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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.




TEITEIRIPUCCHI

ELUGELABS
SANILDEFONSO
COCHITA

806oMB0CO NIEY /- ENIWETOK ATOLL
A 3 y NORTH PACIFIC OCEAN

.

MA;;@ VERA
AN
PHOTO TOWER/ / “A—URSULA

(MACK), 8% _\CORAL HEAD
T|LQ\ \, (0SCAR)

A

5 Statute Miles

RIGIL! g




BIKINI ATOLL
NORTH PACIFIC OCEAN
L)

Shots 18 2

HAMLY
{CHARLIE)

BONONEJIEN Shots 4485
{BAKER)

BOKOBYAADAA
{ABLE )

ROMURIKKU
(FOX}

UORIKKL
{EASY)

YUROCH!
{DOG) .

: BOXORORYURU
; { 8RAVO) v a s ° ™ » S Statute Miies L .
; BOKOAETOKUTOKU ~
(ALFA} : yd
OURUKAEN -~ A BIKIN
{ ZEBRA) & cocA / TN howd
’ ~7 BOKONFUAAKY

ENHRIKKU - .

(UNCLE) 7 < HTEM)
Vs ’/ [

ENINMAN L / YOMYARAN

(TARE) {316)

ARRIIKAN
{ YOKE )

CHIEERETE REERE - e ENIAIRO
{WiLltan} {SUGAR!} ’,’ '1’ {XING)
BIGIREN e ROCHIKARAI
RUKO S
VICTOR) “(roGeR) 7 (LOVE)
PG . AIRUKIRARY IDNCHE B
(PETER) (MIKE)

,/I.A\RUK"JI ENYU
~ § (OBOE} (NAN}




JLYNIXOMddY #

0006229 3

51'889'911 3 22008'911 3 0066.'601 3 9% 066'GL 13 g86°'€91'9, 3 S3I1VNIQH00D
000GL'LPIN Sv v2P 191N €8'869'19I N 0SS ¥SI1'00I N GO'GE9°0LI N L1'L19'0L1I N |43AHVYN B SINIOH
! abiog abi0g abiog puoTy 3bi0g puo’) 3dAl
"(udowoy ) x04 wouy " 22y w0
J
{Qo136n13) 04014 * 134049 SN AMDIS € pup (1yd0unp) bog {uowuiul) 100
AN AAI ' wojamiul] wosy 0069 JO HPOY Yim S21y O 210} ‘wnpg 1 Joys ‘g ("wDN)?"'m NOILYI01
uo14335134uy 40 abiog uo ‘ g JO Isam 1uing
G1:90 50:90 G0:90 G1:90 G2:90 0v:90 «3NL
{ papissojoun )
o JINUD ] 00 o3wo OAD
10193N §uDA uorun uooy Y ‘8 INVN 3000
Kkow ¢ Aow ¢ t1ady 92 jady ¢ © Yoo 22 yaoW | 31va
9 0y4s S 10ys b 1oys € 10ys 2 ioys 1 ioys

NOILVWHOINI

L0HS TTYH3INIO




ABSTRACT

A total of 17 stations, one close-in (320 lm from Bikini and 23 km
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 poassible total of 102, Of the remaining 28 sets,
no data were obtained becasuse equirment was not in operation, records
were not readable, the alert notifications were not received, signals
were not discernible, or equipment malfunctioned.

Broad-band (close-in, up to 40 Mc; at distances, about 100 ke) and
narrow-band (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 strengthas and azimuths were recorded at distances exceeding
12,000 Im 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 predominant 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 ke,

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 fleld strengths.

Where equipment capabilities 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 intervala. Generally, a north-south path crossing the
auroral zcne shows greater attenuation than an east-west path of equi-
valent distance,




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 information of possible general interest: (1) An 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 summary of each project, including ob-
jectives and results; (4) A complete listing of all reports cover-
ing the Military Effects Tests Program.

