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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 off 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 availa'ble 
copies of the original material. The locations from whic,h 
material has been deleted is generally obvious by the*spa#cings 
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 

A total of 17 stations, one close-in (320 km from Bikini and 23 km 
from Eniuetok) and the balance at dlatancee, wre operated for the 
AFOAT-1 electromagnetic experimental effort. Seventy-four setrr of data 
wre obtained from a possible total of 102. Of the remaining 28 seta, 
no data wre obtained because equipment was not in operation, records 
were not readable, the alert notifications ~01‘8 not received, signala 
wre not discernible, or equipment malfunctioned. 

Broad-band (cloee-in, up to 40 MC; at distances, about 100 kc) and 
narxPw-band (about 200 cyclea) measurements wre made of the vertical 
field compnent. Close-in waveforms and field strengths wre recorded 
for all shots except the first. Signals wre received and waveforms, 
field strengths and azimuths were recorded at distance8 exceeding 
l2,oM, km for both a north-eouth and an east-vest path. 

Spectrum analyses of the frequency con- 
tent of the close-in waveforms confirm the theoretical conclusion that 
the predominant frequency becomes lowr as the yield Increases. For a 
nuclear wagon In the l&Mt range, the predominant frequency is about 
8 to 10 kc, while in the 100&t range it ia about 18 to 20 kc. 

Analyees of broad-band pulaea’received at distances ahow that the 
higher frequencies are attenuated relatively more-end, when received at 
several thousand kilometers, the close-in differences largely disappear. 
An approximation of yield may be obtained at distances by measurement 
of peak field strengtha. 

where equipment capabilities permitted, times of detonatlon-- 
after allowing for travel time of the nuclear detonation signals and 
standard time signals ---bwre measured to vithin 2 msec, with one ex- 
ception. 

Transmitting stations in the very lov frequency band wre nronitored 
at selected intervala. Generally, a north-south path croeelng the 
auroral zone sbowa 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, referenc:e is made 
to m-934, "Summary Report of the Commander, Task Unit X3, Programs 
l-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) Msc:ussion 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 uorkuhichthis report etuumar~zes 
was performed by the staffs of the National Bureau of Standards and the 
.Defense Research I&oratory of the University of Texas. The Sferics 
Gperatious staff of the Air Weather Service operated st;mdfi very 10; 
frequemp dlrectlon-finding equipment at detonation tiarss\>s xwquested 
by AlQAT-1, AFQAT-1 appreciates the efforts and close cooperation that 
have characterised the people of the above groups working on the prob- 
lem of long Rauge Detection 3 andespecially 

Dr. Otto J. Baltrter, Defense Research Laboratory 
A. Glenn Jean, Jr., Blational Bureau of Standards 
A. G. McNish, National Bureau of Standards 
Capt. Mack Sibr, Air Weather Servke 

Lt. ‘Cal. Paul Wigmill and his staff of the Special Projects Branch of 
AFGAT-1 handled the operational matters in a helpful and expeditioue 
manner. kubers of the three APDAT-1 electromagnetic si;atlone furnished 
data at a difficult time when the stations were being put into operation 
on a &hour baeia. Mrs. Margaret Beach furnished valuable assistance 
in the preparation of the report. 
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ELECTROMAGNETIC RADIATION CALIBRATION 

OBJECTM?S 

In order to gain maxFmum information on nuclear detonations as 
determined from the electromagnetic pulse received at distances, there 
are two fundamental problems; first, the discrimination of nuclear- 
weapon pulses from natural atmospherica 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 sumnw ized as follows: 

1. -Determination of pulse character 
gation become apparent. 

2. Determination of @se character 
parameters such as distance, time of day, 

3. Measurement of field strength. 
4. Explanation of the causes of the 

observed. 

befor% changes due to propa- 

as a function of external 
and ionospheric conditions. 

electromagnetic phenomena 

5. Relation of pulse occurrence to sequence of events during the 
detonation. 

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

7. hcperirrentation 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. 

