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In general, the principal objectives of the military-effect programs
were realized. The numerous changes in shot schedules together with the
repeated delays due to unfavorable weather forced many revisions and last-
minute improvisations in many projects' plans. For some-notably those
concerned with documenting fallout-much information was thereby lost; for
other projects, suUch as those involving effects on aircraft, the repeated
delays allowed completion of necessary maintenance between shots and resulted
in almost 100-percent participation.

Despite uncertain yields and delays, the blast program obtained a
considerable amount of worthwhile data and achieved its objectives. Wave
forms from the surface gages were nonideal in shape for both overpressure
and dynamic pressure and demonstrated that water is not an ideal surface-
it sometimes had been presumed to be ideal. Precursors as such were not
detected. The uncertainly of the free-air data did not permit any definite
conclusions regarding the effects of a nonhomogeneous atmosphere on the blast
wave. Data from a megaton burst over a shallow water layer indicated that
except for theclose-in region, underwater pressures are of comparable
magnitude to the direct air-blast overpressures at the same range. In
contrast to results from Operation Ivy, studies at Castle indicated that surface
water waves do emanate from the central region of the detonation and that
refraction and reflection against reefs and shores can significantly affect
their destructive capability.

In the nuclear-radiation and fallout program, the unexpectedly high yield
of Shot 1 caused destruction of much of the spare equipment on Site Tare,
curtailing instrumentation on future shots; however, the important military
significance of fallout over large areas beyond the blast- and thermal-damage
envelopes was demonstrated dramatically. The realization that activity
dissolved in sea water could be a measure of the fallout intensity provided
the impetus for the water and aerial surveys that provided valuable data
after Shots 5 and 6.

In the blast-effect program, the instrumented, rigid concrete cubicle
was exposed to a blast intensity from Shot 3 of only about a tenth of that
predicted. Although the specific objective of that particular project was
not accomplished, an evaluation of the blast-loading data therefrom made by
Sandia Corporation showed that two loading-prediction procedures were
reasonably good. The documentation of air-blast effects on miscellaneous
structures was an unplanned project of opportunity-one initiated because of
the damaging, unexpectedly high yield of Shot 1.

Crater size data was obtained as planned, increasing considerably the
reliability in predictions of craters produced by megaton weapons.

Despite unexpected deviations from predicted yields for Shots 1 and 3,
breakage data and other results on damage to natural tree stands were obtained.

The underwater minefield-121 mines of various types set 180 feet deep
and exposed to a 7.0 Mt surface detonation-gave data on the extent of
neutralization of these mines by the detonation.

Extensive data was obtained in the biomedical study of the individuals
acciently exposed to significant amounts of fallout radiation. Total gamma
dosages up to 182 r were received and produced the physical effects expected.

The actual yield of Shot 1 was approximately 25 percent greater than the
positioning yield used for the effects studies on aircraft in flight. An
overpressure of 0.81 psi was recorded on the B-36; damage to the B-36
necessitated replacement of the bomb-bay doors, aft lower Plexiglas blisters,
and the radar-antenna radome.



The specific techniques used during Castle to predict thermal inputs and
responses were inadequate for accurate, close positioning of the aircraft.
The procedures utilized to predict blast effects at overpressures less than
1.0 psi were satisfactory. In general, good correlation was obtained between
measured and predicted values.

Results of contamination-decontamination studies with the two remote-
controlled ships (YAG-39 and YAG-40) indicated that washdown effectiveness
based upon the reduction of accumulated gamma dose averaged approximately
90 percent. Measured shielding factors on the YAG-40 were between 0.1 and
0.2 between the second and upper deck and varied from 0.03 and 0.05 between
the upper deck and the hold.

Results of the Strategic Air Command's evaluation of interim indirect-
bomb-damage assessment (IBDA) procedures indicated that current equipment and
operating techniques were adequate. Scope photographs showed the typical
horseshoe-shaped configuration during the early moments following time zero.
The location of ground zero was established within an accuracy of 600 to
1,100 feet by determining the center of curvature for the horseshoe
configuration. Computation of yields proved inaccurate.

In the studies of the effects on the ionosphere, it was observed at the
Parry Island ionosphere recorder that severe absorption occurred for several
hours following all megaton shots. It appears that the duration of the
disturbances was related in some manner to the yield of the device and was
about inversely proportional to the distance.

In the investigation of the problem of long-range detection of nuclear
explosions, azimuthal errors with +3 degrees were experienced in locating
the source by utilizing the electromagnetic effects. Reception and identifica-
tion of detonation pulses when the time of detonation was known to a milli-
second were relatively easy; however, to do the same thing on a 24-hour basis
with the detonation time unknown would have been much more difficult. It was
found that more information is needed on techniques of discrimination. There
appeared to be an approximate relationship between yield and the frequency at
which peak energy occurs.

The photography program obtained data that was more complete and accurate
than any obtained on previous operations. Good measurements of cloud height
and diameter over a 10-minute interval were compiled for the five shots
photographed.



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.



ABSTRACT

Operation Castle consisted of six nuclear detonations at the Eniewtok Proving Ground
during the period 1 March to 14 May 1954. Two were surface or near-surface land shots:
one on a natural i{sland and the other on & man-made island at the end of a causeway. The
other four shots were fired on barges: two anchored in reef craters from previous shots
and the other two anchored in the lagoon proper.

The Department of Defense (DOD) military-effect program consisted of 37 projects
divided among six planned programs and one program (biomedical) added in the field; in
addition, one Los Alamos Scientific Laboratory (LASL) program (thermal radiation) was
concerned with an area of military-effect interest.

Program 1, the blast program, was designed to document information on shock pa-
rameters in the propagation of the blast wave incident on and through the media of air,
ground, and water for devices with yields in the megaton range.

Program 2, the nuclear-radiation program, had two primary objectives: documenta-
tion of the initial neutron and gamma radiation, and documentation of fallout from land-
surface and water-surface bursts; both efforts were devoted to miltimegaton-yield
devices.

Program 3, the blast-effect program, concentrated on (1) obtaining loading data for
predicting structural response and damage from multimegaton air blast, (2) gathering
data on the dimensions of apparent craters formed by multimegaton-yield shots for use
in crater-size prediction, (3) studying blast damage to forested areas, and (4) deter-
mining the effects on a planted sea minefield from a water-surface detonation.

Program 4, the biomedical program, was organized immediately after the accidental
exposure of human beings on Rongelap, Ailinginae, Rongerik, and Uterik to the fallout
from Shot 1, in order to (1) evaluate the severity of the radiation injury to those exposed,
{2) provide all necessary medical care, and (3) conduct a scientific study of radiation
injuries to human beings.

Program 6 was a composite program covering tests of service equipment and tech-
niques. The ultimate objective of the aircraft-participation projects was the establish-
ment of operational and design criteria concerning nuclear-weapon delivery aircraft,
both current and future; measurements of overpressures, gust loading, and thermal
effects were made on aircraft in flight. In order to evaluate washdown countermeasures,
two converted, remote-controlled Liberty ships were placed in multimegaton fallout
patterns. In addition to simulating tactical conditions aboard a ship during and after
fallout, these vessels were equipped to collect fallout on their weather surfaces for
contamination-decontamination studies and housed instrumentation for studies of fallout
material. Also, their weather surfaces served as a radiating surface for shielding
studies. Lastly, one project studied effects on the ionosphere.

Program 7, the long-range-detection program, was concerned with the problem of
detecting and locating the detonations and documenting them to the maximum extent pos-
sible.

Program 9 performed the photographic documentation function. In addition, a photo-
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grammetry project determined nuclear-cloud parameters as a function of time and at-
tempted to establish scaling relationships for yield.

Program 18, the thermal-radiation program, was administered by LASL. As a resujt,
the DOD had no projects devoted exclusively to thermal-radiation measurements. Instead.
to obtain thermal data of interest and avoid duplication of the Los Alamos efforts, the
DOD provided funds for enlarging alightly the scope of Program 18.

In general, the principal objectives of the military-effect programs were reaiized.
The numerous changes in shot schedules together with the repeated delcys due to un-
favorable weather forced many revisions and last~minute improvisations in many projects’
plans. For some—notably those concerned with documenting fallout— much information
was thereby lost; for other projects, such as those involving effects on aircraft, the re-
peated delays allowed completion of necessary maintenance between shots and resulted
in almost 100-percent participation.

Despite uncertain yields and delays, the blast program obtained a considerabie amount
of worthwhile data and achieved its objectives. Wave forms from the surface gages were
nonideal in shape for both overpressure and dynamic pressure and demonstrated that
water is not an ideal surface—it sometimes had been presumed to be ideal. Precursors
as such were not detected. The uncertainty of the free-air data did not permit any defi-
nite conclusions regarding the effects of 2 nonhomogeneous atmosphere on the blast wave.
Data from a megaton burst over a shallow water layer indicated that except for the close-
in region, underwater pressures are of comparable magnitude to the direct air-blast
overpressures at the same range. In contrast to results from Operation Ivy. studies at
Castle indicated that surface water waves do emanate from the central region of the det-
onation and that refraction and reflection against reefs and shores can significantly affect
their destructive capability.

In the nuclear-radiation and fallout program, the unexpectedly high yield of Shot 1
caused destruction of much of the spare equipment on Site Tare, curtailing instrumenta-
tion on future shots; however, the important military significance of fallout over large

_areas beyond the blast- and thermal-damage envelopes was demonstrated dramatically.
The realization that activity dissolved in sea water could be a measure of the fallout in-
tensity provided the impetus for the water and aerial surveys that provided valuable data
after Shots 5 and 6.

In the blast-effect program, the instrumented, rigid concrete cubicle was exposed to
a blast intensity from Shot 3 of only about a tenth of that predicted. Although the specific
objective of that particular project was not accomplished, an evaluation of the blast-
loading data therefrom made by Sandia Corporation showed that two loading-prediction
procedures were reagonably good. The documentation of air-blast effects on miscellane-
ous structures was an unplanned project of opportunity —one initiated because of the
damaging, unexpectedly high yield of Shot 1.

Crater size data was obtained as planned, inoreasing oonsiderably the reliahility in
predictions of craters produsced by megaton weapons.

Despite unexpected deviations from predicted yields for Shots 1 and 3, breakage data
and other results on damage to natural tree stands were obtained.

The underwater minefield— 121 mines of various types set 180 feet deep and exposed
to a 7.0-Mt surface detonation-—gave data on the extent of nesutraiization of these mines
by the detonation.

Extensive data was obtained in the biomedical study of the individuals accidently ex-
posed to significant amounts of fallout radiation. Total gamma dosages up to 182 r were
received and produced the physical effects expected.

The actual yield of Shot 1 was approximately 25 percent greater than the positioning



yield used for the sffects studies om aircraft in flight. An overpressure of 0.81 pai was
recorded on the B-36; damage to the B-38 necessitated replacement of the bomb-bay
doors, aft lower Plexiglas blisters, and the radar-antenna radome.

The specific techniques used during Castle to predict thermal inputs and responses
were inadequate for accurate, close positioning of the aircraft. The procedures utilized
to predict blast effects at overpressures less than 1.0 psi were satisfactory. In general,
good correlation was obtained between measured and predicted values.

Results of contamination-decontamination studies with the two remote-controlled ships
(YAG-39 and YAG-40) indicated that washdown effectiveness based upon the reduction of
accumulated gamma dose averaged approximately 90 percent. Measured shielding factors
on the YAG-40 were between 0.1 and 0.2 between the second and upper deck and varied
from 0.03 and 0.05 between the upper deck and the hold.