PREFACE

The experimental and analytical work which this report summarizes

was performed by the staffs of the National Bureau of Standards and the
" Defense Research laboratory of the University of Texas, The Sferics
Operations staff of the Alr Weather Service operated standard very low
frequency direction-finding equipment at detonation times.as requested
by AFOAT-1, AFOAT-1l appreciates the efforts and close cooperation that
bave characterized the people of the above groups working on the prob-
lem of Long Range Detection and especlally

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, Air 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 AFOAT-1 electromagnetic stations furnished
data at a difficult time when the stations were being put into operation
on a 2-hour basis. Mrs. Margaret Beach furnished valuable assistance
in the preparation of the report.
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ELECTROMAGNETIC RADIATION CALIBRATION

OBJECTIVES

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

The 7.1 Castle project offered an opportunity to monitor detonations of
‘nuclear devices of known composition and characteristics. More spe-
cific objectives can be summarized as follows:

1. Determination 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 pulse occurrence to sequence of events during the
detonation,

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

7. Experimentation with prototype surveillance equipment.

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

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

BACEGROUND

AFOAT-1 has supported experimental measurements of the pulze 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
assurance:

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

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

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

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

of about 6 to 50 ke, 1
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5. There is an approximate inverse relationship between yield and
predominant frequency.

6, Pulses received close-in (i.e. approximately 20 lm) 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 predominantly vertically polariszed.

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

9. Even low-yield nuclear detonations can produce a pulse receiv-
able at distances in excess of 1,000 lm.

10. The ground wave is generally not detectable beyond about 1,500
Im 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 equip-
ment tuned to 10 ke have been between O and 9 degrees; most arrors 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 ionospheric reflection.

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

INSTRUMENTATION

A1l 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 needed, 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
film cameras started manually Jjust before detonation times,

¥orld-wide Timing. 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.), WWVH (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 lov 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.

nggl__ig;gg. Annex A of Reference 3 has a detailed account of

the National Bureasu of Standards (NBS) local timing unit. A typical
time record from a close-in gtation 18 shown in Figure 1 and one from a

12
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Figure 1 Timing traces recorded by NBS at Parry Island, Eniwetok
Atoll,

‘ distant station in Figure 2. Times of detonations could be read from

‘ the films to less than a millisecond; however, the world time at any

‘ station was limited by the accuracy of estimates for propagation time

g of the nuclear-device pulse, the timing pulses, or both. Effectively,

‘ this limited accuracy of world times to about 11 nsec.

‘ On Figure 1, the upper trace shows the electromagnetic nuclear-
device signal as picked up on the broad-band receiver. The lower trace

20 ke *

12.5 ke F
YTy — ", —

Timing

Figure 2 Typical NBS narrow-band field strength
traces, with a timing trace recorded on a
multi-beam oscilloscope at a distant location,
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shows the WWVH signal and local synchronized time ticks superimposed.
Note that the nuclear-device pulse was also picked up on the WWVH re-
celver, The specific second can be determined by counting WWVH second
marks with reference 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 1844:59.796Z; with corrections for propagation times of the
nuclear-device signal and WWVH, the time is 18,5:00.011Z.

Stgndards Cloge-in Station. 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 follower 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-
scopes., This limit was about 40 Me for one type of oscilloscope used
and about 13 Mc for the others. The low frequency limit was about 160
cps. A block diagram of the close~in waveform instrumentation is given

in Figure 30

Digstant Stations. At distant points operated by NBS and the
Defense Ressarch Laboratory (DRL), 30-foot vertical antennse with
standard cathode followers were used., Narrow.-band (about 200 cps) and
broad-band (about 1 to 70 kec) recordings were made. A ground mat 50
feet square was used at each location. The NBS marrow-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 IRL 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 characteristica. This channel, fed by a
cathode follower, used a standard amplifier with a flat response over
about 8 to 20 ke, and a gain 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 ke)
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
borizontal plates of an oscilloscope. The voltages add vectorially and
the oscilloscope presentation shows a line indicating the direction of
arrival of the pulse with a 180-degree ambiguity. To remove the ambi-
guity, a vertical antenna receiving the elestric vector and driving the
grid of the cathode ray tube through a third identical amplifier can be
used to cancel a portion of the oscilloscope presentation. The azi-
muthal flashes on the oscilloscope face, together with O.l-second and

15
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l-second timing lights synchronized with WWV, are recorded on 35mn
atr%p £ilm, 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 ke¢). A coincidence system was used between Dow Air

Force Base, Bangor, e and Austin, Texas so only signals in a pre-
determined azimuth ( =5 degrees) would present a distinctive mark on
the film,