BACKGROUND 

AF'OAT-1 has supported experimental measurements of the pulse emit- 
ted at the time of a nuclesr detonation during each series of'atcmic 
teats beginning tith Buster-Jangle (Autumn, 1951). As a result of these 
experiments (References l,2,3), the following can be stated with some 
assurance r 

1. There is an electromagnetic pulse loss than 100 psec long 
emitted at the tkae of a nuclear detonation, 

2. 
strength 

3. 
vertical 

4. 
below up 
ofabout 

At a distance of 20 h from the generating source, the field 
may be a few hundred volts per meter. 
There is a general relationship between kiloton field and the 
component of the electromagnetic field. 
The emitted frequency spectrum extends from about 2 kc or 
tc a few megacycles, but the msln components are in the region 
6 to 50 kc. 
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5. There is an approximate inverse relationship betreea field and 
pIwdominant mx$lency. 

6. Azlses reaelved close-in (1.0. approximately 20 km) exhibit 
vey short rlae t$mes (less thsn a microsecond) in a negative direction 
(i.e. ths eleotric fleld vector Is downward), 

7. The pulse 1s predomlrmtly vertically polarised. 
8. Close-in reoeptlon lndlcatea that certain nuclear-weapon char- 

aoteristlcrr can be determined from puke fine structure. 
9. Even low-yield nuclear detonations can produae a pulse receiv- 

able at distances in exaess of 1,COC km. 
10. The ground vave Is generally not deteotable beyond about 1,500 

Ipa from the source because the Ionospheric sky wave reflections predom- 
inate. 

Il. A fix of the source of the pulse can be obtained with dlrec- 
tion-finding equipnent; observed azimuthal errors to date using equip 
ment tuned to 10 kc have been between 0 and 9 degrees; most errors have 
been less than 3 degrees. 

12. At distances, the pulse ie extended to approximately ten times 
Its close-in length. This is the result of multiple mivsls by varl- 
ous paths, each characterieed by one or mre ionospheric reflection. 

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

IWI'RUMEXTATION . 

All stations, both close to and at distances from the detonation 
points, measured the vertically-polarized component of the emltted 
pulse. Close to the explosion, attenuators 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 oscillosoope cathode ray tubes, and recorded photograph- 
ically with either plate cameras triggered by the pulses or by atrip 
film cameras started manually just before detonation times. 

World-wide Tin&g In order to asslat In locating the pulse;par- 
titularly at distant kations where the energy was sometimes no 
greater than the noise, reliance at all stations was placed upon timing 
broadcasts Mm WV (Washington, D. C.), UWVH (Maui, T. H.), JJY (Tokyo) 
0rGDR (Rugby,England). To further assure a common time base, both 
GDR SndUUVuere recordedonthe same fllmas a lowfrequencytrsns- 
mitter such as NSS (Annapolis, Maryland). This film was used for fur- 
ther correlation for Instances where fading affected reception of UUV 
but did not affect reception of the high-powered low-frequency Navy 
traiflc. In addition, all stations used locally-generated timing 
pulses coordinated with a world time station. The nuclear4evice pulse 
and timing pips v~re presented on different beams of a multi-beam oscil- 
loscope and photographed. 

focal Timing Annex A of Reference 3 has a detailed account of 
the Iktlonal Bureiu of Standard8 (NBS) local timing unit. A typical 
time record fkom a close-in et,ation is shown In Figure 1 and one from a 



Figure 1 
Atoll. 

Ona-recond tlak and 

Ttig traces recorded by NBS at Pafiy Island, Eniwtok 

distant station In Figure 2. Times of detonations could be read from 
the fIlma to less than a milllsecond; howver, the uorld time at any 
station vaa limited by the accuraay of eatlmates for propagation time 
of the nucleardevice pulse, the timing pulses, oi both. Effectively, 
this limited accuracy of world tlmea to about 21 awec. 

