduced because of
the high conductivity of the path. One of the regression curves shown is the
relationship between T and yield over seawater for the distances of approxi-
mately 26 and G670 km.

Examination of Figure 57 supggests the possibility that a family of re-
gression curves corresponding to different distances and propegation conditions
could be developed. Yield predictions based on observed crossover times
should be made from a curve for the appropriate distance and propagation
conditions. Using such curves, combined with a knowledge of distance and
time to first croscover, a reasonable estimate of yield could be made.

(C) Frequency Content

Inverse variation of frequency with yield, reported in previous tests,
is again observed. The frequency of peak ground wave spectrum amplitude is i
generally a few kilocycles lower than the frequency for a device of comparable i
yleld observed closer to the Nevada Test Site during Operation Teapot. This
egain indicates attenuation increasing with range in propagation over land.

Comparison of spectra of ground waves with spectra of resultant waves
showed cancellation in a particular frequency region (20 kc). In come cases
this produced suppression of en expected spectrum peak. These results made |

clear that interpretation of spectrum peaks must be made with care, and 3
phase information should be considered along with amplitude information. ’
Waveform appearance and the time interval analyzed must be considered in the
interpretation. b
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Previous test results indicated a relation between frequency of ground
wave peak spectnnnzn.mplitude, £, and wvaveforn first crossover time, Tp. It
had been indicated"that the domlnant frequency of the ground wuve spectium
could be approximated from the following formula:

5 103
P = "Iy (13)
where £ 1is in kilocycles

Tg is in microseconds

Plwabbob results show that the ground wave f, predicted by the above function
was consjistently 15% to 30% lower than the fp obtained from the ground wave
spectrum. The formula then should be used only for rough estimates.

——

\C) Field Strength

Original field strength predictions were based on & curve derived from
previously observed data using inverse distance and direct variation with
cube root of yield. Most predicted.values were higher than the values com-
puted from observations by about 50% of the observed values. The curve in
Figure 63 should aid in future predictions.

Because of the great variation in field strengths observed from station
to station, predictions are not expected to be accurate; the predictions are
good only within a factor of 2.

LOW-FREQUENCY PROPAGATION

{11} observation of Signal Cancellation

Frequency analysis showed a distinct cancellation of 20-kc components
when ground and sky waves combined at 890 km. These observations can be
added to the small store of observational data at low frequencies. When com-
bined with data at other distances of observation, the data provides background
information for calculations of ground wave phase delay and sky wave reflection
coefficlents.

Observations of Sky Wave Delay

(u) 3ky wave delay observations offered data which may be of significance in
studies of VIF propagation.

(c) Diurnal Variations

There is a variation in sky wave de%ay time which is attributable to
diurmal effects. Experiments by Piercel® and other experiments reported by
Waynickl7 have indicated tbat the height of the VLF reflecting layer is

fairly stable from day to day and season to season, with the main variation
being a diurnal change due to changes in ion density. BShorter sky wave delays
are obscrved as the sun rises in the sky. Event Fizeau, detonated and observed
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at 0945, shows a distinctly shorter sky wave delay, 35 usec, (see Figure l;6)
than many devices of similar yield detonated within the hour after sunrise,

The low-value sky wave delay for Redwing Shot Inca reported in Reference 2

is also largely attributable to the diurnal effect.

(S=-FRD) Variation with Yield and Frequency

Figure 66 shows observed sky wave delay plotted against yield.

It vas assumed that for detonations occurring within 30 minutes of each
other with respect to time after sunrise (see Table 15), the diurnal variation
would be small. Under such conditions, the observed trend in the time- and
distance-grouped observations is an apparent dependence on yield. The ob-
served effect, showing increased delay with yield, is cleuvest in the Plumbbop
observations because of the number of events otserved under similar conditions,
Although the observations show wide scatter, ».:ich has not been investigated,
the delay-versus-yleld trend is considered to be real. The yield-delay re-
lation is presumed to depend mainly upon the variation of signal frequency
composition with yield and the varying propagation characteristics of different
frequencies.