OPERATIONS

. The equipment for the experiments at the Pacific Prov-
ing Ground was placed in a trailer and shipped as deck cargo. The
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 Bikini Atoll, and acrose 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 yield 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
until the debris had decayed to a reasonable value., After a week the
trailer on Enyu had 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 lkm from the bunker, the recording equipment
on Runit was ummanned but was actuated by an EGG relay timer,

, Station locations. 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 Bikini and Eniwetok. For
the most part for distant stations, locations already in use by NBS,
DRL, AWS and AFOAT-1 were utilized. At Shemya, Thule and Kirkmewton,
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 GER (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.

Alert Notificatiops. The experimental equipment installed at the
close-in locations, and at most of the distant locations, had a limited
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recording time (in some cases, a few seconds), In order to coordinate
global operations, the day-to-day changes in schedule were sent to the
several sites over regular military TWX or commercial telesphone cir-
cuits. 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 assist
station personnel in setting amplifier gains.

Low~frequency Interference. 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 statlons 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
1 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 resclving time to within a few milliseconds, as
indicated by asterisks in Table 1.
Azimathal errors are generally within the error experienced with
this type of very low frequency (VLF) equipment, namely, 13 gegrees.

t. 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 6 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 given 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 addition,
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 lm, which
was within line-of-sight of the detonation areas (References 1 3). An
attempt was made to obtain measurements at comparable distancea during
this series; however, because of the radiocactive fallout from Shot 1,
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TABLE 1 SUMMARY QF CASTLE RESULTS

Station/Agency

Time as received at the station (2), corrected for ouclear detonation pulse and WWV

Distance (im) transnission times; Remarks; Recorded azimuths to detopation polnts; Fleld Streagth
and calculated data (v/m); a. Broad-band, center-to-peak (W whip, L loop); b. HNarrow-band.
asimuths to
Bikini (B) and Shot 1 . 28 Pebruary 1954 - 1845:00.0112 Shot 2 - 26 March 1954 - 1830100.378Z
Enivetok (B) Detonated at Bikini Detonated at Bikini
Eniwetok/NBS Radioactive debrls fogged waveform equip- 1830100,378 Waveform equipment
B 20 and 320 ment on Enyu Island, Bikini Atoll (20 km wvas moved to Runit Island, Enivetok for
B 23 from detonation point), the balance of the series.
8,~21,0 (W)
Guan/NBS 1845100.911 a. 0.% (W) 1830100.378 s, 1,54 (W]
B 2,270 « 0,036 (8 ke)
E 1,720 0,842 (12,5 ke)
0.023 (20 ke)
Maud,/NBS 1845100,010 se L7 (W) No time record, s. 1,79 (W)
B 4,200 b, 0.23 (8 ko)
E 4,420 0.26 (12,5 ke)
0.026 (20 ks)
Shemya/DRL Alert notification not received in time, 1830190.3'76 a. 0,05 (1)
B 4,680; 209° 210° 33°
E 4,750; 214°
Pt. Barrow/NB3 Poor timing record, 1830:100.378 a. 0.51 EV)
B 7,280 s, 0.52 (W) b, 0,010 8 ke)
E 7,360 0,011 (125 ke)
0,90097 (20 ke)
Stanford Univ/NBS Not in operation. 1830:00,377 8. 0,42 (w)
B 7,740 b, 0,020 (8 ke)
E 8,000 0.018  (12.5 ke)
0,0018 {20 ke)
larson AFB/AP Off scals. 1830:00,5 *
B 8,030; 267° 270° 330 me 3o
B 8,2003 269
Bouldor,NBS 1845100.012 a., 0,38 (¥) 1830100,379 s. 0.34 (W)
B 9,200 b. 0.0, (8 ke) be 0.016 (12,5 ke)
E 9,460 0,16 312.5 ke) 0,0015 (20 ke)
: 0,0015 (20 ke) -
Thule/DRL Alert notification not received in time, 1830:9?.378 s, ~ 0,02 (Hg
B 9,630; 307 %1° 310° 33° 0,025 (L
E 9,700; 31¢° 11°
Duluth/AF Not in operation. Not in operation.
B 10,080; 287°
f0, 02 1.10 (W)
Aust 1845:00,011 a, 0.p8 (W) 1830100,378 8. .
B 10,100; 282° 310 2:372 gg° 0.083 (L) 013 (L)
E 10,350; 28° 21°
Tt Belvolr/Ns3 184,5100,911 b. 0.006 (8 ke) 1830100,378 s. 0.080 (W)
B 11,530 0.0044 (22,5 ko) o 0,005 (8 ke)
B 11,750 0.0052 (12,5 ke)
0,00078 (20 ke)
Andrevs/AWS Not in operation, 1830:90632 0
B 11,550; 296° 300° 23
E 11,70
ODow AFB/AF nt trouble, 1830:00,35 *
B 11,7%0; 301° S pe 295° ?S’o
E 11
ach/ Al 1845:00.,00 ¢ 18301%.37 hd
B 11,850; 291° 299° 130 294° 33°
E 12,070
Kirknewto Alert notification not received in time, Poor time correlation.
B 12,510; 120 190 230 s 0,049 (W)
R 12.530; 17°
ley Al 181.‘:2;.58 J Not in operation.
B 12,860; j0° J08° *3° ‘
2 13,100