On Figure 1, the upper trace shows the electromagnetic nualear- 
device signal aa picked up on the broad-band receiver. The lover trace 

timing ’ u 1 I 

Figure 2 Typical NBS narmw-band field strength 
tracor, with a timing trace recorded on a 
multi-beam osd.lloscope at a dirtant location. 
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Figure 3 Block diagram showing the NBS close-in waveform instrumentation. 



shows the WWVH signal and local synchronized time ticks superimposed. 
Note that the nuclear-device pulse was also picked up on the WWVH re- 
ceiver . The specific second can be determined by counting MJVH 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 show in Figure 1 was 
28 February l&$:59.3962; with corrections for propagation times of the 
nuclear-device signal and UWVH, the time Is 1843:00.3112. 

National Bureau of Standards Cloge-Cn Station. At the cloee-in 
site, a vertical antenna 0.6 inch in diameter and 2 meters long VBE 
used and located about 60 meters from the recording equipment in order 
to minimize distortlon 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, pulees 
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 MC for one type of oscilloscope used 
and about 13 MC for the others. The lov frequency limit vas about 160 
cps. A block diagram of the close-in waveform lnstnzmentation is given 
in Figure 3. 

mtant Statio At distant points operated by NE3 and the 
Defense Research Iagiatory (DRL) 30.foot vertical antennae with 
standard cathode followers were u&d. Naxxw-band (about 200 cpa) and 
broad-bend (about 1 to 70 kc) recordings uere made. A ground mat 50 
feet square vas used at each location. The NBS narrow-band field 
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 
goniometer and recorded azimuths. In addition to other equipment, all 
distant NDS 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 kc, and a gain of about 1,000. Reports by NBS (Reference 
4) and DRL (Reference 5) ehould be consulted for further details. 

The Air Weather Satice operatea a net of lowfrequency (10 kc) 
narrow-band (about 0.5 kc) direction-finding stations for locating 
thunderstorm areas as an aid to veather forecasting. The equipment 
consists essentially of tn> ldentlaal amplifiers each fed by identical 
loops, one oriented north-south and the other east-west. The output of 
one amplifier is connected to the verticsl.plates and the other to the 
horizontal plate6 of an oscilloscope. The voltagea add vectoriallp end 
the oscilloscope presentation shows a line indicating the direction of 
afilval of the pulse uith a MO-degree ambiguity. To remove the ambi- 
guity, a vertical antenna receiving the eleotria vector and driving the 
grid of the cathode ray tube through a third identical amplifier can be 
used to cancel a portion of the osallloscope presentation. The aai- 
muthal flashes on the oscilloscope face, together with 0.1~second and 
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1-recond tlmlng light8 synchronized with WI, are recorded on 33nm 
strip film. 
6,7). 

Further details are given in Technical Manuals (Reference8 

The AFOAT-1 operational station8 were easentlally oferice direc- 
tlon-finding atatlons rlmilar to the deecrlption above but with a wider 
bandwidth (8 to 12 kc). A coincidence system was used between Dow Bir 
Force Base, Bangor, &be and Austin. Texas 80 only signals in a pre- 
determlned~aelm&h~(~5 degrees) u&d 
the mm. 

precrent a disti&tive mark-on 

OPERATIONS 

The equlpmnt for the Eariinm~&. experiment8 at the Pacific Prov- 
ing Ground was placed In a trailer and chipped a8 deck cargo. The 
trailer served a8 the main AlQAT-1 electromagnetic cloee-In rtation and 
contained all the equipment except that for determining world times of 
detonation. The trailer 8ite Seh3ted was m Island, on the south- 
eastern portion of Bikini Atall, and acro8s the lagoon from the detona- 
tion pOiUt8. The timing equipment wa8 erected In the AFOAT-1 headquar- 
ters on Pamy Ieland, Eniuetak Atoll. 

