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U FOREWORD

This report has had classified material removed in order to j
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.
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The material which has been deleted is all currently
classified as Restricted Data or Formerly Restricted Data under
4 the provisicn 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

}c 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.
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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

A total of 17 stations, one close-in (320 km from Bikini and 23 Im
from Eniwetok) and the balance at distances, were operated for the
AFOAT-1 electromagnetic experimental effort. Seventy-four sets of data
were obtained from a possible total of 102, Of the remaining 28 sets,
no data were obtained because equipment was not in operation, reccrds
were not readable, the alert notifications were not received, signals
were not discernitle, or equipment malfunctioned.

Broad-band (close-in, up to 40 Mc; at distances, about 100 kc) and
narrow-tand (about 200 cycles) measurements were made of the vertical
field component, Close-in waveforms and field strengths were recorded
for all shots except the first, Signals were received and waveforms,
field strengths and azimuths were recorded at distances exceeding
12,000 Jm for both a north-south and an east-west path,

Spectrum analyses of the frequency con-
tent of the close-in waveforms confirm the theoretical conclusion that
the predomirant frequency becomes lower as the yield increases. For a
nuclear weapon in the 10-Mt range, the predominant frequency is about
8 to 10 kc, while in the 100-kt range it is about 18 to 20 kc.

Analyses of broad-band pulses received at distances show that the
higher frequencies are attenuated relatively more and, when received at
several thousand kilometers, the close-in differences largely disappear.
An approximation of yleld may be obtained at distances by measurement
of peak field strengths.

Where equipment capebilities permitted, times of detonation—-
after allowing for travel time of the nuclear detonation signals and
standard time signals—-were measured to within 2 msec, with one ex-
ception,

Transmitting stations in the very low frequency band were monitored
at selected intervals. Generally, a north-south path crossing the

awroral zcne shows greater attenuation than an east-west path of equi-
valent distance.
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FOREWORD

This report is one of the reports presenting the results of the 34
projects participating in the Military Effects Tests Program of
Operation Castle, which included six test detonations. For readers
interested in other pertinent test information, reference is made
to WI-934, "Summery Report of the Commander, Task Unit 13, Programs
1-9," Military Effects Program. This summary report includes the
following informution of possible general interest: (1) in overall
description of each detonation, including yield, height of burst,
ground zero location, time of detonation, ambient atmospheric con-
ditions at detonation, etc., for the six shots; (2) Discussion of
all project results; (3) A summury of each project, including ob-
jectives and results; (4) A complete listing of all reports cover-
ing the Military Effects Tests Progrum.
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PREFACE g

The experimental and analytical work which this report summarizes
was performed hy the staffs of the National Bureau of Standards and the
Defense Research Laboratory of the University of Texas, The Sferics o
Operations staff of the Air Weather Service operated standard very low o
frequency direction-finding equipment at detonation times as requested
by AFOAT-1, AFOAT-1 appreciates the efforts and close cooperation that
have characterized the people of the above groups working on the prob-
lem of Long Range Detection ;]and especially

Dr, Otto J. Baltzer, Defense Research Laboratory

A. Clenn Jean, Jr., National Bureau of Standards

A. G, McNish, National Bureau of Standards

Capt. Mack Siler, Adr Weather Service
Lt. Col. Paul Wignall and his staff of the Special Projects Branch of
AFOAT-1 handled the operational matters in a helpful and expeditious
manner. Members of the three AFUAT-1 electromagnetic stations furnished
data at a difficult time when the stations were being put into operation
on & 24-hour basis. Mrs. Margaret Beach furnished valuable assistance
in the preparation of the report.
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ELECTROMAGNETIC RADIATICN CALIBRATION

OBJECTIVES

In order to gain maximmnm information on nuclear detonaticns as
determired from the electromagnetic pulse received at distances, therse
are two fundamental problems; first, the discrimination of nuclear-
wearon pulses from natural atmospherics and second, the determination
of the maximum informaticn on the source itself and external conditlons
at detonation time, from the characteristics cf the selected pulse,

The 7.1 Castle project offered an opportunity to monitor detcnations of
nuclear devices of known composition and characteristics, More spe-
cific objectives can be surmarized as follows:

1, Determiration of pulse character before changes due to propa-
gation become apparent.

2. Determiration of pulse character as a function of external
parameters such as distance, time of day, and ionospheric conditions.

3. Measurement of field strength.

4. Explanation of the causes of the electromagnetic phenomena
observed.

5. Relation of pnlse occurrence to secuence of events during the
detonation, -

6. Relation between nuclear-weapon characteristics and pulse
characteristics, both close-in, and, irsofar as possible, at distances.

7. Experimentation with prototype swi-veillaice equipment.

8. Measurement of azimuthal errors in direction-findirg equipment.

9. Determination of times of pulse reception to within 1 masec in
world time.

BACEKGROUND

AFOAT-1 has supported experinental measurements of the pulse emit-
ted at the time of a nuclear detonation during each series of atomic
tests beginning with Buster-Jangle (Auturn, 1951). As a result of these
experiments (References 1,2,3), the following can be stated with some
asgurance:

1, There is an electromagnetic pulse less than 100 nsec long
enitted at the time of a nuclear detonation.