Results of the Strategic Air Command’s ecvaluation of interim indirect-bomb-damage
assessment (IBDA) procedures indicated that current equipment and operating techniques
were adequate. Scope photographs showed the typical horesehoe-shaped configuration
during the early moments following time zero. The location of ground zero was estab-
lished within an accuracy of 600 to 1,100 feet by determining the center of curvature for
the horseshoe configuration. Computation of yields proved inaccurate.

In the studies of the effects oa the ionosphere, it was observed at the Parry Island
ionosphere recorder that severe absorption occurred for several hours following all
megaton shots. It appears that the duration of the disturbances was related in some
manner to the yield of the device and was about inversely proportional to the distance.

Ii: the investigation of the problem of long-range detection of nuclear explosions,
azimuthal errors within + 3 degrees were experienced in locating the source by utilizing
the electromagnetic effects. Reception and identification of detonation pulses when the
time of detonation was known to a millisecond were relatively easy; however, to do the
same thing on a 24-hour basis with the detonation time unknown would have been much
more difficult. It was found that more information i3 needed on techniques of discrimi-
nation. There appeared to be an approximate relationship between yleld and the fre-
quency at which peak energy occurs.

The photography program obtained data that was more complete and accurate than
any obtained on previous operations. Good measurements of cloud height and diameter
over a 10-minute interval were compiled for the five shots photographed.



PREFACE

This report is the final summary of the millitary-effect test program conducted during
Operation Castie at the Eniwetok, then called the “Paoific,” Proving Ground in the
spring of 1954. It has been prepared by the Director, Teet Division, and his staff

of the Office of the Deputy Chief of Staff for Weapouns Effects Tests!, Field Command,
AFSWP. Although a few military-effect project reports were uot yet published when this
summary was written, all had been submitted in draft form and were available for
reference ir preparing this summary report.

This report (WT-934) supersedes the preliminary summary (ITR-934), which was
prepared a month after the last shot was fired on Operation Castle. That preliminary
summary had been prepared by the Commander, Task Unit 13, and his staff, with the
assistance of Dr. H. Scoville, Jr., then Technical Director, AFSWP.

Contributions to this final summary report were made by the following:

. Coleman, Col, USAF, Director, Test Division
. Higgs. CDR, USN, Deputy Director, Test Division
. Killica, Maj, USAF, Technical Assistant, Test Division
. Bingham, Maj, USAF, Director, Program 1l
Kelso, Blast Branch, Headquarters, AFSWP
. Facer, CDR, USN, Director, Program 2
Chiment, Maj, USA, Assistant Director, Program 2
. J. Var Lint, Pfc, USA, Staff Assistant, Program 2
. Clarke, LCDR, USN, Director, Program 3
. W Bankes, Lt Col, USA, Director, Program 4
E. O’'Brien, Lt Cc!, USAF, Director, Program §
G. Shilling, CRD, USN, Assistant Director, Program §
Black, Lt Col, USA, Director, Program 6
. C. Linton, Maj, USA, Director, Programs 7 and 8
G. James, Lt Co!, USAF, Director, Program 9
M. Sheahan., Lt Col, USA, Assistant Director, Program 9
S. Isengard, Maj, USAF, Assistant Director, Program 9
P. Forsyth, Maj, USAF, Fiscal
W. Williams, CWO, USA, Administrative Officer, Test Division
. J. Miller, Chief, Reports Branch
R.
. A,

My AW mmy

Jennings, Assistant Chief, Reports Branch
McNeill, ENS, USN, Analysis Officer, Reports Branch.

The preliminary summary report has been used as a point of departure in preparing
this final summary; thus, much of the material herein is based directly on the prelimi-
nary version. The following had made significant contributions to that preliminary
report:

H. K. Gilbert, Col, USAF, (DWET), Commander, Task Unit 13

PHEVAEEHEENHONLNONEE PR

1 At the time of Operation Castle, this office was designated as the Directorate of Weapons
Effects Tests (DWET).



N. E. Kingsley, Capt, USN, (AFSWP), Deputy Commander, Tuask Unit 13, and
Director, Program 3
Dr. H. Scoville, Jr., Technical Director, AFSWP
W. L. Carlson, CDR, USN, (DWET), Director, Program 1
A. Martell, Lt Col, USA, (DWET), Director, Program 2
P. Cronkite, CDR, USN, (NMRIj, Direciwor, Program 4
1. Prickett, Lt Col, USAF, (DWET), Director, Programs 5 and 6
R. Wignall, Col, USAF, (AFOAT-1), Director, Program 7
J. G. James, Lt Col, USAF, (DWET), Director, Program 9
This final report is organized to present (1) a general summary of the background of
military-effect participation on Castle in the first chapter, (2) a general discussion of
the findings of each test program in subsequent chapters, and (3) a brief abstract of each
project and bibliographical information on each project report in the Appendix.

vomMN

10



ABSTRACT
PREFACE

CONTENTS

e = . e Em ar e e e am e am e e . Me Am G WE S G e m A M R W he wE E WD A m Sv A T e = e AR e e me

CHAPTER 1 INTRODUCTION ----=-=m=-=c=--sme-s=-=mmmm=——omoooo

11 Military-Effect Program------==----c=ceccemmmm-conamonox
1.2 Organization and Administration ------==---c-ccc-omcorow-—--
1.3 Funding - ----=-=-~-~- R g B
1.4 Summary Datg =------coe- o e - e e m e — ==

CHAPTER 2 BLAST AND SHOCK -=-=---ee-e-mccmccoccmeccmomnn

2.1 ObjeCLVeS ~----ceemmm e e m e e e Cmo s m e o
2.2 Scale Factors ==-=-==~-=c---mmm-cmeccrcee e s m s mm—me oo

i

2.3.1
2.3.2
2.3.3
2.34
2.3.3

i~

2.4.1
2.4.2

| S v

26.1
2.6.2

[an3

5.3 Surface Measurements -~ - ~==—=-~-==--me - - - e- - -c-c--—---os~o-

OVErpreSSUre — - ==~ == === - == ~~ - - s e o oo e-—---—moo—— oo
Dynamic Pressure Frece-Field Measurements ---~---------=---
Dynamic Pressure as a Damage Parameter - -~--=--=--~---------
Effects of Rain = -~ ===~ - - mmm e s e s e mm e m e s s e s s mm— =
Comparison with the 2W Theory----=--==---=--c-cccwcmcur—-—x

.4 Above-Surface Measurements ~---~=- === --=--e---—-cs--c-—---

Pressures8 -—=----~-——- = - - rme - cmc-ce o et c e e -
Base Surge-----=+v-----------c-sos--omo-ooo———— e

.5 Ciose-In Ground Accelerations - - -« -~ -w === -c---cccenmcano-—--
.6 Underwater Measurements -----~-m==-==--c-c- oo ccaoe~ooo=m-

Underwater Pressures - - -—-~=---= e ccmmrccoac oo ccenm—-
Acoustic Pressure Signals in Water (SOFAR) ~----=--~--====-=-=-

.7 Surface Water Waves — - - - -~ - cm e c s e s e e me e m s m s — =

CHAPTER 3 NUCLEAR RADIATION MEASUREMENTS

3.

3.
331
3.3.2
3.3.3
3.34
3.3.5
3.3.6
3.3.7

AND FALLOUTY STUDIES ~~===c-mm--mmmm-m=-mooooecmn—-

1 Initial-Gamma Radiation =~=---=--=-----cm e cmm e rcc e s m e m
5.2 Neutron Radiation =----=-mccmmccscmmr e mcc e e c s s mm e ==
3 Fallout Distribution -~ ~=--=-~ - ccccc st mcm e m s e cmem s e e m =

Instrumentation -~ ===+ ~= - - - --- - - ---eo-m-c-ooooooo -

ShOt 6 e e mmmccmcmmemc— e~ —mmmme e m—,————————

3.4 Physical and Chemical Characteristics of Fallout - - - - c v e ccccccee--

11



3.5 Radiochemical Characteristics of Fallout - - - - < c - oo o Lo oo 53

3.6 Uptake of Fission Products by Zooplankton - -« - o c e oo e e oL oo - 57
CHAPTER 4 BLAST EFFECTS =-r---ccc i s mmmmmm e e mm e oo - - 58
4.1 Structures Program - -- - - - - - - - - e oo e e e e e e — - - 53
4.2 Crater SUIVEY - - -~ - - c e e e e s m ot e e r e e m e e e e e 61
4.3 Tree-Stand Studie8 ~ ~ -~ - = c - - s m e e e m e e e e o i —— - -= (B
4.4 Minefleld Clearance -~ -~ --=-- - c o - om0 e m e m e e e m e oo - 67

CHAPTER 5 ACCIDENTAL EXPOSURE OF HUMAN BEINGS

TO FALLOUT --~---=--~----- - mm s mm e e mmmm o mm o - = 71
CHAPTER 6 TESTS OF SERVICE EQUIPMENT AND TECHNIQUES - -~------ 73
6.1 Effects on Aircraftin Flight - - -~ ===~ c s e c e s e s a e e o 73
6.2 Contamination and Decontamination Studigs- - -~ - w v ccce c e e cwcen - 75
6.2.1 Operationid Resultg - =~ - - -~ v s e m c et e et e e e e e e - 81
6.2.2 Washdown System Evaluation ------=-=------ccwe-cowoo-c-- 81
6.2.3 Ship-Shielding Studies ------- S s s s R e il 892
6.2.4 Airborne-Activity Studies - - -=--------cc-ccmmccc e m o 82
6.2.5 Radiation Surveys - --------"-=-=----- I e Rl §3
6.2.6 Decontamination Studies - - ~--=-=----~~---w- e — - — -~ 34
6.2.7 Protection of Personnel in Radiation Fields ~--~=--~--~-©v----- q7
6.3 Operational Evaluation of Indirect-Bomb-Damage
Assessment -~----------- Attt - 38
6.4 lonosphere Studieg -~~~ ~-~=------~------ce-ceooo oo m s m e 31
CHAPTER 7 LOW-RANGE DETECTION - ---cc--ommmomm e m e e me o 92
7.1 Electromagnetic Effects - ~---------=-e----rr-cm-tmroc 59
7.1.1 Pulse Identification =-~-=----=----------mes e m e mm - 93
7.1.2 Pulse Characteristicg--~-~-=--=-vr--m-co-ccneoc e mm o 93
7.1.3 Field Strength------------=-c-oror o msrmmc s a3
7.1.4 Yield Determinations -~-----~------~---osm-omo-cou—on - 23
7.1.8 Ionosphere Data -=----=-----em-o-cmcmmem e mme o 94
7.1.7 Peripheral Lightning - --~-----------~s--mr-emcnocncenc~- 94
7.2 Afrborne Low-Frequency Sound ------=---c~=--ormeomocaea-a-- 94
7.2.1 Detection Ranges - ---~--~=------wrmee-ooccoomoconon-—- a5
7.2.2 Signal Characteristics ~--------------ocm-cmencccvuwa—- 95
7.2.3 Travel Speeds ------~-------coccrenrrcecmoccccc e 96
7.2.4 Azimuth Errorg ---=-==-c--ocecmecec e mreoccamen-o- - a7
7.25 Yleld--~--wme-erc e e e rc e cm et e e m e e~ e~ 97
7.2.6 Direciional Effects---~=--=-=---e-ccccccmcrscan e 98
7.2.7 Equipment - - ---=---~mm- - e - c - - -mcseecscaccco e 98
7.3 Analysis of Nuclear-Device Debris ------~-vw-c=crocnecr-c-coo- 98
7.3.1 Radiochemical Analysis of Particulate Debrig----~-cee-c-cu-w- 98
7.3.2 Petrographic Analysis ~---=---c-ee-com e e e 100
7.3.3 Specific Beta Activity -~----=--cocemee--mreomemmmm e m o 100
7.3.4 Operation of the Squeegee Sampler -~-~~~-====--o---cec~-—-- 100