Because of the expected high yield of Shot 1, the equipment on &yu 
wa8 not manned but wae actuated by an Edgerton, Gemeshaueen and Crier 
(EGG) relay timw. The radioactive debrir f'ma Shot 1 drifted over the 
trailer, ma3dng it impO88ible to enter the area after the detonation 
until the debrirr had decayed to a mmonable value. After a week the 
trailer on Enyu had cooled 8ufficiently for handling, 80 all equipment 
wa8 mummed 8nd relocated 0nRunlt Ill&, Enluetok Atoll, about300 IUE 
timBikini. The equipmentwaa installed in a buxiker onRun!ttwhereit 
~38 manned for the b&me of the Bikini shots. For Shot 6, which was 
detonated on Enlwetok, 23 km from the bunker, the recording equipment 
onRunitwa8 unmanned but wa8 actuated by an EGG relay timer,, 

Station Locations. Figure 4 8how8 the locations of the elect&- 
PlagIIetiC stations, the agency responsible for the measurements at each 
place, and the distanoes fYom each station to Bikini and Eniwetok. For 
the morst part for dietant etations, location8 already in use by NBS, 
DRL, AWS and AIQAT-1 uem utilized. At Shemya, Thule and Kirlcnewton, 
houetver, site 8umey8 weme made by BLOAT-1 per8onnel. Insofar aa poeal- 
ble, site8 wre chosen on east-vest and north-8OUth orientationa In an 
attempt to get 80~~ idea of the propagation differences due to a day- 
light path, a dark path, and auroral zone tramnission. 

suecial Mea8urement8. Between detonations, low-frequency trans- 
mitter8, NSS (Annapolie, Maryland), lJLg (Arlington, Washington), NPM 
(Gahu,T.&), and GBR (Rugby, England) were monitored on an agreed-upon 
8chedule, in order to obtain Information on various trammission path8 
at various tiW8. There wa8 aleo an attempt to monitor eferica ta co- 
lncfde tith the routine AWS four-minute recording scheduled every six 
hours; beginning at 00302. 

Alert Notlficatiopg The experimental equipment lnstalbed at the 
close-in locations, end it, 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-dsy changes In schedule wre sent to the 
several sites over regular military TWX or commercial telephone air- 
Wits. The messages were In code when schedule Information was sent. 
In addition to schedule changes, the alert communication code was wed 
to give estimated field strengths for the various shots and thus assist 
cltatlon personnel in setting amplifier gains. 

Lou-freauencv Interferencs. The distant stations at Fort Belvolr, 
Virginia and Maui, T. H. were less than 100 km from the Naval trans- 
mitters, NSS and RPM, respectively. Both transmitter8 use carriers 
(16 to 20 kc) that would interfere with broad-band recordings of a 
nuclear-device detonated thousands of kilometers avay. Through the 
cooperation of the Navy, NPM, NSS and NLK v8re 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 OBSERVATXONS 

There was a tital of 17 stations participating, although for any 
one shot no more than 15, stations were in operation. A annmary 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 uas possible, the agreement, with 
one exception, was uithin 2 msec of the Parry Island time after correc- 
tions for propagation and WV 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. 

Azimuthal errors are generally within the error experienced with 
this type of very low frequency (VLF) equipment, namely, 23 degrees. 

. 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 Strennths. 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 conductitities. In addition, 
some mrkers have reported variations for east-west or north-south 
paths. (See the comments about the lov-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; houever, because of the radioactive fallout from Shot 1, 
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Station/ no7 
Dlrtanco h) r 
uxloalculat8d 
dadlo to 
Bikini (B) and 
hivrtok (t) 

E23 

Stmford un.lv/m3s 
B 7,7LO 
t 8,000 

luron AFWAF 

RNl*/DRL 
B 9,630; 3070 +-lo 
t 9,700; 3100 +,1o 
riulutb/AF 

B U.530 
E l.l,750 

Wrowr/AUS 
B 11.550: 2960 
t ll;770- 

AFB/AF 
3 11,750; 3010 
E ll.920 
lPa3.m &a&/A= 
3 11,850; 2$i” 
5 l2,070 
Qrknovto~ 
3 l2,510; l2o 

ii&&g&- 
3 12,8&q 3020 
5 13,100 

TABBIZ:~ SDMGRY OFCISTIJ! RESULTS (Cant) 

fh u rocsl~~I at the rtation (21, oormctod for nuclou dotoaatlon pllrr ud WV 
tramairrion timer! Ramrkr; Rocordod dmtL to dotwatlon pointal Firld Stnqth 
data (v/m); a. Broad-bar&, oenter-to-p& (Yvhlp, L loop); b. Marro~band, 

shot3 _ 6 April 1% - 1820100.~12 shot4 
Datanated at Bikini 

- 25 April 195A - 1810100.6912 
Pltmatrd at Bikini 

182O:OO.&ll l .Ml5.0 w 

1820:~0,ti2 a. 
b. 