SWithin limit of resolution,
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TABIZ 1 STUMMARY OF CASTLE RESULTS (Cont)

Station/Agenoy Time as received at the station (Z), ocorrscted for nuclear detonstion pulse and WV
Distance (xm) transaission times; Remarks; Recorded asimuths to detonation points; Field Strength
and oalculated data (v/m); a. Broad-band, center-to-peak (W vhip, L loop); b, Narrow-band.
asimuths to
Bikini (B) and Shot 3 = 6 April 1954 - 1820:00.4112 Shot 4 - 25 April 195 - 1810100.6912
Eniwetok (E) Detonated at Biidni Detonated at Bikini
Eniwetok/NBS 1820100.411 .. ~15,0 (W) 1810100, 691 8. ~40.0 (W)
B 20 and 320
R 23
Cuan/NES 1820:00,412 a. 0.6 (W) 1810300, 692 a. 1,06 (W)
B 2,270 b, 0.903 (8 ke) b. 0,023 (8 ke)
51,920 0.0065 (12.5 ko) 0.043 (12,5 ke)
0,0080 (20 ke) 0,020 (20 ko)
Maul/FES 1820100.412 a8, 0,27 (W) No time record, a. 1.49 (W)
B 4,200 b, 0,010 (8 ke)
E 4,420 0.013 (2.5 ke)
0,2013 (20 ke)
Shemya/DRL Alert notification not received in time. 1810:00,689 a. 0,039 (W)
B 4,680; 209° 24° 130 0.33 (L)
E 4,750; 214°
m Poor time record,
B 7,280 . e, 0.2%6 (W) No time record. a. 0.29 (W)
E 7,360 b,  0.0026 (8 ke)
0.0096 (12.5 ke)
0,2031 (20 ke)
Stanford Univ/NBS | 1820:00.412 a. 0,048 (W) 1810:00.691 a. 033 (W)
B 7,740 b.  0.0023 (8 ke) b. 0,0055 (8 ke)
E 8,000 0.0033 (12.5 ke) 0.0087 (12.5 ke)
0,0020 (20 ke) 0.0012 (20 Xxe)
larson AFB/AF Record not avallable. Doubtful record.
B 8,030; 267°
E 8,200; 269°
Boulder/NES 1820300.412 a. 0.055 (W) 1810100.690 s, 0,33 (¥)
B 9,200 b. 0.0011 (8 ko) b. 0,0080 (8 kec)
E 9,460 0.0028 (12,5 ko) 0.018 &12.5 ko)
= 0,90031 (20 ke 0,2011 (20 ke)
Thule/DRL 1820:00,411 s. 0.0035 wg 1810100, %1 2.  0.046 u;
B 9,630; 307° 10 | 3140 13° 0.0012 (L 307° 30 0,025 (L
¥ 9,700; 310° 41° )
Duluth/AF Fot in operation, Record not available,
B 10,080;
E 10,280; 289°
8 1820190.!.11 a. 0,27 (W) 1810:20.691 a. 0,27 2‘1;
R 10,100; 282° 10| 285° 230 0.7216 (L) 28g° 130 0.12 L
E 10,350; 284° 110 :
" ﬁlvoiﬁﬂm 1820:00,412 a. 0.016 (W] ~1810:00.550 a. 0,290 (W)
B 11,530 b, 0.00075 (8 ko) b,  0.0021 (8 Xe)
E 11,750 0.001 (12,5 ke) 0.0055 (12,5 ke)
0,00022 (20 ke) 0,00062 (20 Xo)
Andrevws/AWS Results negative. 1810:00.69 ¢
B 11,550; 296° 2%° 30
L 11,770
Dow AFE/AF Results negative, Heavy sferics activity,
B 11,750; 301°
E 11,920 .
W Palm Beach/AWS Started too late. Fot in operation,
B 11,850; 291°
E 12,070
Kirknewton/DAL 1820:00.413 a. 0,013 (W) 18101 00.692 a. 0,0096 (W)
B 12,510; 12° 290 130 0.003 (L) 220 130 0.0059 (L)
B 12,530; 17°
Kindley AFB/AWS Not in operation. . Kct in operation.
B 12,860; 302°
E 13,100
*Within limit of resolution.
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TABLE 1 SUMMARY OF CASTLE RESULTS (Cont)