12



CHAPTER 8 THERMAL RADIATION MEASUREMENTS-----~--cc-ccm-a- 101

CHAPTER 9 CLOUD PHOTOGRAPHY - ~-~-~---~-~ e e e R 102
REFERENCES--=~-=~=c~-v=- e il R et R B i04
APPENDIX PROJECT SUMMARIES ----~-c---mmrmmcc e e e e e m - - 105
TABLES
1.1 Summary of Shot Dats and Environmental Conditions - --------«----- 17
1.2 Funding and Costs, Military-Effect Test Program----~«-----c--vs--- 20
2.1 Scaling Factorg - -~ -----cc e v e e e cc e r s e e 24
2.2 Comparison of Measured and Calculated Values of Dynamic
Pressure - ---c-cecccec et m et rm e r e r e 25
2.3 Acceleration Data~~=-r e e m - c - e mcc e e c e c e c e 33
2.4 Summaiy of Pressure-Time Data, Shot § ==« - -~ - e c e c e ce e 38
3.1 Areas of Average Residual Gamma Actvity ~--cccccccnanacaaaa-o 46
3.2 Capture-Tc-Fission R8ti0 -~ =~ - === v o e e e e c e e - - 53
4.1 Crater Survey Data ~-wcem e m s cmc e e e e e e r e m e c e o - 65
4 2 Summary of Effects on Mines, Shot 4 «-~---cc-ccemce o naeooa 67
6.. Desired and Actual Positions at Time Zero and Time
sl Shock Arrlval-------cccccm i m e e e m e e c e e a e 75
6.2 Dafa Summary, B-36 ~cwccm e rcrr e e c e r e e et e e - 77
6.3 Datu Summary, B-47 - ccc e e e e tc e e e e - 77
5.4 Comparison of Maximum Theoretical and Measured
Inputs and Responses, B-36 ~ -~ ~c oo c e cm e e m e e e - 78
6.8 Comparison of Measured Data with Extrapolations to
Zero-Time Positions, B-47T~=~«-c-ccccrcmncn v ccca e 78
6.6 Comgarisor of Measured and Calculated Peak
Temperature Rise, B47--~ccc e mcmm et e e e e e e 80
6.7 Aircraft Pogitions ~=-c e e mm o cc e e e e e e e e oo 91
9.1 Cloud Parameters - - --c e mc e cmc e e e et e m e m e 103
A.1 Project Stot Particlpation == - v = c c e cccm e c e e e c e e e - - 105
FIGURES
1.7 Organizational relationship ~=---cccmmmn o e e e e m e 16
12 Bikini Atoll ~~=----cc e e e e m e r e ettt c e e e 18
.3 Eniwetok Atoll == == s s e m ;e s m e e e e e e e e e e e e 19
2.1 Overpressure versus time, Shot 6 ---~----cc-cc e cmmcccam e 26
2.2 Dvnamic pressure versus time, Shots 4, 5, and 6 - ~-=-«--cccceccuaa.a 26
2.3 Overpressure versus ground range, as measured
for Shot 3 ~ =~ mmcd e e e e s rrrr e r et e e e e e - 27
2.4 Composite overpressure versus scaled ground range,
Shots 1 through 6 ~~ - - ccec e e e e e e e 29
2.5 Composite scaled time of arrival versus scaled ground
range, Shots 1 through 6 - -~ -----e e o e mm - o 30
2.6 Vertical pressure~distance data, Shot 2, with curves
derived from NOL theory --------ccccmmc e e o - 32
2.7 Surface pressure-distance data scaled to 1 kt at sea level - === v -- 32

13



2.8 Surface arrival-time data scaled to 1 kt at sea level- =« - == -o-u v~
2.9 Earth-acceleration arrival times versus ground range

fOr SHOt 3 ~m e s mcmm e mmc e e ccmm e ——————— -
2.10 Pressure-time records, Shot 5~-=--~ - mmcmcm e m e - -
2.11 Averaged pressure-distance data - ---~---cc o mmmmmmmom o m e
3.1 Initial gamma exposure versus distance - - - - ccm - - - o mmem e mm oo
3.2 Initial gamma-exposure rates, Shot 4 ~---~—--cccw-w--- fmmm— e
3.3 Neutron-detector data, Shot 1- ~~ + - = = e o e e v oo .
3.4 Neutron fission-detector data, Shot 2- - - - - - ~ - - m e e m et e e e e - - -
3.5 Reconstructed complete fallout pattern, Shot 1,

(r/hr At H+ 1LhOUr) ==—==—=ec-cccccm e mm e e e e o=~
3.6 Residual gamma rate versus time, Shot 1w - e o w e e o m e e
3.7 Close-in gamma fallout pattern, Shot 3, (r/hrat H+ 1l hour)---=-~----
3.8 Close-in gamma fallout pattern, Shot 4, (r/hrat H+ 1 hour) -~ ~-=---~
3.9 Exposure-rate contours, Shot 5, (r/hrat H+ lhour)--=-----o--uue--
3.10 Exposurg-rate contours, Shot 6, (r/hrat H+ lhour) --------------
3.11 Cumulative particle-size distribution ~- - - -= - e — -
3.12 Gross beta decay of fallout samples from Shots 1, 2, 3, and 4 ~=~-~~~-
3.13 Gross gamma decay of fallout szmples from Shots 1, 2, 3, and ¢ - -~-~--
3.14 Gamma ionization decay as a function of relative ionization

rate, Shot 4 -~ -~ - cccm i e e e e e e e o - -
3.15 Calculated beta decay ~==---ccc e i m s e m s e et e e
4.1 Testcubicle, Project 3.1---mcc e c e e e e e e r e e e m e

4.2 Tare Island facilities after Shot 1 ==~ - - - - - cc i dm e e e e -
4.3 Close-in instrument shelters after Shot 1 -~~~ = - - c e mc v c i cm e e e -
4.4 Aerial view of crater formed by Shot 1 - - - - c e m i c c e e e e e -
4.5 Sample Pisonia Plct D, Uncle Island, looking toward

ground Zero -~ =-c- - - - -- s e mm e — o e T
4.6 Sample Palm Plot B, UncleIsland - -~ = c o c c e cc c e m e e e o
6.1 The YAG-39 with the washdown system operating ----------wm-vea-
6.2 Ship'scourse, Shot 5 == - - = e m e cm et e e e e e -

6.3 Apparent absorption coefficient u as a function of time ~--=-- -~ -c~w--
6.4 Radiation contours from original beta survey on the YAG-40

after Shot 5, 8 May 1954 ~---~----- -~ -e- e mm o~
6.5 Radiation contours from original gamma survey on the

YAG-40 after Shot 5, 8 May 1954 - - -+~ --=-~----cccemmon-o-
6.6 Evaluation of experimental decontamination procedures,

YAG-40, Shot 2 ~ === - mmmm e m e m e e c e e e c e c o= - -
6.7 Percent of original contaminant remaining versus manpower -- --------
6.8 Initial gamma contamination and residua! percentages after

decontamination operations, Shot 2 ~~~-~==---w=--=----- memmmm-
6.9 Third picture after H-hour 2t about H + 4 seconds - ---~--==-v-oc----~
6.10 Progress of shock front at H + 22 secomdg - -~~~-—-=-===c-wcccnmw--

14

34

36

56

39
62
63
64

683



Chapter [
INTROOUCTION

The Armed Forces Special Weapons Project (AFSWP) was informred in April 1952 of plans
of the U. S. Atomic Energy Commission (AEC) to conduct a developmental test of high-
yield weapons at the Eniwetok Proving Ground (EPG) in the fall of 1953 (subsequently
deferred to spring of 1954) under the code name Castle (Reference 1). Inasmuch as
Operation Ivy —the first test involving high-yicld weapons-—was then being prepared
for conduct in the fail of 1952, no immediate steps were taken by AFSWP to plan for
Operation Castle. In August 1352, AFSWP requested the military services to submit
procject propesals for a military-effect test program for Castle (Reference 2). On the
basis of the proposals submitted, AFSWP presented to the Committee on Atomic Energy
of the Research and Development Board on 17 December 1952 an outline for a military-
affect test program. After appropriate discussion (including additional hearings on the
long-range-dstection program, Program 7, and the shipboard-countermeasures project,
Project 6.4), the Research and Development Board approved the program (Reference 3)
and imtiated release to AFSWP of research and development funds (see Section 1.3).

1.1 MILITARY-EFFECT PROGRAM

The military-cffect program, as approved by the Research and Development Board,
was of necessity couched in very general terms. Only preliminary data was as yet avalil-
ahle from Operation Ivy, and a firm shot schedule for Castle had not yet been promulgated
by the AEC. However, a tentative project list was framed in accordance with the follow-
ing prenepts: (') Lach project must be justified on the basis of a military requirement.
(2) Each prcoiect must b2 such that its objectives cannot be attained except by a full-scale
test, its objectives cannot be attained at the Nevada Test Site (NTS), and its objectives
zan be attained at the EPG without unreasonable support requirements. (3) Each project
rmust conform to the shot schedule —yields, locations, burst heights —established for
the developmental program of the AEC.

In early March 1953, representatives of AFSWP met at Los Alamos with staff mem-
bers of the J-Division, Los Alamos Scientific Laboratory (LASL) to review compatibility
of the desired Department of Defense (DOD) program with the AEC developmental pro-
grasn. Excepl for non-inclusion of an air burst by the AEC, the programs were general-
lv compatible. As an outgrowth of this meeting, plans for a thermal program (Program
8) under DOD svnonsorship were dropped, since LASL agreed to expand its Program 18
to include thermal measurements of particular interest to the DOD; also, a biomedical
oroject involving the exposure of mice to neutron flux was eliminated.

During the detailed planning and preparation for the operation, many revisions of
project plans were necessitated by changes in shot schedules, detailed analysis of Ivy
daca, and suppcrt considerations. However, there was no general revision of project



objectives, with one exception: the objective of Project 3.2 was reduced {rom true crater
measurement to apparent crater measurement, because the probability of meaningtul
data did not justify the support effort requircd. An additional project was approved at
this time: Project 3.4, Minefield Clearance, under Navy sponsorship.

The possibility of expanding the objective of Project 1.4 to include underwater pressure-
versus-time measurements from a surface burst over deep water was explored. Although
LASL agreed to relocation of one of the harge shots to a positicn outside of the lagoon,
with certain restrictionz, the estimated yields of the devices then scheduled were tou
high to make a satisfactory test probable. In view of this and the additional support ia-
volved, the matter was dropped.

During the operational phase, the following projects were 2dded to the military-effect
test program:

Project 2.7 (Study of Radiation Fallout by Oceanographic Methods) was added to obtain
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Other . Commaonder @ Chief
Task Groups Tosk Group 7.1 AFSWP
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L }
Othar Task Commdnder
Task Units unit 13 Fleld Command, AFSWP
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@ Qirectorate
Weapons Effects Tests
Projects

Figure 1.1 Organizational relationships.

additional fallout data by employment of water sampling and other techniques in free-
ocean areas.