1820tOO.&l2 a. 
b. 

o.Ol3 (12.5 kc) 

1810100.691 l .~.40.0 W) 

l810tC0.692 a. 1.06 ( ) 
b. 0.023 G ko) 

So tin reoord. a. l.L9 (W) 

O.OOl3 (20 kc) 
Alert notification not received in time. 1810rO0.689 a. 

2110 30 
0.339 (W) 
0.33 (L) 

Poor tin rmord. 
a. 0.0~6 W) lb time roooti. a. 0.29 W) 
b. 0.0026 (8 kc) 

O.m96 m.5 kc) 
O.!X31 (20 k) 

182O:W.Al2 . . O.'.X8 (U) 1810100.691 a. 0.33 ( ) 
b. 0.3023 (8 k) b. 

0.0033 (12.5 kc) 
0.0055 (: kc) 

0.3020 (20 h2) 
0.3067 (12.5 kc) 
o.wu (20 ko) 

fbocrd not available. Doubtfulrword. 

1820rD0.u A. 0.055 (WI 1810x00.690 A. 0.33 W) 
b. O.'Mll (8 ko) b. 0.0080 (8 ko) 

0.3028 (12.5 ko) 0.318 12.5 ko) 
0.00031 (20 k) 0.9ol.l 20 kc) 

1820:~.:11 a. 0.0035 u 1810; 
3uo.-30 0.0012 L 3cno ?00.691 -34 

Rot In OpBrAtion. 
f 

hcord not l railablo. 

i-iBniltB IlB~AtiVA. Beavy rfulcr activit.7. 

StUtBd tO0 1AtB. Not in operation. 

182OsoO.U.l a. 0.013 (W) 1810:00.692 a. 
290 50 

0.0096 ( ) 
0.003 (L) 220 50 0.0059 & 

Not in opratlon. .bt in opratloa. 

Vitbln lhlt of reaolutlon. 
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TUZl SumpRXOPClSTIJi RESULTS (Cant) 

station/ nor 
DirtaM h) Y 
and aalcul8tad 
l 8lmutb8 to 
Bikini (B) ad 
hintok (1) 

En.lntok/HBS 

Tim an mceived at the station (21, corrcatad for nuclear drtmatlaa pulrr and WV 
tranmi~ion timr~ Remarka; Reoonied arlmtha to detonation polntq Firld Streogth 
data (~/=);a. Broad-band, co&or-to-peak (U uhlp, L loop); b. Narrow-band. 

shot 5 - A w 195k - 1810r00.156Z 
D&mated at Bikini 

1810:00.156 a.-3L.0 04 

Sbot6 - l3 -19% -182O:OO.U42 
Dotonatrd at Eniuatok 

182O:oO.LoL l Gl75.3 



the station vas 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 value, probably 
beoause of spurious pick-up on lead-ins. 

Since mst of the electmnagnetlc energy recorded from a nuclear 
detonation IS in the VLF band, the ground waves recorded at 320 km have 
aubstautislly the same shape as a closer recording with, of course, a 
decrease in magnitude. For example, fzwm Referwoes 8 and 9, decreases’ 
In ground wave amplitude to be expected over a sea water path between 
tw locations 23 km and 320 km from the origin vary with frequency as 
follovs: 1 kc, 2’7 db; 10 kc, 24 db; 500 kc, 29 db; 2 MC, 33 db; and 
5 nC, 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 dsmped sinusoid with higher frequencies atten- 
uated relatively more. Prom Reference 10, for a typical daylight path, 
sky-vave attenuation in decibels per 1,CCO km is about 20 at 1 kc, 
about 2 at 10 kc and then rises gradually to about 50 at 1 Xc. 