Station/Agency Time as received at the station (2), corrected for nuclsar detonaticn pulse and WWV
Distance (im) transaission times; Remarks; Recorded asimuths to detonation points; Field Streagth
and calculated data (v/m);s. Broad-band, center-to-peak (W whip, L loop); b, Narrow-band.
asimuths to
Biiini (B) and Shot 5 - 4 May 1954 - 1810:00,1562 Shot 6 - 13 May 1954 - 1820100,4042
Eniwetok (R) Detonated at Bikini Detonated at Eniwetok
Eniwetok/NBS 1810100.156 a. ~34.0 (W) 1820:00.404 8.~775.0 (W)
B 20 and 320
22
1810:100.154 a. LA5 (W) 1820:00.404 a. ~1.06 (W)
B 2,270 b. 0.090 (8 ke) b, 0.035 (8 ke)
B 1,920 0.047 (12.5 ke) 0.028 (12,5 ke)
9,929 (20 ¥o) 0,941 (20 ke)_
Maui/NBS 1810100.156 a., 1.81 (W) 1820:00.404 s,  L.44 (W)
B 4,200 b, 0.12 éa ko)
B 4,420 0.0% (12.5 ke)
0,011 (20 ko) - . T
Shemys,/TRL 1810100.155 a. 0,073 (W 0100.40 a. 0.
B 4,680; 209° 259 g° 0.42 (L) 20° 130 0.38 (L)
B 4,750; 214° ‘
) 4 éu‘rov?lm 1810:00,.158" s, 0,35 W) Fo time record. b, 0,013 (8 ke]
B 7,280 b, 0.013 (8 ko) 0.014 (12,5 ke)
E 7,360 0.0 (2.5 ke) 0.0011 (20 ke)
0,001 (20 ko)
Stanford Univ/NBS | No record 1820100.405 a. 0,51 (W)
B 7,740 b. 0.012 (8 ke)
£ 8,000 0.019 (12,5 ke)
0.00097 (20 ko)
larson AYB/1Y Poor signal 1820:00,3 ¢
B 8,030; 267° 2720 30
B 8,200; 269°
oT 1810100.158 b. 0.013 (8 ko) 1820:00.405 . 030 (W)
B 9,200 0.014 (12.5 ko) b, 0,0068 (8 ke)
B 9,460 - ) 0.00057 (20 ko) . 0.017 (12,5 ke)
0,0017 (20 ke
Thule/IRL 1810:00,157 a. 0.041 (W 1820100.404 a. 0.071 %w‘)“}_
B 9,630; 307° 10 | 3080 30 0.032 U 3100 130 0.028 (L)
E 9,700; 310° 10 -
B 0.17 * 1820:00,3 ¢
B 10,0805 287° 288° 130 288° I39
E 10,280; 289°
Austin/TRL 1810:00.158 8. 0,259 (W) 1820:00.405 8. 0.2, (W)
B 10,1005 2820 110} 28¢0 30 0.4 (1) 2910 30 0.13 (1)
B 10,350 ° Ho .
vo 1810:00.158  s. 0.070 (W) 1820:00,40% a. 0.078 (W)
B 11,530 b, 0.0037 (8 ke) be 0.0020 (8 ke)
B 11,750 0.0040 (12.5 ko) 0.,2056 (12.5 ke)
__ _ 0,00031 (20 ke) 0.00084 (20 ko)
Andrevs/AWS 1810:00,17 * Not in operation,
: ﬁ.sso; 29¢° 2980 130
v AFB/AP Record not available. 1820:00.2 *
B 11,750; 301°
21 )
1810100,14 % Not in operstioa.
: 11,850; 291° 2920 30
'nr_gmmvto’_nfﬁf 1810300.158 a. 0.0086 (wg’ 1820100.404 a. 0.012 (W)
B 12,5103 12° 26° I3° 0.0063 (L 210 30 0.0070 (L)
B 12,5303 17°
m.y b!?ﬂ 1810:00,18 * _Not in operation.
B 12,860; 302° 306g g& pe
B 13,100