The data in the figure implies that longer delays are associated with lower
frequencies. Figure 67 shows a variation of sky wave delay with frequency.
Frequency analysis reveals that the main VLF peak shifts to lower frequencies
as yield increases. The dominant frequency, slightly lower for sky wave than
for ground wave, vas about 25 kc for a 0.2-kt device, and 12 k¢ for the T7-kt
device. Table 10 gives the variation. Combining ground wave frequency value
from a graph (not presented) based upon this table, with delays for a sequence
of yields from Figure 66 gave the hypothesized relation.

( U) VLF Propacation Models

The inverse relation of sky wave delay with frequency may be interpreted
either by assuming that ground wave propagation time varies directly with
frequency or that sky wave propagation time varies inversely with frequency.

That the observed ecffect is attributable to the ground wave appears i
unlikely whep consideration is given to calculations made by Johler, Keller,
and Waltersl® on low-frequency ground wave propagation. Their calculations
indicate that ground wvave propagation time varies inversely with frequency.
Such variations, a feiw microseconds in the frequency range of interest, tend to
oppose the observed trend in sky wave delay. This rcasoning strongly indicates
that the explanation of the observed trend lies in a variation in sky vave
propagation time,

i 4

To produce the observed effect, the sky wave path length must vary
inversely with frcquency or must contain regions in which signal velocity varies
directly with frequency. The first alternative implies that the lower fre-
quencies are reflected from higher layers in the ionosphere; the second implies
retardation through an ionized medium of appropriate density. Neither require-
ment 1s satisfied by the model of geometrical optic refle Bion from a sharply
bounded ionosphere, as described by J. Wait and A. Murp of NBS, unless
phase shift at the ionosphere is equated to a time delay in reflection arrival.

|
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A treatment of low-froquency reflection by H. PoeverleinZ0 of AFCRC » vhich
involves skin-depth effccts and reflection from sub-layers in the ionosphere
may provide a more satisfactory explanation of the observed effects. This
remains to be explorcd. It is probable that some proparntion model will
entirely cxplain the observations.

(C) EXTENSIONS OF THE AN/GSS-U

(c) In at least two cases in Operation Plumbbob, 4 fix could not be obtaineq
because the system had only two triplets. One triplet gave an adequate line
of position, but noise contaminated <the waveforms at the other triplet. Use
of at lcast three triplets would minimize the chance of such occurrences, as
the likelihood of & simultancuus oc~urrence of offending noise and signal in
three different areas is expected to be low. A third triplet will increase
reliability of the complete system.

Adaptation of AN/GSS-U4 as a Surveillance System

( C) The success in locating the detonation signal from among the many sferics
observed on CWR indicates that the AN/GSS-h system may be adapted for use as
a surveillance detonation locator which could operate without previous infor-
mation as to location or time of detonation.

(c) Sferics-Signal Discrimination

It was generally possible to distinguish the detonation signal from the
surrounding sferics with reasonable certainty. One of the most helpful factors
in discrimination was the sferics polarity. There were generally more initially
positive-going than negative-going sferics. Of those sferics which bore some
resemblance to the expected detonation waveform, very few were of the required
initially-negative polarity.

Another helpful observation in discriminating between sferics and a
signal was the fact that many sferics tended to occur in groups of repeating
waveforms. The two sferics sweeps in Figure 48 in the first and second lines
on the picture show almost identical characteristics. This repetition of a
pulse shape within a very short time (considered to be due to multiple dis-
charges ) is typical of sferics and is an important means of distinguishing
between sferics and signals.

Several sferics waveforms were selected vhich did resemble the signal
end are displayed in Figures 68, 69, 70. The three sferics prescnted were
displeyed on 500-usec sweeps. Figure 54 shows a detonation signal displayed
on a similar sweep, vhich may be compared with the sferics. The sferic in
Figure GSa is Initially positive, but the general shape is similar to the
signal rccelived at 500 miles. The sferic is also prescnted as it would appear
with reversed polarity (Figure 68b). ‘The sferic in Figure 69 is dnitially
negative ond similar to a signal in appcarance, but as the initial portion
does not appear in both oscilloscopes, the sferic does not come from the
general arca of surveillance common to both stations. Notice also that this
sferic shows a very pradual breakevay tor the initial negative pulse. This
hae no: bezn observed for a detonation signal, und was a meons of identifying

ithe sferic.
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The sferic in Figure 70 resembles the observed signals, but there is a
low-amplitude positive portion preceding thc main negative peak clearly
observable on the signal at the right. This is not seen in detonntion signals,
and was ofiien secn in sferlics waveforms,