Project 3.5 (Blast Effects on Miscellaneous Structures) was added to document the
damage to shore facilities arising from the unexpectedly high yield of Shot 1.

Project 4.1 (Study of Response of Human Beings Accidentally Exposed to Radiation
Due to Fallout from High Yield Weapons) was added to document, incidental to medical
treatment, observations of personnel evacuated from those atolls east of Bikini unex-
pectedly contaminated by fallout from Shot 1.

The physical damage and adverse radiological situation arising from Shot 1, coupled
with repeated postponements of subsequent events because of weather, placed the military-
effect participation in subsequent shots on a tentative basis. In particular, the adverse
effects of the following factors were very real: (1) gradual loss of personnel as their
total accumulative radiation dosage exceeded the maximum limit because of radiological
contamination of Bikini Atoll land areas to which entry was mandatory for project pur-
poses; (2) loss of equipment by Projects 2.2 and 2.5 by a secondary fire from Shot 1 on
the Tare Island support facility; (3) conversion from land-based to ship-based operations
at Bikini after Shot 1, with attendant difficulties of personnel trangport, communications,

18



0 p3id O 28
PARLEL Pl 2 )

A

080

11}

08

¥ 5001
oL

L1 4

i

)

o1
00'08.'290 3
[ ¥ 1WA E ]

awoey
corLy
(quednre)

woy ‘ieswyd
TN LA] ‘Yoysauy

alaeg

T00 0¥ L9S 0050390
yos1 Avyg 91

9 1 mO0R 01 Z§
T'7 T¢N 03 Z8

24

L0

b4
808
o101

=3

oLs

L

1]

[44

(18 2 E ]
YNV IN N

spEey
o1vo0sl

87 mOH 0} Z8
£Z WeN 01 78

124

90

99

18

¥ 1001
9l

16z

woes'otr 3
€0 909' 191 N

sotu)
$0% 0L

(weomicy) X0 TIOI) SO SIRITN ¢ PRV
(ryooany) Sod WOXJ 15 004’ 9 JO IPFE P
903V Jo RORoerIN] 18 alivg vo [URTE

olreg

100°G = CYT 0070190
98T AYN S

vy

T00°0% L15 000190
P61 N2dy 52

g ueN 01 ZD
0 moy 1 29D

4 ¢
080

18
L6001
9l

T6'S

[ ]

9el
09

00°66L'60T 3
09 VST 00T N

TooR
Z10°0 ¥ 0SY°0

(owuragug)
ers]l ‘rig
Il

100° 0¥ 868000390
voet Tdy ¢

g xo4 o1 28
7Z 3lv] 01 Z§

oL
0¥0

LL

08

¥ 2101
L

L4481

TL

L

[ ]
99°096'910 7
SO 9SY OLT N

oswmoy

go¥ oIl

Inexd
11948 ‘PrpQIg
a81eg

10070 ¥ CLE 000790
$981 Q2B L2

-§9-0'8¢ TIdq 1 ZD

0'ZT 91vE 01 ZD
9 01 oB1089 01 2D

St

oLo

L

08
19001
€l

L
0T

86°89T1'9L0 I
AT LTIP0LY N

oAmagy
Lo¥ost
Joey uo
(nareN) o[IIWqO
o iep ‘Tapng
powy

0190 TLE 6S VYOO
961 Y™ IeR T

10d (N0} ‘uossruIRuR.L], Of4oqdsouny
sjoy ‘100124

Wty }OYS IM UONDIIIG puUls) 3J8LING
10d ‘Kyrpruni 9ANIR[Y 90wjang

4 ‘exngeiadwo] IjV 0dvjIng

2919 ‘qu ‘9angeeld aidydsouny

4 "wjog maq

8ap1l Bujidg 19jem A0 UBIN mOlaq
goyou] § 97 wnys() SW] OJIIZ I8 IPIL

1 ‘(e3piL
Fupidg 108 MO UYON A0[3q
2970U} g} Wnye( 2A0qE WORSPUNOS

¥ ‘1:em aaoqe %oaq a3awd jo 1qBiaH

13 ‘uopepunog 1o X93( eB1vg aroqe
eofaa( Jo f1jaR1D Jo 131Ud) Jo 1qB1AH

Jaquiny uonwig

#97SUIPI00) JPAJEN PUE S2W[OH
93140
omIN 9poD

™oL
WD) prY ‘TOeLI N ‘PiOIX

wopes0n
ad£]1

wo(ee T ge iy UY Av(ap 10}
peoa1I00 10t {AMM-DdT) emiL

(pda) a18Q

9 098

9 s

¥ 1048

£ 4B

T 1098

1 103§

ENOLLIONOL TYLNIMNOHIANG GNV VIV LOHS 40 AHVAMNAS T'1 TIEVL

17



8RAVD

aLFa
@ 2coma

Afrukiiji
Airukiraru
Aomoen
Arriikan
Bigiren

Bikini
Bokoaetokutoku
Bokobyaadaa
Bokonejien

vorE

Q:} miian
Q) VIGTOM= --ee

Oboe
Peter
George
Yoke
Roger
How
Alfa
Able
Baker

4 ” ‘&I!\\J
e
£as
Boc

3 GEORGE
X
Shots 4&?
- /{'/”

Bokonfuaaku
Bokororyuru
Chieerete
Eniairo
Eniirikku
Eninman
Enyu
Ionchebi
Namu

Item
Bravo
William
King
Uncle
Tare
Nan
Mike
Charley

Figure 1.2 Blidni Atoll.

18

W

|
b
I

3 Nowhca. Mies

OQurukaen
Reere
Rochikaratl
Romurikku
Rukoji
Uorikku
Yomyaran
Yurocud

Zebra
Sugar
Love
Fox
Victor
Easy
Jig
Dog



Shot €
( lvy Mike Crater)

Deep Entrance

ELwER
XEITH
JAMES A
’>km g RED
GLENN
3 Movtissl Mites
wide Possoge

Aaraanbiru Vera Coral leads Mack, Oscar Parry Elmer
Aitsu Olive Eberiru Ruby Piiraai Wilma
Aniyaanii Bruce Elngelab Flora Pokon {rwin
Aomon Sally Engeb! Janet Ribaion James
Biijirt Tilda Eniwetok red Rigilt Leroy
Bogairikk Helen Giriinien Keith Rojoa Ursula
Bogallua Alice Igurin Glenn Ruchi Clara
Bogombogo Belle Japtan David Rujoru Pearl
Eogon Irene Kirinian Lucy Runit Yvonne
Bokonaarappu Mary “M” Zona Sandildefonso Edna
Chinieero Alvin Mul Henry Teiteiripucchi Gene
Chinimi Clyde Muzin Kate Yeiri Nancy

Cochita Daisy

Figure 1.3 Eniwetok Atoll.

19



and equipment handling; (4) severe boating conditions at Bikini during delay periods.
which restricted maintenance of test stations; (5) degeneration of test stations by salt
spray, humidity, rain, and intense sun during the repeated postponements of shot days
because of weather; (6) changes of shot sequence, sites, and predicted yields; (7) extreme
variations in actual and predicted yields; and (8) cancellation of one shot (Echo) fo- which
elaborate instrumentation had been prepared.

1.2 ORGANIZATION AND ADMINISTRATION

The solicitation, review, and coordination of project proposals was undert:ken in ac-
cordance with the basic mission of the AFSWP. In April 1953, the Joint Chiefs of Staf
augmented the mission of the AFSWP by directing the AFSWP *. . . to exercise technical
direction of weapons effects phases of developmer.t tests or other tests of atomic weapons

TABLY 1.2 FUNDING AND COSTS, MILITARY-EFFECT TEST PRGGRAM

Initial R&D R&D Costs to
Progra itl
grém Title Funding 1 Cctober 1957
1 Blast and Shock Mcasurements $2,200,000 $1,603,17¢
2 Nuclear Radiation Studies 1,400,000 963,891
3 Structures, Eguipment and Material 700,000 367,218
4 Biomedical Studies 200,000 7,901
6 Service Equipment and Techniques 1,211,750 1,073,600
7 Long Range Detection 350,000 239,149
8 Thermal Radiation Measurements 200,000 20,000
9 Supporting Measurements 1,000,300 132,210
Field Command, AFSWP —_— 25,268
TCTAL 37,361,750 $4 432 412

*To Program 18, LASL, for thermal msasurements.

within any task force organization for tests conducted outside the continental United States”
{Reference 4). The mode of implementing this expanded mission for Castle was delineated
in an agreement between the Commander, Joint Tast Force 7, and Chief, AFSWP (Ref-
erence 5). As a part of this agreement, AFSWP formed and manned Task Unit 13 (acti-
vated 1 June 1953) as a unit under Task Group 7.1 and exerciged technical direction by
direct communication with Commander, Task Unit 13, and as necessary with Commander,
Task Group 7.1 (see Figure 1.1). At the request of AFSWP (Reference 6), personnel of
project agencies were ordered by their respective services to report to the Commander,
Task Group 7.1 through the Commander, Task Unit 13 for planning and ccordination con-
trol during nonoperational phases and for full operational control during the on-site
operational phase.

The Chief, AFSWP, supervised the preliminary work on the military-effect program,
with the Weapons Test Division performing the detailed cnordination. In March 1953,
the Commanding General, Field Command AFSWP, was assigned the responsibility for
the technical direction of the program. This responsibility was diacharged through the
Directorate of Weapons Effects Tests, Field Command AFSWP. During the operational
phase, the responsibility for technical direction reverted to the Chief, AFSWP.

1.3 FUNDING

Research and development (R & D) funds were allotted directly to the participating project

20



agencies by AFSWP (initially by Headquarters, but subsequently by the Field Command)
to meet research and development costs (see Table 1.2) other than those for on-site con-
struction and support. These latter costs were met by transfer of R&D funds from
AFSWP to the Albuquerque Operations Office (then the Santa Fe Operations Office) of the
AEC. Extra-military funds were budgeted and expended by Joint Task Force 7 as neces-
sary to meet the extra-military costs of the participating project agencies.

1.4 SUMMARY DATA

Pertinent information for all Castle shots is summarized in Table 1.1; shot locations
are noted on the maps of Bikini and Eniwetok presented as Figures 1.2 and 1.3. The
vields lisied were the latest and most reliable when this report was prepared. Minor
discrepancies will be noted if these are compared with those listed in References 13 and
14; bowever, both of these roports were published within a year after the operation was
completed. The slight revisions brought about by subsequent data analysis were supplied,
upon request of Field Command, AFSWP, by the laboratories (References 15 and 16).
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Chapter 2
BLAST AND SHOCK

The blast-and-shock program was designed to document information on shock parameters
in the propagation of the blast wave incident on and through the media of air, ground, and
water. The isolation of the EPG allowed experiments on the effects produced by test de~
" vices whose vields were in the megaton range. Only limited blast measurement at long
ranges had been made for Ivy Mike, which was the first megaton device detonated by the
United States. In a sense, the program was an extension of the Operation Ivy experiments;
additional experiments were needed to confirm, explain, or supplement the Ivy data.

A considerable quantity ¢f worthwhile data was obtained from Castie participation.
Despite uncertain yields and shot delays, the program was able to adapt itself to these
changing situations and achieve most of the objectives which were originally conceived.