2. At a distance of 20 km from the generating sourcc, the field
strength may be a few hundred volts per meter.

3. There i3 a general relationship between kiloton yield and tke
vertical component of the electromagnetic field.

4. The emitted frequency spectrum extends from about 2 kc or
below up to a few megacycles, but the main components are ir tke region

of about 6 to 50 ke, -
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5. There is an approximate inverse relationship between yleld and
predominant frequency.

6., Pulses received close-in (i.s., approximately 20 km) exhibit
very short rise times (less than a microsecond) in a negative direction
(1.e. the electric field vector is downward),

7. The pulse is predominsantly vertically polarised.

8. Close-in reception indicates that certain nuclear-weapon char-
acteristics can be determined from pulse fine structure.

9. Even low-yield puclear detonstions can produce a pulse receiv-
able at distances in excess of 1,000 km.

10. The ground wave is generally not detectable beyond about 1,500
km from the source because the ionospheric sky wave reflections predom-
inate,

11, A fix of the source of the pulse can be obtained with direc-
tion-finding equipment; observed azimuthal errors to date using equin-
ment tuned to 10 kc have been between O and 9 degrees; most errors have
been less than 3 degrees.

12, At distances, the pulse is extended to approximately ten times
its close-in length. This is the result of multiple arrivals by vari-
ous paths, each characterized by one or more iomospheric reflection.

13, Close-ir fine structure disappears during sky wave propagation
to distances.

INSTRUMENTAT1ON

All stations, both close to and at distances from the detonation
points, measured the vertically-polarized component of the emitted
pulse. Close to the explosion, attemuators were sometimes needed to
prevent overloading, while at distances, amplifiers were nceded. At
all places, the pulse (in no case greater than 1 msec in length) was
displayed on oscilloscope cathode ray tubes, and recorded photograph-
ically with either plate cameras triggered by the pulses or by strip
file cameras started manually Just before detonation times.

World-wide Timipg. In order to assist in locating the pulse, par-
ticularly at distant locations where the energy was sometimes no
greater than the noise, reliance at all stations was placed upon timing
broadcasts from WWV (Washington, D, C.), WWVE (Maui, T. H.), JJY (Tokyo)
or GBR (Rugby, England). To further assure a common time base, both
GBR and WWV were recorded on the same film as a low frequency trans-
mitter such as NSS (Annapolis, Maryland). This film was used for fur-
ther correlation for instances where fading affected reception of WWV
but did not affect reception of the high-powered low-frequency Navy
traffic. In addition, all stations used locally-generated timing
pulses coordinated with a world time station, The nuclear-device pulse
and timing pips were presented on different beams of a multi-beam oscil-
loscope and photographed.

Locgl Timing. Annex A of Reference 3 has a detailed account of

the National Bureau of Standards (NBS) local timing unit., A typical
time record from a close-in sgtation 18 shown in Figure 1 and one from a
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o pulse L beginning WWVH tone ®

Figure 1 Timing traces recorded by NBS at Parry Island, Eniwetok
Atoll,

K

the films to less than a millisecond; however, the world time at any
station was limited by the accuracy of estimates for propagation time
r of the nuclear-device pulse, the timing pulses, or both. Zffectively,
; this limited accuracy of world times to about 1 msec.
. On Figure 1, the upper trace shows the electromagnetic nuclear-
7[‘ device signal as picked up on the broad-band receiver, The lower trace
*

20 ke ’:
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— 12 5 ke e o
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'P distant station in Pigure 2. Times of detonations could be read from

N A e
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Timing e —r— T — 5 b,
Pigure 2 Typical NBS narrow-band field strength
traces, with a timing trace recorded on a ;
multi-beam oscilloscope at a distant location. L J
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shows the WWVH signal and local synchronlzed time ticks superimposed.
Note that the nuclear-device pulse was also plcked up on the WAVH re-
ceiver, The specific second can be determined by counting WWVH secona
marks with refercnce to the missing 59th mark. Time in minutes and
hours is noted from a chronometer synchronized with WWVH and the start
of the camera. Detonation time from the record shown in Figure 1 was
28 February 1844:59.996%; with corrections for propagation times of the
nuclear-device signal and WWVH, the time is 1845:00,0112Z.

Natiognal Buregy of Stqndards Cloge-in Statiog. At the close-in
site, a vertical antenna 0.6 inch in diameter and 2 meters long was
used and located about 60 meters from the recording equipment in order
to minimize distortion due to radiation. At the base of the antenna a
cathode followsr fed a coaxial line to the recording instruments which
consisted essentially of several oscilloscopes set at various sweep
speeds and gains. At close distances (320 km) to ground zero, pulses
were strong (several volts per meter) so there was no concern with
interference from natural sources or transmitting stations. Conse-
quently, the bandwidth of the pulses was limited only by the oscillo-
scoped, This limit was about 40 Mc for one type of oscilloscope used
and about 13 Mc for the others. The low frequency limit was about 160 ®
cpa. A block diagram of the close-in waveform instrumentation is given
in Figure 3.