Most sferics bore no rescmblance to the required signal shape. There
seemed to be little possibility that sferies which satisfied the requircments
of negative polarity and distinctive waveform would come from the area of sur-
veillance, and even less chance of such sferics coming from the smaller test
site arca.

Observations by other observers indicate that very-high-altitude shots may
give initially positive-going signals. 1If this is borme out it will require
revision of the polarity approach to signal discrimination.

(C) Area of Surveillance

Some calculations were made to estimate the size of the area of surveillance,
defined in Chapter 4, which was actually capable of being monitored during the
Plumbbob operation (see Figure 65). It was stipulated in Chapter & that the
initial half of the signal waveform should be recorded for recognizability.

Assuming a typical signal to be TO-usec long, the requirement is for the
first 35 usec of the signal to be displayed. At the Capilla triplet, there was
a 90-usec trigger delay, so that if a signal arriving at Capilla, either via
Sandia or laJoya, followed by at least 90 uscc the arrival of the direct
signal at Capilla, it would be possible to display the initial portion of the
pulse. The amount of the signal displayed would depend on the scope sweep
time, If a 200-usec sweep is used, the pre-signal displey portion of its sweep
could be at most 165 usec, i.e., 200 less 35 usec. In this limiting case, the
signal retranemitted via the slave station arrived 165 plus 90,or 255 usec, after
the signal arriving directly at Capilla. Thus, if the time difference of arrival
at Capilla of the direct and retransmitted signal were between 90 and approxi-
mately 255 usec, it would be possible to recognize the signal and obtain & fix.
The equivalent requirements on time differences of direct signal arrival at
master and slave can be found.

Since the propagation time between Sandia and Capilla is 187 usec,
for TSa.ndia. + 187 - Tcapin.a 2 90 usec,

then  ATcapilla-Sandia < 97 usec, (1)

vhere Tg,,3ia» €tc, indicates propagation time of the signal from detonation
site to Sandia, etc. For AT = 97 usec, the oscilloscope would be triggered
Sust in time to record the initial portion of the pulse.

Also, for a 200-usec sweep,

for Tgandia *+ 187 - Teapilla S 90 usec + 165 usec,

then MCapilln-Sandia Z -68 usec. (15)
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For AT = -(8 usec, the nscilloscope display will show about one half

of the pulse. Similar limitations for the other stations are tabulated in
Table 17.

(U) TABLE 17 AT LIMITS FOR ADEQUATE SIGNAL DISPLAY

200-usec Sweep 100-ucec Sweep
ATcap111a-Sandia -68 < AT < + 97 32<ar< + 97
AT 6apilla-1aJoya -5k < AP <+ 111 46< ar <+ 111
OT5)eeson-Reef's Mine {-128 < AT < + 37 . -28< AT < + 37
*
AT;) eeson-Rustler Park|-206 <SAar<-l) 106 Ar< .- 1

*Minimumn possible AT is -199 usec.

The area.defined by the four AT lines for the Capilla triplet represents
the area adequately serviced by that triplet, with 200-usec oscilloscope sweeps,
Likewise, the area defined by the four AT lines for the Gleeson triplet
represents the area adequately serviced by the Gleeson triplet with the same
sweep time. These areas are shown in Figure 65. The portion of these arcas
which overlaps represents the region for which a fix could be obtained subject
to the conditions specified. With a 100-usec oscilloscope swcep, different

AT limits are obtained, and a smaller region is serviced. The limits are
given in Table 17, and the areca i1s shown in Figure 65.