2.1 OBJECTIVES

After Ivy, certain general objectives were defined for blast programs on future full-
scale tests at the EPG; it was on these requirements that the Castle program was based.
It was determined that free-air measurements should be made on devices with yields
greater than 540 kt to check the basic free-air curve. Surface measurements were need-
ed from high-yleld detonations to validate the use of height-of-burst curves and the
scaling relations in such yield ranges. Of great importance was the documentation of
adequate dynamic-pressure measurements, to increase the knowledge of this parameter
in itself as well as its relation to damage. More information was needed on the effects
on the blast wave as it is propagated through a nonhomogeneous atmosphere. It waa ex-
pected that refraction might also be noticed at distant ranges along the ground, because
such effects had been observed for the Ivy Mike shot. Considerably more information
was desired on blast effects over and through the water. Little data was available to
define shock propagation in very-shallow water or describe the water shoc': produced by
nuclear detonation over deep water. It was also hoped to obtain data on the transmission
through the water via the sound fixing and ranging (SOFAR) channel aa well as the outline
and activity of the surface water waves.

The Castle shots were all developmental devices, so that the military-effect programs
had to be fitted to available yieids, heights-cf-burst, and shot geometry. In all cases,
the height-of-burst was essentially zero; that is, surface bursts on land, water, cr the
atol!l rim.

From these general objectives, then, the following specific objectives were evolved:
(1) determine air-blast overpressures as a function of altitude and time at relatively
short distances above high-yield surface detonations; (2) obtain data on the occurrence
of a precursor from high-yield surface detonations; (3) determine the time characteristics
of air-blast overpressure as a function of distance from surface zero for high-yield weap-
ons, in order to confirm the validity of scaling laws; (4) check the theoretical relationship
between dynamic pressure and overpressure and evaluate dynamic pressure as a dam-
age parameter; (6) obtain information on the pressure-~time history of underwater shocik
in shallow water for high-yield surface detonations; (6) determine the transmission in
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water of acoustic pressure signals genersated by high-yield detonations; (7) determine
water-wave phenomena in shallow water from high-yield surface detonations; and (8) de-
termine ground accelerations at distances relatively close to surface zero for high-yield
detonations.

2.2 SCALE FACTORS

Air-pressure data were reduced to standard conditions —equivalent to a 1-kt burst at
sea-level ambient pressure and to 20 C ambient temperature. The standard Sachs cor-
rections were applied:

14

Pressure §p = 5=

.7.
o
PO 1/3 1 1/3
14.7) (W)

/ TO + 9273 1/2 po 1/3 1 1,/3
Time 8¢ ={ 735“) (T.f) (w)

Distance Sq =

Where: W =yield of the device, kt
P, = ambient pressure at burst elevaticn, psi
- T, = ambient temperature at burst elevaticn, C

Table 2.1 presents the pertinent scaling factors used in converting the data to standard
conditions.

2.3 SURFACE MEASUREMENTS

The significant factor affecting measurements of the blast wave along the surface was
that all shots in the scheduled Castle series were surface bursts, either on atoll islands
or lagoon barges, with yields in the megaton range. Considerable interest had been
maintained in surface bursts; it was obvious that more-complete data was necessary to
improve the state of the knowledge. Safety consideration restricted full-scale tests of
even kiloton-range devices on the surface at the Nevada Test Site. It was hoped that
Castle would supply answers to questions on large-yield surface bursts.

Upshot-Knothole had confirmed the existence of the precursor, and while its funda-~
mental mechanism was not fully understood, its effect on the various blast parameters
was quite evident. However, these were precursors from aboveground bursts. The
surface-burst intercepts of the height-of-burst curves were based on Jangle surface and
the Ivy Mike events as well as the Greenhuuse and Sandstone tower shots. Castle offered
an opportunity to check these data, as well as to investigate the possibilities of a pre-
cursor forming from surface bursts, even though it was recognized that Nevada precur-
sors might not be duplicated under the EPG condit.ons of atmosphere and ground surface.

Upshot-Knothole also showed the fallacy of assuming side-on overpressure in the pre-
cursor region as a basic damage parameter to drag-sensitive targets. It was found that
overpressure and dynamic pressur2 were not affected in the same manner by the precur-
sor: dynamic pressures were not only considerably greater than those calculated from
measured overpressure but were even greater by factors of two to three over those cal-
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culated from the ideal curve. It was also possible that dynamic pressure muight ass.ume
added significance with the high~yield devicce because of the increased positive-phase
duration.

2.3.1 Overpressure. A fact of major significance noted on the records of both aver-
pressure and dynamic pressure was the non-ideal shape of the wave forms. It had been
thought —the possibility of precursor notwithstanding —that considering the long diz-
tances of water travel inherent in the instrumentation of long blast lines at the proving
ground, most wave shapes would appear nearly as the ideal: a fast rise followed by u

TABLE 2.1 SCALING FACTOHRS

Shot and 1 2 3 4 b 6

Eovironment (Surface, (Surface, (Surface, (Surface, (Surface, (Surface,
Reef) Crater) Land) Lagoon) Lagoon) Crater}

Lield, Mt 15.0 11.0 0.130 7.0 13.0 1.7
P, mb 1006.1 1012.4 1009.7 1007 .4 1010.8 1006 .4
Py, psi 14.53 14.67 14.63 14.60 14.68 14.58
To. ¥ %0.0 80.0 81.0 310 80.8 79.9
To. C 26.58 26.88 27.22 27.22 27.12 26.61
Sp 1.0078 1.0016 1.0046 1.06068 1.0038 1.0078
Sq 0.0408 1.0450 0.1972 0.0522 0.0425 0.0838
3 0.0409 1.0456 0.1837 ¢.6528 0.0430 0.0845
8 G.0412 0.0480 0.2006 0.0831 0.0431 0.0834

smooth decay. This was not observed. A typical serics of overpressure records is
shown in Figure 2.1. The low-pressure rccords, after an initial sharp rise, exhibit a
continuing slower rise to peak before the decay —a hump-back appearance. In the highir-
pressure regions, this second rise is not prominent; however, the front is rounded and
peak pressures are smaller than would be obtained by extrapolating the decay buck to the
arrival time. The cause appears to be associated with the water-laden medium through
which the blast wave was propagaied: specifically, the water cloud picked up by passage
of the shock over the water surface. Shock photography along the surface showed what
appears to be spray behind the shock fronts, particularly on Shots 2 and 4. It may be
concluded that water does not constitute or approximate the ideal surface —it sometimes
had been assumed as ideal.

Precursors that could be identified as such were not observed on any of the records.
Two shots on which this phenomenon might have been detected were modified: one was
cancelled entirely and the other experienced a much-lower yield than planned and instru-
mented for.

2.3.2 Dynamic Pressure Free-Field Measurements. Various types of gages were
selected for those measurements, recording either dynamic pressure, q, directly or
some related parameter —density, temperature, total pressures—that would aid in the
interpretation of results. All gages were placed 6 feet aboveground, a compromise to
eliminate interference effects from the ground yet allowing a strong enough mount to
withstand the high dynamic pressures. Gages were placed on each shot to span the 10-
to-40~psi range of overpressure. Self-recording gages mounted 3 feet above ground level
were also located in this pressure range.

Participation on Shots 1 and 2 was a minimum effort, and the low yield of Shot 3 pre-
cluded effective results. Shots 4 and 5 gave dynamic pressures higher than those com-
puted from the measured overpressure. As in the overpressure records, the wave forms
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were quite distorted and non-ideal in character, as shown in Figure 2.2. All of these
gage stations were located near the edge of the water, except for the messurement on
Shot 6 which was preceded by some 800 feet of blast travel over an island surface; the
latter record showed only a slightly rounded wave form with a peak dynamic pressure
in good agreement with that value compubed from the measured overpressure. For those
dynalaic pressures measured near the edge of the water, it was assumed that the blast
wave picked up water droplets which contributed to the disturbed appearance of the wave
torm and that water i8 not an ideal sarface.

The primary objective in taking dymamic-pressure messurements was 2 study of the
pressure-time records to check the theoretioal relstion between dynamic pressure and

TABLE 2.3 COMPARNON OFf MEASURRD AMD CALCULATED VALUES
OF DYNAMIC PRESSURE

- " Calowlated Ratio of
Shot Type of Gage “A-:‘ q -':"d Measured q
to Caleulated q
pet pui psd
[} S/R* Pitot static 122.8 168.0 138.0 0.83
8 S/R® Pitot statio ns 19.8 23.% 1.20
L) B/R*® Pitot siatic .3 11.7 11.7 1.00
3 Diff pree g 233 10.7 13.0¢ 1.21
s Dreg q 233 10.7 13.3¢ 1.24
[} 8/R* Pitot static 24 101 10.1 1.00
[ Pitot statio 1.0 8.8 8.8 0.98
4 8/R* Piiot statio 20.0 8.17 9.20 1.18
(] S/R* Pitot static 19.0 78 8.8 1.17
f 8/R* Pitnt stado 16.8 5.08 8.8 0.93
4 DY pres q 146 4.3 7.0t 1.8
4 Drag q 4.8 4.3 7.5¢ 1.74
3 3/R* Pifot static 7.60 1.31 1.1 0.84
3 5/R* Pitot static 443 048 0.17 1.87
3 S/R* Pitot static .00 0.34 0.47 1.38
3 S/R* Pitot statio 328 0.28 0.80 3.00

*5/R refers to salf-recording mechanica) gages of Project 1.2b (BRL). All other
gages are slsctronic gages emplayed bty Project 1.3 (8C).

t Maximum value of q which is tndicated here ocourred at a later time than maxt-
mum valus of Ap.

overpressure. From a somewhat-limited quantity of data, it was found that the relation
did not hold where the path of the blast wave approaching the gage station was over a
water surface. Table 2.2 shows a comparison of measured and calculated values of dy-
namic pressure.

2.3.3 Dynamic Pressure as a Damage Parameter. Jeeps were used as representative
models to investigate further the role of dynamic pressure as the damage parameter to
consider for drag-sensitive targets. Participation was planned for two shots, one of
which was cancelled; actual participation was accomplished on Shots 3 and 6. The low
vield of Shot 3 gave low dynamic pressures and consequent light damage to vehicles.
Satisfactory damage — light to severe~—was attained on Shot 6.

The limited data obtained were not conclusive enough to permit an evaluation of dy-
namic pressure as a damage parameter to be applied to the jeep as a drag-sensitive
target. The response of such a target depends on the loading, which is a function of both
dynamic pressure and duration. The results obtained did not allow a separation of the
etfect of the one damage parameter from that of the other.

Furthermore, it was not possible to determine specific levels of dynamic pressure
for different degrees of damage. Consequently, it was difficult to justify the cube-root
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scaling for vehicle damage proposed by Project 1.8, since this attached importance only
to dynamic pressure. Castle data was utilized in the preparation of a composite AFSWP
report (Reference 12), which showed that W scaling is the most-appropriate method
for predicting damage to military field equipment.

2.3.4 Effects of Rain. Ground zero of Shot 3 and most of the Tare complex to the east
were covered by heavy clouds with accompanying shower activity at zero time, a situation
well documented by radar, photography, and transmissivity measurements. Although
the low yield of this shot failed to satisfy many of the program’s objectives, very inter-
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Figure 2.3 Overpressure versus ground range, as measured for Shot 3.

esting data was obtained that appears to be directly associated with the presence of high
moisture content in the air.

Two instrumented blast lines had been established on bearings approximately 180
degrees apart —along the Tare complex eastward to Oboe Island and westward through
Uncle Island. When the data had been reduced and plotted, it became obvious that an

anomaly existed: pressures obtained from the Tare line were somewhat lower than those
recorded by the Uncle gages.