Digtant Stations. At distant points operated by NBS and the
Defense Research Laboratory (DRL), 30-foot vertical antennae with
standard cathode followers were used. Narrow-band (about 200 cps) and
broad-band (about 1 to 70 ke¢) recordings were made. A ground mat 50
feet square was used at each location. The NBS narrow-band fleld
strength traces, with a timing trace, were recorded on a multi-beam
oscilloscope, as shown in Figure 2. Another oscilloscope and camera
recorded the broad-band pulse., The DRL stations recorded the broad-
band waveforms. The Air Weather Service (AWS) used a crossed-loop ®
gonlometer and recorded azimuths. In addition to other equipment, all
distant NBS and DRL stations employed one standard recording channel
with the same electrical characteristics, This channel, fed by a
cathode follower, used a standard amplifier with a flat response over
about 8 to 20 ke, and a galn of about 1,000, Reports by NBS (Reference
4) and DRL (Reference 5) should be consulted for further details.

The Air Weather Service operates a net of low-frequency (10 kc)
narrow-band (about 0.5 ke) direction-finding stations for locating
thunderstorm areas as an aid to weather forecasting. The equipment
consists essentially of two identical amplifiers each fed by identical

» loops, one oriented north-south and the other east-west. The output of .
one amplifier is connected to the vertical plates and the other to the ;

horizontal plates of an oscilloscopo. The voltages add vectorially and

the oscilloscope presentation shows a line indicating the direction of

arrival of the pulse with & 180-degree ambiguity. To remove the ambi-

guity, a vertical antenna receiving the electric vector and driving the

grid of the cathode ray tube through a third identical amplifier can be ®

3 used to cancel a portion of the oscilloscope presentation. The azi-

muthal flashes on the oscilloscope face, together with 0.,1-second and

15
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l-second timing lights synchronized with WWV, are recorded on 35mm
strip film. Further details are given in Technical Manuals (References
6 7).

’ The AFOAT-1 operational stations were easentially sferics direc-
tion-finding stations similar to the description above but with a wider
bandwidth (8 to 12 kc). A coincidence system was used between Dow Air
Force Base, Bangor, }?ino and Austin, Texas so only signals in a pre-
determined azimuth ( -5 degrees) would present a distinctive mark on

r. the film.
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OPERATIONS

' Equipment. The equipment for the experiments at the Pacific Prov-
(il ing Ground was placed in a trailer and shipped as deck cargo. The
4 trailer served as the main AFOAT-]1 electromagnetic close-in station and
{ contained all the equipment except that for determining world times of
detonation. The trailer site selected was Enyu Island, on the south-
eastern portion of Bildni Atoll, and across the lagoon from the detona-
tion points. The timing equipment was erected in the AFOAT-1 headquar-
° ters on Parry Island, Eniwetok Atoll,
Because of the expected high yleld of Shot 1, the equipment on Enyu
was not manned but was actuated by an Edgerton, Germeshausen and Grier
(EGG) relay timer. The radiocactive debris from Shot 1 drifted over the
{ trailer, making it impossible to enter the area after the detonation
9 until the debris had decayed to a reasonable value. After a week the
ﬂ trailer on Enyu bad cooled sufficiently for handling, so all equipment
was removed and relocated on Runit Island, Eniwetok Atoll, about 300 km
from Bikini. The equipment was installed in a bunker on Runit where it
was manned for the balance of the Bikini shots. For Shot 6, which was
detonated on Eniwetok, 23 km from the bunker, the recording equipment
on Runit was ummanned but was actuated by an EGG relay timer.

Station ons., Figure 4 shows the locations of the electro-
magnetic stations, the agency responsible for the measurements at each
place, and the distances from each station to Bikinl and Eniwetok. For
the most part for distant statlons, locations already in use by NBS,
DRL, AWS and AFOAT-1 were utilized. At Shemya, Thule and Kirknewton,
however, site surveys were made by AFOAT-1 personnel. Insofar as possi-
ble, sites were chosen on east-west and north-south orientations in an
attempt to get some idea of the propagation differences due to a day-
light path, a dark path, and auroral zone transmission.

Special Measurements. Between detonations, low-frequency trans-
mitters, NSS (Annapolis, Maryland), NLK (Arlington, Washington), NPM
'! (Oahu, T.H.), and GBR (Rugby, England) were monitored on an agreed-upon

schedule, in order to obtain information on various transmission paths
, at various times, There was also an attempt to monitor sferics to co-
! incide with the routine AWS four-minute recording scheduled every six
[ hours, beginning at 0030Z,

s

YTy v

®
; Alert Notificatiopns. The experimental equipment installed at the
;, close-in locations, and at most of the distant locations, had a limited
16
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recording time (in aome cases, a few seconds). In order to coordinate
¢lobal operations, the day-to-day changes 1n achedule were sent to the
several sites over regular military TWX or commercial telephone cir-
cults. The messages were in code when schedule information was sent.
In addition to schedule changes, the alert communication code was used
to give estimated field strengths for the various shots and thus arsist
station personnel in setting amplifier gains,

Low-frequency Ipterference. The distant stations at Fort Belvoir,
Virginia and Maui, T. H, were less than 100 km from the Naval trans-
mitters, NSS and NPM, respectively. Both transmitters use carriers
(16 to 20 kc) that would interfere with broad-band recordings of a
nuclear~device detonated thousands of kilometers away. Through the
cooperation of the Navy, NFM, NSS and NLK were off the air at shot
times. For security purposes these transmitters were also frequently
taken off the air at other than shot times.