Referring to Figure 65, it is observed that the area jointly serviced by
both triplets is not completely bounded by the lines of position. Circles,
centered at the master stations, with & radius of 600 miles (more than adequate .
for expected military requirements on the system) will provide the bounds
needed to describe a finite area. The inclosed area is approximately 32,000
square miles for the 200-usec oscilloscope, and 21,000 square miles for the
100-usec sweeps. The test site area is square miles, or less than 2% of
the area serviced within a 600-mile range of both triplets.

(C)/‘ ‘ymfference in Tcchniques

The following differences in objectives and techniques will be noticed
vhen the AN/GSS-U is used aes & surveillance system:

1. With approximate time of detonation not known in advance, it will be
necessary to analyze thoroughly for signal waveforms all film obtained during
any required period of surveillance. This will require rapid film-pi:cessing,

viewving, and measuring techniques. Efficiency will be esscntial to minimize
backlogs of film. '
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2. With no advance information on location, exploitation of certailn aids
used in Operation Plumbbob for rapid signal identification will not be possible.
These are the expected approximate time differences and the expected sky wave
arrival time, with its effect on resultant waveform shape.

3. The dynamic range of the AN/TRC-29 and oscilloscope will have to en-
compass signals of various strengths, since the expected field strength will
be another unknown factor. From a low-yield weapon at long distances, to a
megaton weapon at closer distances, the field strength could change as much as
90 db. The dynamic range of the display oscilloscopc is about 10 db. The
system can be modified to provide separate: gates for cach class of field strength
and the output of each gate circuit will have to be such as to satisfy the limi-
tations of the microwave relay and oscilloscope.

L, In a surveillance system the area monitored will probably be large.
Display of signals from any part in the possible surveillance area of slave
stations separated by 70 miles requires a total CWR oscilloscope sweep of LOO
usec. This limits the accuracy possible with the present AN/GSS-U system, but
simple improvements will allow the present "friendly fire" accuracies to be
attained or increased in surveillance.

5. The problem of signal-versus-sferics discrimination becomes acute in
a surveillance system. Due to the large area and the wide range of field
strength to be monitored, more sferics can be "fixed." Because of -the greater
variety of signal waveforms acceptable; there has been increased chance of
reporting on sferics. Some percentage of false reports must be toleravle in
the surveillance system, if all possible true signals must be reported.

-/

6. If information| TJ:La required from
the surveillance system, it may be necessary to add a very*fast oscilloscope
sweep to the system so that detailed information on the initial portion of the
waveform will be available.
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CHAPTER 6
(C) CONCLUSIONS

(C) The field test of the breadboard model of Detobation locator System
AN/GSS-k during Operation Plumbbod showed it to be a workable field system
vhich successfully achieved its mission of locating the burst and time of
nuclear detonations. Information obtained from waveforms, particularly time
to first crossover, provided for an estimate of detonation yield on-the bLasis
of past observations. However, while the AN/GSS-k "did the job," it is
physically large and would require about a dozen trailers for a complete sys-
tem of three triplets. This would linit the military applications.

(C)SYSTEM PFRFORMANCE

The AN/GSS-h system concept 1s adequate and adaptable for tactical use
by a field anny, but system components need development for improvement of
operating efficiency and fix accuracy.

A display suitable for the analysis of the detonation em pulse was pro-
vided by continuous-film recordings of oscillographs of the transients co-
incidentally detected at paired stations. The probe antennae and cathode
follover receiver provided undistorted signals. The microwave link was adequate
for trensmission of the broadband low-frequency transients from the outlying
paired stations to the recording station.

It was possible to obtain from the detected waveform time-difference in-
formation which would give the detonation location. The time-reference marker
method was adequete, and visual time-difference measurements were accurate to
better than 1l microsecond. Accuracies were limited mainly by scope sweep speeds.
An alternate measuring method, the Vernier Time Interval Measuring System, capa-
ble of measuring time differcnces to hundredths of microseconds, proved too
delicate to be used as a field device.

fime of burst san be obtained to within a few milliscconds. After the
range has been determined from the fix, an estimate of yield nay be made which
is accurate within a factor of 3.