Possible correlation of this effect with low clouds or rain was suspected when the
radar-scope photography disclosed that Uncle and that area immediately to the west of
ground zero was relatively clear, while a solid return over the Tare complex indicated
heavy clouds and, possibly, actual rain.

Figure 2.3 shows a plot of pressure data from both lines. Project 1.2b instrumented
the east and west lines with self-recording gages, while Project 1.2a covered only the
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Tare complex with electronic gages. There was a definite and consistent variation iu
the data between the two lines.

It is recognized that a moisture-laden air will attenuate pressures in thc blast wave,
simply because blast energy will be lost by an amount proportional to that which is nec-
essary to evaporate the suspended water droplets or rain in the path of the shock. Studics
on the problem by the two projects concerned indicated that a moderate shower could
contribute sufficient water content to the air to account for the deviation in the pressure-
distance curves of the two blast lines (described in the Project 1.2a and 1.2b reports,
see Appendix).

2.3.5 Comparison with the 2W Theory. It was anticipated that sufficient data would
be obtained from Castle to allow a quantitative comparison to be made, for surface bursts,
with the ideal case. Theoretically, such a burst over a perfectly reflecting plane should
act like one of twice its yield in free air. Data from previous surface bursts, Jangle
Surface and Ivy Mike, did not entirely confirm this theory. The question was the value
of the reflection factor — of necessity between 1 and 2. From Castle data, it appeared
to be certainly less than 2 —probably between 1.6 and 2.

The difficulty, and the reason a more-definite figure cannot be assigned, lies with
the determination of yield of the multi-stage devices; fireball and time-of-arrival meth-
ods used to estimate yield involve the 2W assumption. A method independent of this as-
sumption is necessary. Unfortunately, only radiochemical analysis, which determines
only the fission yield of a device, satisfies this restriction.

Figure 2.4 shows a pressure-distance plot of all the surface overpressures scaled to
1 kt at standard sea-~level conditions, along with similar data from Jangle Surface and
Ivy Mike, compared to the 1W and 2W free-air composite curves. All measured data
were scaled to 1 kt at sea-level conditions. The solid line represents a composite
pressure-distance curve for a 1-kt surface burst based primarily on Castle measure-
ments. Yields used for data reduction were based on a radius-time history of the fire-
ball (involving the 2W assumption)‘. All arrival-time data are compared in Figure 2.5
on a similar basis.

There were no apparent effects due to refraction observed during Operution Castle.
In fact, Figure 2.4 indicates that overpressures at long ranges fall closer to the 2W free-
air curve than do overpressures at closer ranges.

2.4 ABOVE-SURFACE MEASUREMENTS

The results of Ivy King confirmed the scaling laws for free-air pressures up to a
yield of 540 kt. Data obtained from the Mike event, however, were confined to the low-
pressure region. There was reason to suspect that for high yields, an altitude correction
must be made for propagation vertically through a nonhomogeneous atmosphere. Castle,
then, presented an opportunity to document pressures in the air above megaton-yleld
surface shota. These phenomena include a definition or delineation of the shock from a
surface burst as it propagates through the low levels of the atmosphere out to long ranges.

2.4.1 Pressures. The smoke-rocket and direct-shock photography techniques were
used for pressure-distance determination in the air and along the surface. In general,

10n Redwing, considerable data was obtained from two land-surface bursts, one a kiloton
burst of medium vield determined by radiochemical analysis. A composite land~surface
burst curve was drawn from the data— it scaled about 1.6W.



results were satisfactory. However, cloud cover, usually present at low altitudes over
the EPG, made it difficult to obtain photography to the desired degree of success. How-
ever, this lack of data was supplemented by the use of less-accurate data from photo-
graphic film from another source. No film was usable from Shot 3 beeause of the low
yield of the device and the poor visibility at the time of the shot.

Pressure-distance data vertically above the shot were obtained only on Shot 2. Be-
yond the fireball, data was measured in the region from 10,000 to 15,000 feet. Two wave
fronts were also observed at very-high altitudes (~ 265,000 to ~ 335,000 feet). The first
wave probably was the blast wave; the second was presumed to be an acoustic wave. The
low-altitude (10,000 to 15,000 feet) data are plotted in Figure 2.6; these data are compared
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Figure 2.4 Composite overpressure versus scaled ground range, Shots 1 through 6.

to theoretical pressure-distance curves which were constructed using the Theilheimer-
Rudlin Naval Ordnance Laboratory (NOL) method for considering the variation of the
pressure-distance relation with altitude, which involves the determination of an equiva-
lent TNT charge radius. The upper theoretical curve for Shot 2 in Figure 2.6 is based
on an average change radii of 404 feet for the surface-level data obtained by Project 1.2a
with electronic gages. The lower theoretical wave is based on an average charge radii
of 349 feet for the surface-level data obtained by Project 1.1a with rocket-trail photo-~
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graphy. Consequently, an average charge radii of 376 feet were used, which compares
favorably with the average charge radii of 387 feet computed for the Ivy Mike surface-
level data obtained with electronic gages. The pressure-distance curve for these equiv-~
alent TNT charge radii was them scaled vertically by the NOL method for comparison
with measured data, using the observed ambient conditions at altitude. The uncertainty
of the measured data was such that it was not possible to correlate the vertical peak
overpressures with the theoretical curves derived from the surface-level peak overpres-
sures in this manner. Consequently, it was not possible to determine the best method

of making an aititude correction to acoount for blast propagation through a nonhomoge-
neous atmosphere for high-yield bursta.

Those pressure data measured along the surface, obtained on Shota 1, 2, 4, and 8 by
asing smoke-rocket and direct shock photography, are plotted in Figure 2.7. Gage data
from Jangle Surface and Ivy Mike have been included for comparison and correlation.
The data were normalized by scaling to 1 kt at standard sea-level conditions, so that
the composite free-air data scaled to 1 and 2 kt could be shown. A comparison to the
1- or 2-kt free-2ir curve for the purpose of determining a reflection factor for surface
bursts was not strictly valid, since the hydrodynamic determination of yield for these
snots inrvolved an assumption of the factor of two. (Discussion of the surface-burst re-
fiection factor was presented in Section 2.3.5.) Figure 2.8 shows scaled arrival-time
data obtained by smoke-rocket and direct shock photography, with the 1~ and 2-kt com-
posite free-air curve. Scaled data for both pressure and arrival time appear self-
consistent, as well as comparing favorably with Jangie and Ivy gage data. It seems
justified to conclude, then, that cube-root scaling of blast data from events in this yield
range ig valid.

Part of the objective of the direct shock photography was to observe the formation
and growth of any precursor which might occur. At this time there was some doubt that
the precursor would form on a surface shot. Actually, no precursor as such was noted;
however, anomalous wave forms were recorded by the pressure-time gages. Observa-
tions made of the film exposed on Shots 4 and 5 disclosed a dense water cloud following
immediately behind the shock front. This cloud implies water droplets contained in the
shock front and may explain the anomaly.

2.4.2 Base Surge. Early planning provided for the determination of the characteris-
tics of the base-surge phenomenon for each of the shots. It was hoped that from such a
study, scaling laws could be formulated to predict base-surge effects of surface shots
with yields different from those of Castle. The base surge becomes of military signifi-
cance when it acts as a carrier of radioactive contamination to regiong beyond normal
fallo The extent to which this could occur from surface bursts, as well as the general
dynamics of the phenomenon and the determination of scaling lawsa, were the objectives
of this study.

The experiment was almost entirely unsuccessful, since the primary analytical tool,
photography, was rendered useless when it was decided to schedule the shots before
sunrise. A mirnimum photographic effort was maintained throughout the series, from
which it was determined that a base surge probably did form on Shots 1 and 2. This
limited material prevented any detailed study anticipated in the early objectives.

2.5 CLOSE-IN GROUND ACCELERATIONS

Study of ground motion produced by multimegaton devices detonated on the ground sur-
face was planned for Castle to extend and supplement those data obtained from Ivy Mike.
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The primary interest was in motion closer to ground zero than previously instrumented.

Participation was planned for two shots, both to be detonated on atoll islands: one at
Bikini, one at Eniwetok. Measurements were obtained on Shot 3; however, the unexpect-
ed low yield of that event (Morgenstern) forced cancellation of the other shot (Echo) for
which measurements had been planned.

The instrumentation layout for Shot 3 consisted of vertical, radial, and tangential
components of acceleration in the ground below the water table at ranges corresponding
to 200-, 100-, and 36-psi peak air overpressure predicted for a 1-Mt yield. As a resuit
of the low actual yield, set ranges for the gages were too high, recording a very-low
signal amplitude. With such a low signal-to-noise ratio, the identification of phase ar-
rivals, frequencies, and amplitudes was uncertain. The results are given in Table 2.3.
The curve of arrival time versus range is shown in Figure 2.9. The air-induced signal

TABLE 2.3 ACCELERATION DATA

Acceleration
Staation  Ground Sat c Ground-Trmasmitted Alir-Shock Induped
Nurcs:er Range Range e Arrival Maximam Maximum Arrival  Maximum Maximum
Time Positive Negative Frequency Time Positive Negative R 4
13 [ sec [} 4 cos sco g s ops
170.01 2,598 3 v No Rscord
3 R 0.3} 0.68 0.47 42 0.63 J.44 4.10 90
9 T 031 1.50 1.27 43 0.68 2.20 4.87 100
170¢.03 3,650 4 v 0.39 0.37 0.28 — 1.24 0.23 0.88 “5
M R 0.40 0.1 0.38 _ 1.23 0.63 0.29 —
8 T 042 0.11 0.19 - 1.24 0.34 0.18 -_
170.02 5,599 9 v 0.61 0.17 0.18 kL) 283 0.18 051 -—
8 R 0.61 0.13 042 — 256 0.81 0.28 —_
3 T 0.61 0.10 Q.10 _— 2.681 0.18 028

propagated with a velocity of the air blast wave, decreasing with increasing ground
range. The ground-transmitted shock propagated with a velocity of about 8,700 ft/sec.

The determination of velocities and displacements by means of integration of the ac-
celeration traces was not attempted because the quality of the data was too poor to sup-
port such analysis. Also, the ground motion was too small tc produce significant
structural damage.

26 UNDERWATER MEASUREMENTS

Propagation of shock waves in shallow water was not weli understood. Crossroads
Baker and vy Mike had been instrumented with underwater measurements. Baker re-
sults did not define the underwater pressure-time history with any degree of accuracy,
but they did establish the order of magnitude of the pressure decay as a function of
range. No significant data were obtained from Mike. Castle offered the first opportunity
to document the underwater pressure-time history from a nuclear device detonated on
the surface of the water. Actually, the geometry of ground zero for the Castle series
of shots — represented by the lagoon bottom and the atoll rim—was quite complicated,
involving a condition not well understood. However, such geometry did represent con-
ditions of practical military significance: (1) air attack against a submarine in shallow
water, (2) an attack against ships in harbors as well as the harbor facilities, and (3) at-
tacks against dams or mines.

The specific objectives of this project included measurement of underwater pressure
as functions of time, distance, and depth for large-yield weapons detonated at the sur-
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face in .hallow water. In addition these data were to provide for comparisons with a
shallow underwater burst (Crossroads) and a deep underwater burst (Wigwam). At the
same time, this operation provided an opportunity to check out instrumentatioh and ob-
tain experience in making underwater measurements that proved valuable in preparing
for Operation Wigwam.