RESULTS AND OBSERVATIONS

There was a total of 17 stations participating, although for any
one shot no more than 15 stations were in operation. A summary of the
results at the various locations is given in Table 1,

The detonation time was determined from the timing equipment on
Parry Island, Eniwetok Atoll,

One of the means of locating the nuclear-device pulse when record-
ed at distances from the test site is by knowledge of the time of det-
onation. Where millisecond accuracy was possible, the agreement, with
one exception, was within 2 msec of the Parry Island time after correc-
tions for propagation and WWV times were made. Some equipment did not
have the capability of resolving time to within a few milliseconds, as
indicsted by asterisks in Table 1.

Azimithal errors are generally within the error experisnced with
this type of very low frequency (VLF) equipment, namely, 13 degrees,

Tuller Light. An experiment at the Runit Island location, designed
to record the Teller Light and the electromagnetic pulse simultaneously,
failed on Shots 2, 3, 4, and 5 because of the distance from Bikini, and
on Shot € because of equipment malfunctions. The purpose of this exper-
iment was to establish an electromagnetic fiducial in time coincident
with other phenomena.

Field Strengths. For a pivern path, the attenuation is determined
by distance, reflection coefficients of the ionosphere (day, night, sun-
rise or sunset along the path), and ground conductivities, In additionm,
some workers have reported variations for east-west or north-south
paths., (See the comments about the low-frequency transmitters later in
this report.) All the above effects vary with frequency.

Up until Castle, close-in measurements had been made of the ground
wave at the Nevada Test Site at distances between 20 and 50 km, which
was within line-of-sight of the detonation areas (References 1,3). An
attempt was made to obtain measurements at comparable distances during
this series; however, because of the radicactive fallout from Shot 1,
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TABLE 1 SUMMARY OF CASTLE RESULTS

Statlon/Agency
Distance (km)
and calculated
azlmuths to
Bikinl (B) and
Enivatok (E)

Time as recelsal at the station (Z), corrected for nuclear detonation pulse and WWV
transmisaion times; Remarks; Recorded azimuths to detonatlo: points; Fleld Strength
data (v/m); a. Broad-band, center-to-peak (W whip, L loop); b.

Narrow-band,

Shot 1 - 28 Pebruary 1954 - 1945:00.0112
Detonsted at Bikini

Shot 2 - 26 March 1954 - 1830:100.3732

Detonatad at Bikint

J' 2 ‘_;..a :

L.A.é.’A_L...‘A“* TY T T N7

Enivetok/NBS Radinactive debris fogged waveform equip- 1830100,)78 Waveform equipment
B 20 and 320 ment on Enyu Island, Bliint atoll (20 \m was moved to Runit Island, Eniwetok for
E2D from detonation point), the balance of the serles,
L o 2.~ 21.0 (W)
uam/NK3 1245:00.711 A, 0.% %))} 1826:00.378 a. 1.5 G
8 2,270 b, 0.036 (8 ko)
E 1,720 0.242 (12.5 ke)
- 0,023 (20 ke)
Maui/NBS 1845100.010 . L7 (W) No time record. a, 1.79 (€
B 4,200 b, 0.23 (8 ko)
E 4,420 0.26  (12.5 ke)
0.926 (20 ke)
Shemya,/TRL Alert notification not recelived in time. 1%190.3’76 a. 0.0% (0
B 4,680; 209° 210° 13°
£ 4,750; 21.°
Pt. Barrows NbS Poor timing record. 1830:G0. 7718 a.  O0.51 Ev’
B 7,280 . 0.52 (W) b. 0.010 8 kc)
£ 7,360 0.011  (12.5 kc)
0,20097 (20 kc}
Stanford Univ/iBS Not in operatinn. 1830:00.,377 .. 0.22 W)
B 7,740 b. 0.020 (8 ke)
E 8,000 0.018  (12.5 ke)
0.0018 (20 e)
larson AFB/AF Off acale. 1830:100.5 ¢
8 8,030; 267° 2700 130 271° 3°
K 8,200; 2690
Boulder/NBS 1445100.012 a. 0.38 {4) 1830100,)79 a. 0.4 C)]
B 9,200 b. 0,0L% (8 xe) b, 0.016  (12.5 ke)
£ 9,460 0.16 512.5 ke) 0.0015 (20 ke)
Qu0Ll3 (20 kc)
Thule/DRL Alert notification not recel'ved in time. 1330:90,378 a.~ 0.02 (W)
B 9,630; 3070 410 310° I3° 0,225 (L)
® 9,700; 310° }°
Duluth/AF Not in operatlon. Not in operatlon,
B 10,080; 287°
£ 10,280; 289°
Auatin/DRL 1?;17.5:90.011 a. 0,h8 ()] 1430100.378 a. 1.10 W)
B 10,100; ‘,32° o 2870 I30 0.083 (L) 0.13 (L)
E 10,350; 284° 11°
Ft Belvolr/naS 1845:00.011 b. 0.006 (B «c) 1830100,378 a. 0.280 (W)
B 11,530 0.9044 (12.% ko) b, 0.0054 (8 ko)
I 11,7% 0.0052 (12.5 ka)
0.00078 (20 ke)
Andrews,/AwS Not in operation. 1830:90632 .
B 11,550; 296°
K 11,770
Uow AFB/AF Equipment trouble. 1330!90.35 .
B 11,750; 301° 29 2
E 11,720
¥ Paln Besch/aS 145:100.20  * 1830190.37 *
B 11,850; 291° 299° %30 294° g’
E 12,070
K{rknewton,/DRL Alert notification not received in time. Poor time correlation.
B 12,510; 12° 190 %30 e, 0.%49 (W)
E 12,530; 17°
l(indloy AFB/A 181.&139 g ¢ Not in operation.
B 12,860; 302° ‘
£ 13,100

“Within limit of resolution.
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TABIZ 1 SUMMARY OF CA5TLE RESULTS  (Cont)

Station,/Agenoy
Distance (im)
and oalculated

Time as received at the station (Z), correctad for nuclear detonation pulse and WWV
transaission times; Remarks; Hecorded asimuths to detonation points; Field Strength

data (v/m); a. broad-band, center-to-peak (W whip, L looj); b.