(C)SYSTEM APPLICATIONS
Plunbbodb results and other test results indicate that the electramnagnetic
wave generated by an above-ground atomic or hydrogen detonation can be detected
at 500 miles with few exceptions. Exceptions occur when low-yleld devices or
heavily shielded devices are being monitored in arzas of high sferics activity.
The em vave from the underground detonation could not be detected at this range.
No information on high-altitude detonations was obtained in this test operation.

Only the coincidental reception of sferics and sign:l, or of ‘two or iiore

signels at a station would hamper identification or time-difference measure-
ments. This coincidence would have to be within about 50 usec. With a greater

116



number of monitoripg stations than was used in this operation, the probability
of obtaining a locatlon is increased, since shot-sferies soincidence at severul
stations is unlikely. A minimun of three triplets is advisable.

There vere indications of distinct and measurable characteristics which
differentiated the detonation signal from most sferics,and possibly all sferics
at short distances., It should be possible to take advantage of these charac-
teristices to develop for the system an electronic means of sferics-signal
diserimination. .

If the system is to be used as a friendly detonation locator, with
knowledge of the approximate time of burst, success in waveform identification
can be assured within the limits of det@ction indicated above. If approximate
time of burst is not known, there is some possibillity that the signal will not
be recognized. The probability of reporting on false signals or sferics exicts,
especially when small-yiecld weapons are being monitored. No measure of this
probability is offered in this report, but such a quantitative estimate is
under study.

The system may be adapted for use as a surveillance system for enemy
detonations if requirements for its use can tolerate a higher probability of
"fixing" on false signals and a lower probability of success for true deto-
nations than are obtainable for friendly fire detonations.
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CHAPTER 7
RECOMMENDATIONS

An operational study should be made of other system concepts which
would lead to a better design of a nuclear detonation locator utilizing
the radiated electromagnetic pulse. This would have to be a long-time
development (1960-1963). Work should continue on the AN/GSS-4 as a short-
term interim system.

Certain of the following recommendations appear feasible for the
short-time program. Some of these recommendations also eppear applicable
to any concept of this system.

(1) DEVELOPMENT

Development of techniques of more rapid data analysis is required for
an efficient system. It is recommended that a device to reject most sferics
signals electronically be developed and incorporated into the system.

For improvement of the current locator concept a camera system which
allows for instantaneous film processing should be developed. Means for
convenient examination of this film shiould be provided.

The system should allow signals of various strengths to be tolerated
without any antenna coumpensation. Development of a cathode follower with
a broader dynamic range o.nd/or an input selector system to accept all re-
quired field strengths should be undertaken. The development of & device
to compress the dymamic range of the signal for usable display in the
oscilloscope is recomended.

Time-difference resolution should be increased for increased accuracy
of ldcations. Development of an automatic technique to measure and indi-
cate time differences of arrival of possible signals is recommended.

Further development of a vernier time interval measuring system to obtain
great fix accuracy should be undertaken. A minimum amount of development
will be required to stretch out the CWR oscilloscope display for improved
accuracy, e.g., progressive display of signal on cascaded scopes. Improved
display of the marker pulses is also recommended.

Station synchronism should not involve WWV time signals, Use of
synchronization pulses generated within the system is suggested. A signal
from some known signal-generating event may possibly be utilized.

A three-triplet rather than a two-triplet system is recommended for
increased sycstem reliability.
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(U) RESEARCH

Studies should be undertaken to obtain the background required for the
above recommendations on system develorment. These include:

A study of system concepts, with the aim of developing a more
compact locator system utilizing advanced techniques of communicating,
nmeasuring, recording, and synchronizing. .

Further studies of sferics, concentrating on the characteristics
of sfericsc fixed at positions less than 600 miles from stations.

A study of field strengths observed at the detection stations, for
possible diagnostic information. In this connection, the effects of ground
constants on low-frequency signals should be studied to obtein more reliable
field strength information, studies of effective heights of probe antennas
should be made to determine causes for variations in effective height, and
studies of other antennas for their possible advantages should be undertaken.

(C) TEST OPERATIONS

Participation in nuclear tests should continue for development testing
of equipments, and to obtain additional information on the em pulse. If
tests do not continue, it is recommended that a means of signal simulation
be developed to test equipment in systems.