Vithin limit of resclution.
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the station was moved to Eniwetok Atoll, about 320 km from the Bikini
detonation locations. The Shot 6 detonation point was within line-of-
sight, but the records obtained were of questionable valus, probably
because of spurious pick-up on lead-ins,

Since most of the electromagnetic energy recorded from a nuclear
detonation is in the VLF band, the ground waves recorded at 320 m have
substantially the same shape as a closer recording with, of course, a
decrease in magnitude. For example, from References 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 kc, 27 db; 10 kc, 24 db; 500 ke, 29 db; 2 Mc, 33 db; and
5 Me, 39 db.

At distances, where no ground wave was recorded, the wave shape
was an additive combination of more than one sky wave, and the result
vas usually similar to a damped sinusoid with higher frequencies atten-~
uated relatively more. From Reference 10, for a typical daylight path,
sky-wave attenuation in decibels per 1,000 lkm is about 20 at 1 kc,
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 measurements., Figure 5 is a plot of field strengths from the
Castle shots for stations on an east-west path recording broad-band
waveforms. Probable curves are drawn in for three of the stations.
Figure 6 is a plot 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 not definitely known and these anomalies are
being investigated. Contributing causes may be interference between
sky-wave modes, ionospheric absorption, ground constants, and, in the
case of Pt, Barrow, attenuation due to auroral absorption. It is be-
lieved that the Shemya field strength data, additionally, may be low
because of local conditions at the receiving site.

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

At Enivetok, for Shots 2, 3, 4 and 5, the sweep time was long

: enough to record not only the ground wave, but also one or more sky
' waves (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-
i tical electric component waveforms are included for each shot, except
Shot 1. when all film on Enyu was exposed to radiation,
|

At least at a distance of 320 km some detail is preserved in the
first hop sky wave (Figure 9, Eniwetok). The arrival times of the first
22
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sky wave give an ionospheric layer height of about 90 lm. Some records
(oot included in this report) show as many as five sky waves, btut of
course with less energy for each reflection, and they also indicate an
ionospheric layer height of about 90 lm, All close-in records shov the
characteristic first negative-going pulse;

The close~in records from Shot 6
(23 Im 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 detonations
almost two orders of magnitude lower in energy.

The changes in waveform due to the filtering effects of the iono-
sphere (absorption of the higher frequency components) and interference
between different sky-wave modes is 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
far stations, in general, mean about 6 to 100 kc, which encompasses the
greatest portion of the energy available.

Fourder Analyses. The National Bureau of Standards has performed
Fourier analyses of two of the Castle shots (References 11,12), The
transform

© -2wft
[

has been computed by using the values of fleld strength tabulated as a
function of time and performing the integration numerically on the SEAC,
The magnitude of g(f) (the square root of the sum of the squares of the
real and imaginary parts) for the Shot 2 pulse, as received at some NBS
sites, has been plotted as a function of frequency in Figure 13,

In order to evaluate absorption due to earth and ionospheric losses,
a distance factor is employed. For short distances this is the inverse
of the distance, but for longer distances, the earth's curvature is
taken into account, assuming that the ionosphere and the earth act as a
wave guide. From Reference 10, the factor 1is

«/457}0%% ()