Narrow-band.

a2 .____A. pe

asimutha to —
Bikini (B) and Shot 3 - 6 April 1954 - 1B20100.4112 Shot 4 - 2% April 195% - 1R10:00.6912
Eniwvetok (E) Detonated st Bikini Detonated et Bikin!
Eniwetol/NBS 1820100411 2. ~15.0 (W) 1810100. 641 a. ~40.0 (W)
E 20 and 320
E2) - L o
Tuan/ W85 1820100.412 e, 0.61 (W) 1810100, 692 . 106 (W)
B 2,270 b. 0.003. (8 ko) b, 0.023 (B ko)
E 1,920 0.2065 (1<.% kc) 0.3.3 (12,5 k=)
D - 0,0080 (20 kc) - 0,920 (20 ko)
Haut/FhS 1820100, 41 e, 0,27 (W) No time record. a. 1.49 (W)
b 4,200 0.910 (8 kc)
E 4,420 0.013  (1<.5 ke
N _ 0,001 (LU ke .
Shemya, DL Alert notification not recrived in time. 1810100, 689 s, 0239 (™)
b L, 680; zoog 2140 13° 0.33 (L)
E 4,750; 214
Ft. Barrow, B0 Foor time record.
B 7,280 . 0% (W) No time record. a. 0.29 (W)
£ 7,360 b,  0.002t (8 ke)
0.209 (1..5 kc)
1 0,031 {20 ke)
Stanford Unlv/Nbs | 18. :00.41< e, GuB (W) 1810:00.691 a. 0.33 (W)
E 7,740 b, 0.2073 (8 Xc) b.  0.0055 (8 ke)
£ 8,000 0,2033 (lz.5 kej 0.0087 (12.5 ke)
) o 0.0020  (2C ke) 00012 (20 ko)
larson AFE/AF Record not avallatle. Doubtful record.
F 8,730; 2670
E 8,200, 269°
Boulder, Nbs 1820:00,412 a. 0.2%5 (W) 1810100, 690 a. 0.33 Tw)
E 9,200 b. 0.0011 (8 kec) b. 0.0080 (8 kc)
E 9,460 0.2028 (17.5 ko) 0.018 élz.s kc)
0,20031 (20 ke 0.9011 (20 ke¢)
Thule/DiL 1820:00,411 a. 0.0035 §”§ 1810190.691 «. o0& (W)
b 9,£30; 307° 11° | 3140 30 0.02012 (L 3070 130 0,925 (L)
E9,700; 310° 11° |
Duluth/AF Kot in oyeration. Record not available.
B 10,080; 287°
E 10,280; 289°
Kuatln/TRL 1827770, 211 a. 0007 (W) 1810190.691 s, 0.27 (ug
B 10,100; 282° 19| 285° 23° 0.01¢ (L) 28g° 13° 0.12 (L
E 10,350; 28,9 110
Ft Belvoir/BBD 1820:00.412 s, 0.018 (W 1810:00.590 a. 0.090 (W,
b 11,530 b,  0.00075 (8 kc) b. 0.0021 (8 ke)
E 11,750 0.201  (12.% ke) 0.0055 (12.5 ke)
0,20022 {20 ke¢) 0,90062 (20 kr)
Andrevas /AW Results negative, 1810:00,69 *
B 11,550; 29¢6° 290 330
E 11,770
Dow AFE/AF Results negative, Heavy sferics activity.
B 11,750; 301°
E 11,920 1 )
¥V Talm Beach/AWS Started too late. Not in operation,
B 11,85C; 291°
E 12,770
K rinewton/DRL 1820:00.411 e, 0.013 (W) 18101 00,692 a.  0.0096 (W)
b 12,510; 12° 290 #30 0.203 (L) 220 130 0.0059 (L)
E 12,530; 17°
Kindley AFB/AWS Not in operation, Rct in operation.
B 12,860; 302°
E 13,100
*Within limit of resolution.
20
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TABLE 1 3JUMMARY C(F CASTLE HESVLTS

(Cont)