Inclusion in nuclear tests of detonations scheduled during thunderstorm
activity is suggested, to test the system under adverse conditions. The
inclusion of more air bursts and bursts at various times of day are recommended,
to study the effect on the em pulse.

It is recommended that more complete background information (viz.,
shielding, weapon description) on the scheduled events be aveilable to
technical personnel during the tests, Improved liaison with the field
command on shot scheduling is also desired. It is recommended that a
liaison man be assigned to the Nevada Test Site Command to furnish data to
the remotely located test stations.

It is recommended that, for adequate training, military personnel who
are to participate in a USASRIL project in a scheduled test be made available
six months prior to moving to the field.
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(1) APPENDIX

MEASURING A TDA WITH THE VTIM

The block diagram of the system for measuring time ditferences of arrival
with the Vernier Time Interval Measuring System is shown in Pigure Al. 1Its
operation is explained below.

The electromagnetic pulse received directly by the master station gates
the VI'IM to accept the retransmitted pulses subsequently received from the
two slaves. The first pulse starts a system of electronic counters in the
VIIM; the second pulse stops the count. The resulting count gives the time
interval between the two retransmitted pulses. The start pulse can come
from either slave and the VIIM indicates which slave sent it.

Because of the relatively slow rise time of the electromagnetic pulse,

an inaccurate time interval is indicated if the VIIM is triggered by this pulse,

since it cannot be lmown with certaiuty at precisely which point of the pulse
rise the count is triggered. To obtain an accurate reading of the interval,
it is necessary to start and stop the VI'IM with a pair of pulse ticks having
a negligible rise time, and to know when (at vhich point on the signal rise)
these ticks are generated. These ticks are provided by the Dumont LOUR Pulse
Generator, the output of which has a rise time of 0.02 usec. Errors due to
any variations in trigger level of the VIIM can be neglected.

The following is the sequence for marking the start time. The technique
for marking the stop time is similar,

(1) The direct electromagnetic pulse is received at the master station
by the cathode follower receiver. The trigger output of the CF is fed to the
time-sorter sectionwvhich then gates the input to the VI'IM for a period of
time sufficient to permit arrival of the retransmitted electromagnetic pulse
from both slaves. This technique of gating has the effect of increasing the
signal-to-noise ratio, by reducing the number of false triggers to the VIIM.

(2) The first signal to arrive from either slave starts the timing of
the interval by causing one of the LOUR Pulse Generators to generate a sharp
pulse, thus initiating the count on the VIIM.

(3) Now the output of the LOLR and the first retransmitted signal are
mixed together in the cathode follower mixer and the composite signal is sent
through approximately 1000 feet of RG-9/U coaxial cable to provide a delay.
The delay permits the first retransmitted signal to trigger the sweep of the
oscilloscope so that the leading edge of the composite signal can be displayed
and photographed. :

Figure A2 shows the composite waveforms which consist of the initial
portion of the signal and the sharp start marker pulse of the LOUR RPulse
Generator. The sharp master pulse represents the instant, SA, at vhich the
count is initiated on the VIIM system.
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The following is the procedure for measuring signal time differences
using the VTIM:

(1) The VIIM output, V, can be read from & cc ‘v ar.

If we call the time of the stop pulse 8p, and the time of the
start pulse 8,,!

then

(2) Since it is desired to measure the time between the points of
signal arrivel, or signal "breakaway," the proper correction must be measured.
manually for each waveform and applied to the VTIM reading.

B, and Bp represent times to the start and stop pulses, respective].y,

from signel breakawvays. The value for the difference in arriva.l times of the
retransmitted .signal pulse 'brea.ka.wa.yl is

BBB-BB)-(BA-BBﬂ or[V#fBA-BBﬂ.

(3) The desired value is the time difference of signal breakaways at the
slave stations. A correction must be made for retransmitted signal propagation
times, Pj and Pg, from slave A and B respectively to the master station. The
desired time difference, ATB-A' time at slave B - time at slave A, is

AT, , =V 4 (BA - By) ¢ (PA - Pp). (A2)
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