2.6.1 Underwater Pressures. Three laboratories jointly participated in this project,
under the sponsorship of the Office of Naval Research. Some difficulty with instrumenta-
tion due to repeated delays was experienced by each agency during the operational phase;
as a result, a lesser amount of reliable data was obtained than originally anticipated.
However, sufficient measurements were recorded from the five events to allow some
conclusions to he drawn.

The major result of the recorded data indicated that except for the close-in region,
the maximum, or peak, underwater pressures were of the same magnitude as the air-
blast peak overpressures at the same range. The maximum underwater pressures re-
corded were probably not due to the air-coupled shock alone, but included some of the
seismic and the direct water-borne shocks as well. However, this comparison breaks
down for the region close in to surface zero. The exact range where the dissimilarity
of pressures becomes significant appears to be a rather-involved function of yicld,
water depth, and relative depth of the target.

Figure 2.10 reproduces typical pressure-time recerds. All records of this type fol-
lowed a similar pattern: an initial disturbance followed by several pnsitive and negative
pulses. followed by a slow-rising signal caused by the air-blast wave passing over the
surface. This iatter arrival was confirmed by air shock-arrival times. The initial
positive disturbance, with its succeeding pulses, travelled with average velocities faster
than might be expected for transmission of underwater shock, and it is believed they
were transmitted through the ground and reflected from various subsurface strata. The
values of pressure and time after zero were measured at each point !abeled A, B, C,
etc., and entered in Table 2.4.

Figure 2.11 shows a plot of data obtained with two types of gages: the ball-crusher
(BC) and the pressure~time (Pt). These data are a composite of measurements made
on all shots and at various depths, and have been normalized to 1 kt. The included curve
is the 2-kt ccmposite free-air pressure-distance function, approximating a surface burst
of 1-kt yield. The measured (scaled) data show a fair fit to the free-air curve.

It was concluded that a nuclear device detonated on the surface of a relatively shallow
water laver produces underwater pressures which are probably of small military sig-
nificance, because: (1) although they are of comparable magnitude to the air-blast pres-
sures, typical underwater targets a.'e, by their very nature, of such strength that they
require pressures which are at least one order of magnitude larger than air pressures
normally considerad as damaging; and (2) they are insignificant compared to pressures
produced by underwater bursts such as Crossroads Baker or Wigwam.

These conclusions must be qualified, however, since they are based on results ob-
tained under the specific environment as expcrienced in the Bikini and Eniwetok Lagoons.
Different conditions will probably produce different results.

2.6.2 Acoustic Pressure Signals in Water (SOFAR). The presence of a low-velocity
sound channel at a depth of 700 fathoms in the Atlantic and at 350 fathoms in the Pacific
is well known. Low-frequency sound channeling into this layer will travel great distances.
It is also possible for sound to travel long ranges through the water by reflecting suc-
cessivley from top to bottom of the ocean—both boundaries being excellent reflectors
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for low-frequency sound waves. Some success had been achieved during both Greenhouse
and Ivy in detecting SOFAR signals transmitted through the water. Relative yields were
fairly well established from signals received during Greenhouse at one of the detecting
stations. It was planned to again activate these remote stations for Castle to make
special observations of acoustic pressure signals of the SOFAR type, to add to the knowl-
edge of underwater sound propagation, and to investigate the possibility of determining
yields.

Shots 2, 4, 5, and 6 were monitored by detecting stations located on the California
coast and at Bermuda. No clear-cut signals were recorded which could be attributed to

TABLE 2.4 SUMMARY OF PRESSURE-TIME DATA, SHOT 5§

Buoy D3, 9,300-1ft Buoy Al, 16,100-ft
Distance Distance

Depth, ft: 650 100 100 100 40 40 75
Channei: i 2 3 4 3 3 6
Blre Box 0 o] 0 Q 2.14 —_— 2.08
from Zero
Pressure Arrival 0.97 0.97 0.96 0.98 1.717 —_ 1.87
Time, sec
Pressure A, psi 18.27 18.2 1.3 1725 17.4 -— 242
Time, sec 1.08 1.06 1.05 1.08 1.8 —_ 1.78
Pressure B, psi 83.7 84.3 84.5 848 -28.9 —_ ~35.8
Time, sec 1.38 1.7 1.36 1.3¢ 1.89 —_ 1.88
Pressure C, ps1 -—174.7 ~58.6 —82 -38.8 18.5 — 24.2
Time, sec 1.4V 1.40 1.39 1.40 1.54 — 1.9
Prcasure D, pal 88 .4 75 12.2 76.1 18 .78 -— 25.3
Time, sec 1.64* 1.65+ 1.64¢ 1.84* 2.37 — 2.30
Pressure E, psi —_ —_ — — 32 — 20
Time, sec -— —— — —_ 4.90* _— 4 .81°
Gage PE PE PE PE PE Wiancko! Wiancko
Amplitier log Un int logt log —_— —

¢ Air blast, based on arrival time.
1 3ame gage.
$ Equipment !noperative.

sources at either Bikini or Eniwetok. It is concluded that the position of the shots inside
the lagoon and on the atoll rim was such as to preclude coupling of energy into the SOFAR
channel in the frequency range for which instruments were available. Another factor
which might have prevented reception at the California stations was the presence of shoal
areas between the Bikini atoll and the coast along the most likely path of travel.

2.7 SURFACE WATER WAVES

The effects of water waves resulting from megaton-yield detonations at the aurface
could have military significance for (1) generation of waves in harbors causing damage
to secured. vessels, docks, shore installations, etc. and (2) long-range propagation of
tsunami-like waves from a source over deep water, which could produce serious damage
over extensive coastal areas.

The only previous full-scale data on water waves generated from a megaton surface
burst had been obtained from Ivy Mike. No measurable waves were produced in the
central region of the detonation, yet waves which were of measurable amplitude were
observed at a range greater than four miles. These waves increased in height out to a
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distance of approximately 28 miles and arrived as though generated close to ground sero,
having travelled across the lagoon at the velocity of shallow water waves. Since Ivy Mike
was an island shot, it was not wholly surprising that it did not generate waves in 2 manner
anal~gous to high explosives detonated on water. Although the Mike shot did reach into
the iagoon, the generation and collapee of the cavity was not considered to be identical to
that from a burst on water. Therefore, it was believed that the shot environment can-~
celled out most of the direct generation region.

In contrast to the Mike results, Castle data indicated that the recorded waves did ema-
nate from the central regiom of the detonation. The first arrival was a short-period,
highly damped series of ground- or water-transmitted shocks. Following these, the
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Figure 2.11 Averaged pressure-distance data.

records clearly showed the arrival of the air-transmitted shock wave. Next, preceding
the direct water wave, a slow rise in pressure (water) occurred that was postulated to
be caused by large quantities of water and coral debris falling back to the water surface.
This was abruptly lost in the arrival of the direct water wave —the first arrival in all
cases being a crest followed by a trough. These appeared to act as oscillatory waves,
the time of arrival of the first crest showing a propagation velocity fitting the relation
V= (gh)i/z, where h is an average depth of 170 feet assumed for the Bikini Lagoon.
Refraction and reflection against a reef or shore line may significantly reduce or am-
plify the destructive capabilities of water waves at termination. At Bikini{, How Island
is an example of a protected shore, while Nan is an example of one highly susceptible to
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amplified inundation. Where focusing effects and the reflection-refraction potential of the
adjacent lagoon topography are a minimum, the heaviest inundation and potential damage
occurs with the first crest.

Unfortunately, these results were highly unique: they were obtained under particular
conditions of geometry, in a region of relatively shallow depth. The conclusions are
applicahle to conditions which depart only slightly from these under which the data were
obtained.

Waves were also recorded at a few distant islands. However, the results were meager
and inconclusive, and a better interpretation can probably be made if held for a synergistic
inclusfon with the results of the distant-island phase of the Redwing studies.



Chapter 3
NUCLEAR - RADIATION MEASUREMENTS
AND FALLOUT STUDIES

The nuclear-radiation program had two major objectives: (1) the documentation of the
nitial radiation, neutron and gamma, from megaton-range nuclear detonations and (2)
the documentation of failout from land-surface and water-surface bursts of multimegaton
devices.

The unexpectedly high yield of Shot 1 had two influences on the execution of the pro-
gram: First, much of the sparc equipment was destroyed on Site Tare, and instrumenta-
tion for subsequent shots was curtailed. Second, the importance of fallout in terms of
effects of military significance over large areas beyond the blast~ and thermal-damage
anvelopes was demonstrated dramatically. This realization, together with the observa-
tion that activity dissolved in sea water could be a measure cf the fallout intensity, pro-
vided the impetus for the water and aerial surveys that yielded valuable data after Shots
5and 6.

Prior to Operation Castle, only one multimegaton detonation had provided data on
nuclear-radiation effects — Shot Mike of Operation Ivy. The initial-radiation data con-
sisted of records of initial gamma versus time at two stations, total initial-gamma ex-
posurc at a number of distances, and a few neutron-flux measurements using Au,
and [ activaticn detectors. There had been an extensive array of fallout-documentation
stations a.ong the islands and in the lagoon of Eniwetok Atoll; however, these collected
data on the crosswirnd and upwind fallout only, since the more-extensive downwind fallout
occurred on the ocean toward the north.

Tke fallout from the few kiloton-range surface and underground shots prior to Castle
had also been documented. Measurements of initial radiation from fission devices up to
500 kt had been performed extensively. The initial-radiation data were not adequate
prior to Castle Lecause (1) the scaling laws are not simple and do not lend themselves
to extrapolation from kiloton-range to multimegaton yields and (2) the neutron dose from
neutrons in the energy band above thermal but below 3 Mev had not been measured due
to the lack of detectors with thresholds in this region. The objectives of the Castle
nuclear-radiation experiments were aimed at obtaining data to eliminate the deficiencies
mentioned above. In particular, the objectives were to document for multimegaton land-
surface and water-surface detonations (1) distribution of fallout; (2) physical, chemical,
and radiochemical nature of fallout; (3) rate of delivery and total initial-garmnma radiation
at vorious distances; (4) energy spectrum of and dosage from neutrons at various dis-
tances; and (5) the applicability of fission threshold neut: yn detectors and germanium
neutron-~dose detectors.

3.1 INITIAL-GAMMA RADIATION

The total exposure from initial-gamma radiation was detected at a number of locations
using film~badge and chemical-dosimeter systems. Only a part of the anticipated data
was obtained because of extensive destruction of stations and supplies during Shot 1.
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The measurements, including two points calculated by integrating gamma-rate records
from Shot 4, are presented in Figure 3.1. Prediction curves (from Reference 7) ard
measurements during Greenhouse and Ivy (References 8 and 9) are aiso presented {or
comparison.

One record of initial-gamma rate versus time up to shock-arrival time (0.9 seconds)
was recovered after Shot 1. Two complete records (illustrated in Figure 3.2) were re-
covered after Shot 4. The shock-arrival times interpolated from Project 1.1 data are
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Figure 3.1 Initial gamma exposure versus distance.

indicated on the figures. Apparently, this time is associated with the break in the slope
of the gamma-rate curve. The integration of these curves indicates that the exposure
at the 7,171-foot station was 1,000 r before shock arrival and 16,800 r after arrival.
The corresponding exposures at the 13,501-foot station were 14 r and 109 r. Therefore,
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only 6.4 percent and 11 percent of the total exposures were delivered hefore shuck ar-
rival at these two stations.