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

Figure 14 is a plot of the Shot 2 pulse, but the spectral inten-
' sity G, which is proportional to the amplitude of the received field
| strength per cycle of bandwidth is miltiplied by ./SiN{, Figure 15
i is & similar plot for Shot 3. Some propagation characteristics may be
! deduced from Figures 1} and 15, For Shot 3, 126 kt, the peak frequen-
cies of Figure 15 decrease from about 18 ke for Eniwetok (320 km) to
11 ke for Ft. Belvoir, Virginia (11,530 lm). However, in the case of
Shot 2, 'with a %%E%? of 10.5 Mt, the peak frequency of Figure 14 re-
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mains very nearly the same as the pulse is propagated to distances.
This is partially because the distribution of energy with frequency
near the source was different for Shot 3 and Shot 2, The curves also
show atteruation with distance at any frequency within the range ana-
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
conditions of the Castle tests, as distance increases, attenuation due
to distance becomes relatively less important.

Yie d Predo t Frequency. There appears to be an approxi-
mate relationship between yield and frequency at which peak evergy
ocours, and thers is 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 calculated from close-in waveforms, for some of the Upshot-~Enothole
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-
ings were also made during the Castle series. This technique may be
necessary in making measurements under operational conditions, Values
of spectral intensity were also calculated for field strength narrow-
band values received for Shot 2 (Reference 11), Figure 13 has narrow-
band points indicated by crosses and it will be noted that in most
cases, the agreement with the corresponding broad-band spectral curve
is quite good. In some cases, the trigger level was somewhat high,
which resulted in missing the initial portion of the waveform. Other
reasons for discrepancies were variation in bandwidth with signal level
and aging of tubes.

" Peripheral lLightning 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 the natural cloud cover and the sea on

the periphery of the fireball., This phenomena starts at about 5 msec
after the beginning of the nuclear 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 ke 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 noted.

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

(References 4,12) At widely-separated locations during Castle, NBS and
DRL monitored NSS, NLK, 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 miclear detona-
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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Reference 12 are reproduced here. Figures 17 and 18 show the field
strengths of NSS as measured by DRL at Kirknewton, Scotland and Thule,
Greenland, respectively. These are essentially north-south paths, with
that to Kirkmewton skirting the auroral gone, and that to Thule pene-
trating the auroral sone. Figure 19, for the NPM-Thule path, is also
north-south penetrating the auroral sone. 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 Kirkmewton, Scotland.

signal from dark-to-daylight paths was apparently greater when the
auroral zone was penetrated. At Thule and Austin field strengths were
lower 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
km) 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 km 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
periods 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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Flgure 18 Plot of the field strength of NSS as measured by
DRL at Thule, Greenland,
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Figure 19 Plot of the field strength of NFM as measured by DRL
at Thule, Greenland.
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Figure 20 Plot of the field strength of NPM as measured by DRL
at Austin, Texas.
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Figure 21 Plot of the field strength of NSS as measured by DRL
at Austin, Texas,
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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 field
strengths for NPM-Thule (7,600 km), the latter is low by 6 or 8 db,
This is an apparent contradiction of most similar measurements which
give greater attenuations over east-west paths, as compared with north -
south paths, However, the auroral zone was not crossed in the course
of those measurements.

CONCLUSIONS AND RECOMMENDATIONS

The first AFOAT-1 close-in (320 km) recordings of the electro-
magnetic pulse emitted at the time of detonation of a large nuclear
device (megaton range) were made during the Castle operations. Varia-
tions in field strengths, measured with presumably identical equipment
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-in
detail disappears. With proper corrections 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=
ever, corrections to be made are imperfectly known., Frequency analysis
of waveforms, together with other characteristics, may offer some as-
sistance.

Reception and identification of nuclear-device pulses, when time
of detonation is known to a millisecond, is relatively easy; doing the
same thing on a 24i-hour basis, when the detonation time is not known,
is much more difficult. This means that more information is needed on
techniques of discrimination and much of this can be learned 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 concermed with communications frequencies where transmis-
sions are repeatable. Further work along this tack in the lower por-
tions of the band is worthwhile, In addition, further studies of
naturally-occurring atmospherics should be conducted, because natural
flashes have many similarities to the man-made type. The sferics
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,
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