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-bend field- 
strength measurements. Figure 5 is a plot of fleld strengths from the 
Castle shots for stations on en 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 generel- 
4 low. The reasons are not definitely known and these anomalies are 
being investigated. Contributing causes may be Interference between 
sky-rave 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. 

Ret 
Y- 

Figures 7 through 12 are selected Castle electromagnetic 
records Ref&ences 4,s). Records from all shots recorded sre shown 
from Mvetok; Guam; Maui, T. IL; Boulder, Colorado; and Pt. 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 se 
vaves (Figwes 8, 9, 10, 11). At Guam, for Shot 3 (Figure 9), several 
se waves are shown. 

C&se-In waveforms are broad band. The oscilloscopes had the 
capability of falthfully recording frequencies in the range from essen- 
tially dc to 13 MC. This was more than adequate, since the maximum 
equivalent frequency recorded was about 3 or 4 MC. Two broad-band ver- 
tical electric component waveforms are included for each shot, except 
Shot 1. uhen all film on Enyu was exposed to radiation. 

Bt 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 
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sky wave give an ionospheric layer height of about 90 km. Some records 
(not Included In this r8pox-t) show as many as five sky waves, but of 
course with less energy for each reflection, and they also indicate an 
ionospheric layer height of about 90 km. 8u. close-in records shov the 
&aracteristic first negative-going pulSei 

The &lose-in records from Shot 6 
(23 km auay) appear to have spurious components Lapsed. 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 tm orders of magnitude louer in energy. 

The changes in uaveform due to the filtering effects of the iono- 
sphere (absorption of the higher frequency components) and interference 
batweten 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-bend waveforms at the 
far stations, in general, mean about 6 to 100 kc, which enco~asses the 
greatest portion of the energy available, 

Fourier Analvses The National Dureau of Standards has 
Fourier analyses of & of the Castle shots (References 11,12 p” 

rformed 
. The 

transform 

g(f)=JO E(t)e-2wft dt 
0 (1) 

has been computed by using the values of field strength tabulated as a 
function of time and performing the integration nwmricelly on the SEAC. 
The magnitude of g(f) (the square root of the sum-pi the squares of the 
resl 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 end 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 acwunt. assuming that the ionosphere and the earth act as a 
vave guide. From &ference-10, the factor fs 

CJ- SIN! 
(2) 

where: o= Distance from the origin, (km). 
R= Earth’s radius, (Ian). 

a plot of the Shot 2 pulse, but the spectrd inten- 
pro~rtional to the amplitude of the received field 

strength per cycle of bandtidth is multiplied by &iN$. FiP’e 15 
Is a similar plot for Shot 3. Some propagation characteristics may be 
deduced from F’igures 14 and 15. For Shot 3, 126 kt, the peak fre~116n- 
aies of Figure 15 decrease from about 18 kc for P&&ok (320 hn) to 
Xl ko for Ft. 
Shot 2, !‘&L!h: a 

Belvolr, Vi++ .(ll,530 km). However, In the aaBe of 
of 10.5 Mt, ,the peak frequency of Figure U r+ 
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main8 very nearly the ssme a8 the ~4.80 is propagated to distances. 
Thir ir partially because the distribution of energy vith frequency 
near the source ~88 different for Shot 3 and Shot 2. The curve8 al80 
8how attenuation uith distance at sny frequency within the range ana- 
Lymd. It Is apparent that the higher fiequenciecr are attenuated rel- 
atively mre. It i8 interesting to compare Figure 13, which show 
spectral intensity values a8 received for Shot 2, snd Figure 14, vhich 
shows comparable values with the distance factor removed. Under the 
coadltions of the Castle tests, as distance increases, attenuation due 
to distance become8 relatively less important. 