3tation/dgency Time as recoived at the station (2), corrected for nuclear letonation pulse and WwV
Distance (im) transmiasion times; Remarks; Recordsd arlmiths to detonatlon points; Fisld otrenyth
and caloulated data (v/m)ja. Broad-band, center-to-peak (W whip, L loop); b, Narrow-band.
asimuths to
Blkinl (B) and Shot 5 - 4 May 1954 - 1810:100.1562 Shot 6 - 13 May 1954 - 1820100..042
Eniwvetok (B) Detonated at Bikinl Detonated at Eniwetok
Eniwvetok/NB3 1810500.156 s ~34.0 (W) 1820:00. .04 2.-775.0 (W)
B 20 and )20
£2) L —_
" Cuan/NBI 1813100152 PR 094 SR {°)) 1820:00..04 a. ~1..6 T
B 2,270 b. 0.290 (8 ka) b. 0.035 (8 kc)
4 1,920 0.3%7  (12.5 ke) 0.028  (12.5 ¥c)
R - 0,029 gg)_kc) .21 (20 ke)
Maui,/NB3 1810100.156 a. 1.81 (" 1820:00.404 a. 1.4 1€%))
B 4,200 b. 0.2 (8 ikc)
B 4,420 0.0%6  (12.5 ke)
_— oLl (20 ko)
Shemya/DRL 1810100.155 . 0073 (W) 1820:00. 401 a. 0.037 (W)
B 4,680; 209° 215° ?‘?° 0.42 (L) 2100 %30 0.38 (L)
R 4,750 21.°
T¥ Barrow,/¥BI 1810:00. 158~ . 035 W Yo tlme record. b. 0.013 (8 keJ
B 7,280 b. 0.013 (8 ko) 0.014  (12.5 kc)
£ 7,360 0.014  (12.5 k) 0,%011 (20 ke)
0,201 (20 ke)
Stanford Taiv/¥B3 | No record 1820100.405 o 0.51 (W)
B 7,740 b, 0.012 (8 kec)
£ 8,000 0.019  (12.% ke)
0.00097 (20 kc)
larson IYB/1F Poor signal 1820:00,3  ®
8 8,030; 267° 2720 330
£ 8,200; 269°
Boulder/NES 1810:00.158 b. 0.013 (8 ko) 1820:00.405 s, 0.30 (W)
B 9,200 0,04 (2.5 ¥o) b, 0.0068 (8 «kc)
k9,460 0.20057 (20 xe) 0.017  (12.5 ka)
0.0017 (20 ke)
Thule/TRL 1810100.157 a. 0.241 (W) 1820100.404 . 0,071 (W)
B 9,630; 307° £10 | 3080 t30 0.032 (L) 3100 130 0.928 (L)
X 9,700; 310° %10
quth/U 1810:90.17 J 1820:90 J o
B 10,080; 287° 288° 130
L 10,280; 289°
dust 1810:00.158 a. 0.259 (W) 1820100.405 .. 0.2 (W)
B 10,100; 282° 110| 2860 130 oL (L) 2010 130 0.13 (L)
K 10.350; 28,° 110
W Balvolr/FEY 1315.:00.1%8 a. 0.070 (W) 1820:00.405 a. 0.078 (W)
B 11,530 b, 0.0037 (8 kc) b, 0.0020 (8 kc)
£ 11,75 0,0040 (12.5 e) 0.0056 (2.5 kc)
- 0,00031 {20 kc) 0.00084 (20 ko)
/.nd rews/AWS 1810:00.17 * Not in operation.
b 11,550; 296° 298° ty0
E 1,70
Dow AFB/AF Record not avallable, 1820:00.2 *
B 11,750; 301°
T 11,920
V Paln Beach/AW 1810190 VIR Yot i{n operation,
B 11,850; 291°
£ 12,070
Urinevton,DRL 1310100 .148 a. 0.0086 (W) 1820100, 404 a. 0,012 (W)
B 12,5105 12° 26° 0.,0063 (L) 219 %30 0.0070 (L)
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the station was moved to Eniwetok Atoll, about 320 m from the bBikini
detonation locations. The Shot 6 detonation point was within line-of-
sight, but the records obtained were of questionable value, probably
because of spurious pick-up on lead-ins.

Since most of the electromagnetic energy recorded from a nuclear o
detonation is in the VLF band, the ground waves reco~ded at 320 lm have
substantially the same shape as a closer recording with, of course, a 1
decrease in magnitude. For example, from Reforences 8 and 9, decreases
in ground wave amplitude to be expected over a sea water path between
two locations 23 km and 320 km from the origin vary with frequency as
follows: 1 ke, 27 db; 10 kc, 2, db; 500 kc, <9 db; 2 Mc, 33 db; and
5 Mc, 39 db.

At distances, where no ground wave was recorded, the wave shape
wvas an additive combination of more than one sky wave, and the result
was usually similar to a damped sinusoid with higher frequencies atten-
uated relatively more. Frum Reference 10, for a typical daylight path,
sky-wave attenuation in decibele per 1,000 km is about 20 at 1 kc, o
about 2 at 10 kc and then rises gradually to about 50 at 1 Mc. !

Field strength, especially at distant points, is only a very ap-
proximate measure of yield. However, a rough estimate of yield within
about an order of magnitude may be obtained from broad-band field-
strength moasurements., Figure 5 is a plot of field strengths from the
Castle shots for stations on an east-west patk recording broad-band
waveforme, FProbable curves are drawn in for three of the staticns.
Figure 6 is a piot of field strengths of three stations on a north-south
path. Field strength data from Guam, Shemya and Pt. Barrow are general-
ly low. The reasons are rot definitely known and these anomalies are
being investigated. Contributing causes may be interference between
sky-wave modes, ionocpheric absorption, ground constants, and, in the
case of Pt. Barrow, attenuation due to aurorel absorption. It is be-
lieved that the Shemya field strength data, additionally, may be low
bacause of local conditions at the receiving site.