Yield and Predominant Freauency. There appears to be an approxi- 
mate relationship between yield and frequency at which peak energy 
ocouxs, and there Is some theoretical juatiflcation for this relation- 
ship (Reference 13). Plotted as Figure 16 is a theoretical curve from 
Reference 13, with points indicating frequencies with max5mum energy, 
a8 calculsted fkom close-in wavefornm, for some of the Upshot-Kuothole 
detonations, Castle Shots 2 and 3, and estimated frequencies for Castle 
Shot8 4, 5, and 6. 

Narrow-Band Records. Narrow-band (approximately 200 cpa) record- 
lngs uere also made during the Castle series. Thi8techIliqw maybe 
necessary in making measurement8 under operational conditions. Value8 
of spectral intensity uere also calculated for field strength namoY- 
band values received for Shot 2 (Reference 11). Figure I.3 has narrow- 
band points indicated by crosses and It will be noted that in most 
cme8, the agreement with the corresponding broad-band spectral curve 
18 quite good. In some cases, the trigger level Was somewhat high, 
which resulted in missing the initial portion of the waveform. Other 
reason31 for disorepancies uere variation in bandwidth with signal level 
and aging of tubes. 

Peripheral &?htnina Flashes. Fast-fksme moving picture photo- 
graphy (3,GCG or mre fkames per second) of Ivy Mike chow what appear8 
to be lightning flashes between the natural aloud cover and the sea on 

th8 periphery of the fireball. This phenomena starts at about 5 msee 
after the beginning of the nuclear reaction and continues for about 
75 met2 or more. These visible flashes wre also evident on the high- 
speed photographlc film Fecordings of the Castle seriee. 

High-gain receiving equipment, with a banduldth of about 1 kc to 
lMo, long-wire antenna, and a tape recorderwmsuaed at Enivetokln 
an attempt to detect these flashes. No signal8 attributable to the 
di8ohsrger were noted. 

Iov-=Freausn P Transmttters An analy8ls of field strength mea- 
8urement8 of lo&equenop traAitter8 has.been carried out by NBS. 
(Reference8 4,X!) At videly-cleparated location8 during Ca8tl0, NBS and 
DRLmonitored NSS,NUS, NPMsndGBR to obtain field strengthmea8ure- 
mt8. Narrow-band equl-nt UM used; essentially the same a8 that 
u8ed for rwmiing the narrow-band field strength8 f?os~ nuclear doton& 
tionr. ~asuremente vere made'at the ram0 time at each location, once 
@aah hour. Five selected plot8 of Meld rtrength versus Wne f’rom 

33 



I 
.- 

@Hi, PLOTTED AGAINST FREQUENCY 

VHERE: C=SPECTRAL INTENSITY IN VOLT-SEC/METER 

D+ISTANCE FRON THE SOURCE 

R=RADIUS OF THE EARTH 

PLOTTED AGAINST FREQUENCY 

1 VHERE: @SPECTRAL INTENSITY IN VOLT-SEC/METER l 

09 DISTANCE FROM THE SOURCE 

RmRADlUS OF THE EARTH 
i I 

z 
IO” 

k . 
z 
v, 
I 

g IO -2 

_ 
ala 

n 

to-3 c 

8 

I 

m-4 
24 26 26 ‘” 0 2 4 6 8 IO 12 I4 I6 __ 

FREQUENCY !N ClI0CYCti-S - 

pigun, l4 spectral Intensity, as a fbnction of 
frequency, for Shot 2 as received at selected 
NBS stationa. 

Figure 15 Spectral inteneity, aa a fbnctlon of 
frequency, for Shot 3 as received at aolected 
NBS stations. 



l UPSHOT-KNOTHOLE SHOTS 
A CASTLE SHOTS 

rc( THEORETICAL CURVE 

6* ’ “I I III I III I III I III I III 
0.1 1.0 IO 100 1,000 10,000 

YIELD (Kf) 

Figure 16 Plot of selected Upshot-Knothole and Castle close-in 
waveform showing the relationship between yield and predominant 
irequency. 