ST

X 4 & &

da

Re . Figures 7 through 12 are selected Castle electromagnetic
records (References 4,5). Records from all shots recorded are shown
from Eniwetok; Guam; Maui, T. H.; Boulder, Colorado; and Ft. Belvoir,
Virginia to 1llustrate changes with distence. Additionally, some typi-
cal records from other locations are reproduced.

At Enivetok, for Shots 2, 3, 4 and 5, the swsep time was long
enough to record not only the ground wave, but also one or more sky
veves (Figures 8, 9, 10, 11). At Guam, for Shot 3 (Figure 9), several
sky waves are shown.

Close-in waveforms are broad band. The oscilloscopes had the
capability of faithfully recording frequencies in the range from essen-
tially dc to 13 Mc., This was more than adequate, since the maximm
equivalent frequency recorded was about 3 or 4 Me. Two broad-band ver-
tical electric component waveforms are included for each shot, except
Shot 1. when all film on Enyu was exposed to radiation.,

Pl iiten cntEa S oo i 4

4t least at a distance of 320 km some detail is preserved in the
firet hop sky wave (Figure 9, Eniwetok). The arrival times of the first
22
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sky wave give an lonospheric layer heiyht of about 90 lkm. Some records
(not included in this report) show as many as five sky waves, but of
course with less energy for each reflection, and they also indicate an
ionocspheric layer height of about 90 km. 4ll clore-in records show the
cr characteristic first negative-going pulse: ol

The close-in records from Shot 6 ]
(43 km away) appear to have spurious components imposed. This could be ]
) pick-up on lead--ins or through the earth, Other experiments at compa-

rable distances at the Nevada Test Site have all involved detconations 1
() almost two orders of magnitude lower in energy. .l
The changes in waveform due to the filtering effects of the iono- ]

ephere (absorption of the higher frequency components) and interference
between different sky-wave modes 1is quite apparent as the broad-band
pulse is recorded at greater distances; the pulse loses character and
presents a damped sine wave appearance. Broad-band waveforms at the
L(& far stations, in general, mean about € ‘o 100 kc, which encompasses the
greatest portion of the energy avalilable.

Fourier Analyses. The National Bureau of Standards has performed
Fourier analyses of two of the Castle shots (References 11,12). The
y transform
i 2 wft
) o -2
a(f)y=/ " E(te dt )
(]

[ has been computed by using the values of fleld strength tabulated as a

,(S function of time and performing the integration numerically on the SEAC,
i The magnitude of g(f) (the square root of the sum of the squares of the
real ancd imaginary parts) for the Shot 2 pulse, as received at some NBS

f sitea, has been plotted as a function of frequency in Figure 13,

In order to evaluate absorption due to earth and ionospheric losses,
2 a distance factor is employed. For short distances this 1s the inverse
Ei of the distance, but for longer diastances, the earth's curvature is

- taken into account, assuming that the ionosphere and the earth act as a
wave guide. Frcm Reference 10, the factor is

4/S-TN8- (2)

Where: D = Distance from the origin, (lm).
R = Earth's radius, (km).

T YT Y

Figure 14 is a plot of the Shot 2 pulse, but the spectral inten~-
sity C, which 1s proportional to the amplitude of the received field
i atrength per cycle of bandwidth is multiplied by .¢/7n-§ Figure 15
( is a similar plot for Shot 3. Some propagation characteristics may be
¢ deduced from Figures 1, and 15, For Shot 3, 126 kt, the peak frequen-
cles of Figure 15 decrease from about 18 k¢ for Eniwetok (320 Im) to

F 11 kc for Ft. Belvoir, Virginia (11,530 km)., However, in the case of
Saot 2, with a yield of 10.5 Mt, the peak frequency of Figure 14 re-
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mains very nearly the same as the pulse 1s propageted to distances. L

{ This is partially because the distribution of energy with frequency

: near the source was different for Shot } and Shot 2, The curves also

g show attenuation with distance at any freque.cy within the range ana-

LC' lyzed. It is apparent that the higher frequencies are attenuated rel-

¢ atively more. It is interesting to compare Figure 13, which shows .
spectral intensity values as received for Shot 2, and Figure 14, which {

\ shows comparable values with the distance factor removed. Under the

e conditions of the Castle tests, as distance increases, attenuation due

F to distance becomes relatively less important.

h

N

4

&

Yield and Predominant Frequency. There appears to be an approxi-
mate relationship between yield and frequency at which peak energy
occurs, and there i3 some theoretical justification for this relation-
ship (Reference 13). Plotted as Figure 16 is a theoretical curve from
Reference 13, with points indicating frequencles with maximum energy,
as cal~ulated from close-in waveforms, for some of the Upshot-Knothole
detonations, Castle Shots 2 and 3, and estimated frequencies for Castle
Shots 4, 5, and 6,

Narrow-Band Records. Narrow-band (approximately 200 cps) record-
1 ings were also made during the Castle series. This technique may be ®
necessary in making measurements under operational conditions. Values 1
. of spectral intensity were also calculated for fleld strength narrow- : ;
[ band values received for Shot 2 (Reference 11), Figure 13 has narrow- J
band points indicated by crosses and it will be noted that in most ]
cases, the agreement with the corresponding broad-band spectral curve
"ﬂ is quite good. In some cases, the trigger level was somewhat high, o
[ which resulted in missing the initial portion of the waveform. Other i
3 reasons for discrepancies were variation in bandwidth with signal level

and aging of tubes.

Peripheral [ightning Flashes. Fast-frame moving picture photo-
graphy (3,000 or more frames per second) of Ivy Mike show what appears

to be lightning flashes between tha natural cloud cover and the sea on

the periphery of the fireball, This phenomena starts at about 5 msec
after the beginning of the muclear reaction and continues for about
75 msec or more, These visible flashes were also evident on the high-
speed photographic film recordings of the Castle series.

High-gain receiving equipment, with a bandwidth of about 1 kc to
1 Mc, long-wire antenna, and a tape recorder were used at Eniwetok in
an attempt to detect these flashes. No signals attributable to the
discharges were not-d,

Loy-Frequency Transmitters. An analysis of field strength mea-
i surements of low-frequency transmitters has been carried out by NBS.

(References 4,12) At widely-separsated locations during Castle, NBS and
{ DRL monitored NSS, NLX, NPM and GER to obtain field strength measure-
ments. Narrow-band equipment was used; essentially the same as that

. used for recording the narrow-band field strengths from nuclear detona-
1 tions, Measurements were made at the same time at each location, once
each hour, Five selected plots of field strength versus time from
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Figure 16 Plot of selected Upahot-Knothole and Castle close-in
waveforms showing the relationship between yleld and predominant
frequency.
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Reference 12 are reproduced here. Figuros 17 and 18 show the field
strengths of NSS as measured by DRL at Kirknewton, Scotland and Thule,
Greenland, reaspectively. These are essentially north-south paths, with
that to Kirlmewton skirting the auroral gzone, and that to Thule pene-
trating the auroral zone., Figure 19, for the NPM-Thule path, is also
north-south penetrating the auroral zone. Figures 20 and 21 are plots
of the field strengths of NPM and NSS, as measured by DRL at Austin on
the same days and at the same times. These data are for an east-west
path,

It is readily apparent that there was considerable variation in
recorded field strengths from day-to-day and during the day. Day and
night variations in signal strength are generally more pronounced on
the north-south path than east-west. The magnitude of diminution in
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Figure 17 Plot of the field strength of NSS as measured by
DRL at Kirknewton, Scotland.

signal from dark-to-daylight paths was apparently greater when the
auroral zone was penetrated. At Thule and Austin field strengths were
lowsr during magnetically disturbed periods (i.e. 24 March 1954) than
during relatively quiet magnetic periods (i.e. 6 May 1954). Magnetic
factors from the Cheltenham Magnetic Observatory were used as criteria.
The average daytime field strength from NSS at Kirknewton (5,800
im) was about 0.45 mv/m, while at Thule (4,000 km), it was about 0.03
mv/m. If equal attenuation per 1,000 lon is assumed for both paths,
then NSS-Thule is low by 25 to 30 db as compared with NSS-Kirknewton.
The NPM-Austin path on 24 March, 27 April and 6 May 195, showed
higher day and night field strengths during magnetically disturbed
perlods than when comparatively quiet. This is an apparent disagree-
ment with the NSS-Thule and NSS-Kirkmewton results; however, it is in
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agreement with other investigators over other than North Atlantic
paths, ]
With NPM-Austin (5,800 km) as a base for predicting fielid ]
strengths for NPM-Thule (7,600 km), the latter is low by 6 or 8 db, °
This 1s an apparent contradiction of most similar measurements which '
glve greater attenuations over east-weat paths, as compared with north -

south paths. However, the auroral zone was not crossed in the course

of those measurements.

CONCLUSIONS AND RECOMMENDATIONS

N

The first AFCAT-1 close-in (320 km) recordings of the electro-
magnetic pulse emitted at the time of detonation of a large nuclear
device (megaton rangs) were made during the Castle operations. Varia-
v tions in field strengths, measured with presumably identical equipment
i‘a at the various locations, are not explainable, Waveforms were recorded
at distances up to 12,000 km. Beyond about 2,000 to 4,000 km, close-ik
detail disappears. With proper ccrrections for path, terrain, iono-
spheric conditions, time of day, etc., it may be possible to make a
fair estimate of yleld as a function of field strength received. How-
g ever, corrections to be made are imperfectly known. Frequency analysis
L © of waveforms, together with other chLaracteristics, may offer some as-

3 sistance.

AN e s g
.l

Q.

E-

i‘i Reception and identification cf nuclear-device pulses, when tims ,*
A of detonation is known to a millisecond, is relatively easy; doing the 1
same thing on a 24~hour basis, when the detonation time is not known,
is much more difficult., This means that more information is needed on
techniques of diascrimination and much of this can be iearned by study-
ing naturally-occurring atmospherics,

Studies of the various parameters affecting VLF propagation should
be emphasized, and this should encompass a well-coordinated theoretical
and experimental approach. Studies in VLF propagation to date have
largely been concerned with communications frequencies where transmis-
sions are repeatable. Further work along this tack in the lower por-
tions of the band i1s worthwhile., In addition, further studies of
naturally-occurring atmospherics should be conducted, because natural
flashes have many similarities to the man-made type. The aferics
studies should be extended to the low-audio frequencies and into the
megacycle range---both being areas where limited work has been done so
far,

ey
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