35 



Reference 12 are reproduced here. Figures 17 and 18 show the field 
rtrengths of NSS aa measured by DRL at Kirknewton, Scotland and Thule, 
Gremland, respectively. These are eesentielly north-south paths, with 
that to Kirlmewton 8kirting the auroral sane, and that to Thule pene- 
tratlng the auroral z4me. Figure 19, for the NPWThule path, is also 
north-south penetrating the auroral sane. Figure8 20 and 21 are plots 

of the field rtrengtha of NPM and NSS, as measured by RlIL at Austin on 
the iclam days and at the aame times. Them data are for an east-wst 
path. 

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

2000 2400 

(LB mea-d by 

greater when the 
field strength8 wre 
24 March 1954) than 

signal from dark-to-daylight paths was apparently 
aumral sone was penetrated. At Thule and Austin 
lower during magnetically disturbed periods (i.e. 
during relatively quiet magnetic period8 (Le. 6 May 1954). Hagnetie 
factora front the Cheltenham Magnetic Observatory wre used aa criteria. 

The average daytime field &rength from NSS at Kirknewton (5,800 
km) was about 0.45 mv/m, while at Thule (4,OGO km), it uaa about 0.03 
Qv/m. If equal attenuation per 1,000 km is amused for both paths, 
then NSS-Thuls is low by 25 to 30 db as compared ulth NSS-Kirknewton. 

The NPM-Austin path on 24 March, 27 April and 6 May 1954 showed 
higher day and night field lrtrengtha during magnetically disturbed 
periods than when comparatively quiet. This is an apparent disagree- 
ment with the NSS-Thule and NSS-Kirknewton results; howver, it ie in 
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agreement ulth other investigators over other than North Atlantic 
path& 

With NF3LAuM.n (j,800 km) as a base for predicting field 
etrengtha for NPM-Thule (7,600 km), the latter is low by 6 or 8 db, 
This is an apparent contradiction of most similar meaaurernentu which 
give greater attenuations over east-ueat paths, a8 compared tith north - 
IIouth paths. Efovever, the auroral. zone YBS not crossed in the cour8e 
of those measuremente. 

CONCLUSIONS AND RECOMMENDPTIONS 

The first BLOAT-1 close-in (320 km) recording8 of the eleotro- 
magnetic pulee emltted at the time of detonation of a large nuclear 
device (megaton range) were made during the Castle operationa. Veria- 
tion8 In field strengths, meaanred with presuambly Identical equipment 
at the various locations, we not explainable. Waveform8 were rmmbd 
at diStaIlCe8 Up to &Cc)0 k7R. Beyond about 2,000 to 4,000 km, close-in 
detail disappears. With proper comectione for path, terrain, iono- 
8pherie condition8, time of day, et&, it may be possible to make a 
fair estdma~ of yield a8 a function of field strength received. ROW 
ever, comCtiOn8 to be made are imperfectly knoWn, VXWquenCy aIIaly8iS 
of waveforms, together with other characteristics, my offer 8Op18 ad- 
sl8tan~e. 

IbCeption and identification of mlclear-device ptiaes, when ttie 
of detonation Is known to a millisecond, i8 rel+!ively easy; doing the 
8ame thing on a 2&mur basis, when the detonation time is not known, 
i8 muoh mre difflctit. This mean8 that more Information 18 needed on 
technique8 of discrimination and much of this can be learned by rrtudy- 
ing naturally-ocourring atmospheric8. 

Studie8 of the various parameters affecting VLF propagation rhould 
b empha8l&xi, and this should encompass a we&l-coordinated theoretical 
and experlmemtal approach. Studierr in VLF propagation to date have 
largely been concerned with co.mmnication8 frequencies where tranmis- 
aions are repeatable. Further work along this tack in the lower por- 
tion8 of the band Is uorthuhile. In addition, further studier of 
naturally-ocourring atmospherics should lm conducted, becau8e natural 
fla8hes have many simllaritiea to the man-made type. The aferics 
etudier should be extended to the lov-audio fzwquenoies and into the 
megacycle range--- both being area8 where -ted uork ha8 been done 80 
far. 
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