3.2 NEUTRON RADIATION

The basic neutron-flux measurements were made with activation detectors whose
indicated effective threshold energies were: '

Detecter: Au, Au-Cd Ta, Ta-Cd §
Threshold: <1 ev <l ev >

Additional measurements were made with fission detectors and germanium crystals,
primarily to test their usefulness. The fission detectors were used in two ways: count~
ing fission fragments in a photographic emulsion and counting gamma activity frem fis-
sion products after recovery of the samples. The fissicn detectors used and their
effective ¢ .reshold energias were: '

- Detector: U¥® Np?? Th=2 Pu®®®
Threshold: 1.5 Mev 0.64 Mev 1.5 Mev  200-1,000 ev!

The Shot 1 data from the activation and fission detectors are summarized in Figure
3.3; the fission detector data from Shot 2 are illustrated in Figure 3.4. The germanium
crystal (Ge) dose data agree in order of magnitude with the threshoid detector data.
There was a large scatter in the Ge data, indicating that the detectors were not reliable
in the form used.

3.3 FALLOUT DISTRIBUTION

3.3.1 Instrumentation. The following procedures were used to furnish information
on the distribution of fallout activity after each of the Castle shots (some of the colleciors
also provided samples for chemical, physical, and radiochemical studies of the fallout
material):

1. Survey readings were taken by project personnel and the Rad-Safe organization
at island stations at various times after the shots.

2. Readings of total residual-gamma exposure at island stations were taken from
film badge and chemical dosimeters.

3. The activity of samples from total fallout collectors was related to the infinite-
field exposure rate by normalization at island stations. Total collectors of the funnel-
and-bottle or gummed-paper type were placed at island stations, on rafts anchored in
the lagoons, and on free-floating buoys placed north of Bikini Atoll during the last few
days before shot time.

4. Gamma-exposure-rate recorders were placed at some island stations to provide
data on the time of arrival, rate of arrival, peak activity, and decay of fallout.

5. Incremental fallout collectors were used to collect samples during 5- to 30-minute
intervals and to provide data on time and rats of arrival of fallout.

6. After Shots 5 and 8, surface and aerial surveys of the coean fallout area were per-
formed to measure the activity in the surface layer of the ocean and its depth of penetra-
tion. The existence of a mixed layer in the ocean down to the thermocline, with little
mixing below, enabled these measurements to be related to the total activity deposited.

! Depending on amount of B!® shielding around sample.
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3.3.2 Shot 1. The data gathered by the Bikini Atoll surveys and collectors were sup-
plemented by surveys performed on the atolls that were uncxpectedly contaminated. The
major portion of the pattern, which occurred over the open ocean, was not documented.
However, an analysis of the wind structure during the fallout period was performed; tais

TABLE 3.1 AREAS OF AVERAGE RESIDUAL
GAMMA ACTIVITY

Average Residual

Shot 1 Azox Gamma Activity®
mt? r/hratH +1hr
2,040 3,000
2,880 2,500
3,860 1,600
8,030 780

12,900 300

*See WT-915, Appendix F.

analysis, combined with the available data points, prcduced the pattern exhibited in
Figure 3.5.

The time of arrival of fallout at the Bikini Atoll stations was between 15 and 45 minutes
after detonation. Statements from persons accidentally exposed on downwind atolls in-
dicated an arrival time of 8 hours on Rongerik Atoll (at a distance of 126 nautical miles)
and of about 18 hours at Uterik Atoll (300 nautical miles). The data {from two measure-
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Figure 3.8 Reconstructed complete fallout pattern, Shot 1, (r/hr at H + 1 hour).

ments of residual gamma versus time at nearby stations are presented in Figure 3.6.
The decay exponents estimated from these graphs are between 1.1 and 1.4 for Station
220.12, and 0.81 for Station 220.08. (Decay exponent is defined as x in the relation for
exposure rate I = I, +™*  where t is the time.)

Table 3.1 presents the data on contour areas. From this, a rough activity-balance
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calculation indicated that about 50 percent of the actlvity was accounted for in the fallomt
pattern.

3.3.3 Shot 2. Bikini Atoll was not heavily contaminated after Shot 2, since the winds
carried most of the activity toward the northwest. Some data were available from the
free-floating buoys, but they were not sufficient to produce reliable contours. The max-
imum reading observed at 35 miles from ground zero corresponded to a land reading of

SOOQN T T 1
i
- .
! | Station 22012 Dog
" Totol Exposure to
[ 25 Hours * 3738¢ | |
| |
! i i
= T k
B
, | ! ' \\
P AL A
! 1 i
1 + 1
T ! | A\
S SR N S N\
R R .
@ ! | l LA 0 . \
5 —_ f \ ‘ Station 220.08 Oboe
& . , / \ KTovul Exposure to \
@ (SR IR > 20 Hours = |33
3 7 ' '
2 x NER
x i
) ; : A
\CF-— d
..... =
- i Bl
!
T
4
-
1
! |
o
|.°[ A ‘ ‘ i 1
[+ X] 10 10 20 30

Time , Hours

Figure 3.6 Residual gamma rate versus time, Shot 1. Upper curve: Station 220.12
on Dog, 41,372 feet to ground zero. Lower curve: Station 220.08 on Oboe, 83,762
feet to ground zero.

435 r/hr extrapolated to H + 1 hour. Rad-Safe readings on Sites Able and Charlie near
ground zero indicated readings of 4,700 r/hr and 1,100 r/hr, extrapolated to H + 1 hour.
The other islands received exposure rates of less than 25 r/hr at H + 1 hour.

3.3.4 Shot 3. The fallout pattern from Shot 3 was ideally located with respect to the
measurement stations. The shot was located on Site Tare, on the south edge of the atoll,
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and the fallout was directed northward, intercepting the anchored lagoon stations and ine
northern islands. The close-in fallout pattern is illustrated by the data peints and es-
timated contours in Figure 3.7. Since the yield of the detonation was ualy 130 kt, tbis
pattern represents a large fraction of the total fallout.

One gamma-rate record was obtained from Site Dog, indicating 2 decay exponent of
residual radiation between 1.1 and 1.25. The fallout arrived at 2bout H + 2 miaules,
and a maximum exposure rate of 23 r/Lr was observed at H + 40 minutes. The inf2grated
exposure till H + 15 hours was 51 r.

3.3.5 Shot 4. Most of the Bikini Atoll stations did not receive appreciable faliout
during Shot 4. The shot location and the winds localized the radiation levels of military
significance to the northeastern portion of the atoll. Land readings and contours decived
from sample counting and Rad-Safe surveys are illustrzted in Figure 5.8 for the atoll
area only.

A gamma-rate record from Site George, about three miles from ground zero, indicated
a time of arrival of 20 minutes, a peak exposure rale of 570 r/hr at I + 40 minutes, and
a decay exponent of 1.4.

3.3.6 Shot 5. The only close-in data available for thot 5 are from Rad-Safe surveys.
The extensive downwind fallout pattern was documentec for the first {ime by a combined
water-surface survey, aerial survey, and water-sampling operation. The results of
these surveys are represented in the contours of Figure 3.9, in which the dashed contours
near the atoll have been drawn by interpolating between the survey results and the Rad-
3afe data.

3.3.7 Shot 6. The pattern on the northern end cf Eniwetck Atoll was documented by
counting fallout samples fr'm land and raft stations, and by Rad-Sale surveys on land.
The aerial survey operated north of the atoll to determine contours, and two tugs gather-
ed water samples throughout the fallout area. Analysis of the water samples, combined
with an estimate of the depth of mixing, served to determine the land-equivalent exposure
rate at a number of points; the aerial survey served to fill in the contours. The results
are illustrated in Figure 3.10.

3.4 PHYSICAL AND CHEMICAL CHARACTERISTICS CF FALLOUT

Samples from the land-surface Shots 1 and 3 generally contained both solid and liquid
components, although the liquid could have been due in part to rain and ocean spray. The
solid component consisted mostly of white, opaque, irregularly shaped particles. The
water-surface Shots 2, 4, and 6 produced predominantly liquid fallout, with some solid
particulate observed after Shot 6. An appreciable part of the activity from water-surface
bursts was orobably in the form of an aerosol, which produced high activity levels on
identification flags of the floating stations after Shot 2.

The particle-size distribution of solid fallout during Shot 1 at Bikini Atoll and at the
distant atolls is summarized in the form of integral distributions on a log-~probit plot in
Figure 3.11. The data appear to fit long-normal distributions with different mean sizes
and standard deviations for the different downwind distances.

Between 92 and 98 percent of the activity from land-surface —burst fallout was as-
sociated with solid material, but only 25 to 40 percent of the activity from the barge shots
was not in solution. The pH of the land-surface—burst faliout was between 9.0 and 12.3,
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characteristic of the alkaline solution of Ca (OH),, bnut the pH of the water-surfacc -burst
fallout was about the same as ocean water, 7.5 to 7.7.

Approximately 25 percent of the particulate matter was not radioactive. The ¢ waa-
tion of this number is uncertain due to the possible introduction of dust into collector
trays. One sample from Site How indicated that 35 percent of the zetivity was assoviated
with particles zreater than 225 microns in diameter. A iarge fraction cof the activity was
also found to be associated with very-small particles, but these could have veen the re-
sult of particle break-up in the sizing procedure. Radicautographs of pactic'2s revealed
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Figure 3.11 Cumulative particle-aize distribution.

some with actlvity only on the surface, others with activity irregularly distributed, and
still others that were radioactive throughout. The angular-shaped particles usually had
the activity on the surface, whereas the uniformly radioactive particles had a sphercidal
shape. The average particle density was 2.4 gm/cm®

Samples collected on aerosol filters after Shot 1 revealed the same types of particu-
late: angular with surface activity and spheroidal with a volume-distributed activity. A
water leaching only removed 24 percent of the activity, whereas about 96 percent was
removed by weak acetic acid. Aerosol samples were collected aboard the ships (YASG's)
stationed ‘n the fallout zone during Shots 2 and 4. The activity appears to have arrived
principally in water droplets.

Chemical ansalysis of the samples was used to separate the fallout composition into
coral, sea-water, and device contributions by evaluating the Ca, Na, and Fe content of
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the samples. In general, the land-surface shots deposited more coral than the water-
surface shots, and the inverse relationship applied to sea water. There was rough cor-
relation between fraction of the device and the fallout radiation level at the station.

3.5 RADIOCHEMICAL CHARACTERISTICS OF FALLOUT

Decay of the fallout activity was observed by measuring three separate activities:
beta disintegrations per minute, gamma photons, and gamma ionization. The measured
data are summarized in Figures 3.12, 3.13, and 3.14. The beta-decay curve was also

calculated by adding contributions from fission products and activities induced in device
components (Figure 3.15). These curves were used to extrapolate activity measurements
to a common time.

Radiochemical studies of the samples have yielded data on capture-to-fission ratios
and R-values. (R-values are an indication of the relative abundance of a particular nu-
clide as compared to its normal abundance in fission products from slow-neutron fission
of UP.)

The most-important neutron-capture activities were due to Np?*?, U7, and U4,

The R-values were measured for Sr®?, Agitt, cd!®®, Bal®, cel¥, Nd'¥7,
Smm, Eul®, Gd'™®, and Tbm, using Mo*® as a reference nuclide.

The measured capture-to-fission ratios are summarized in Table 3.2. Usually, the
R-values for the cloud and fallout samples were consistent. The R-values for the rare
earths Ag!!! and Cd'"® were usually greater than unity, indicating an enrichment of these
isotopes compared to slow-neutron fission products of U¥5. The R-values for Sr®® were
usually less than unity. Detailed results are reported in the final reports of Projects
2.6a and 2.6b (see Appendix).

Two methods of performing material-balance calculations were used: (1) the fraction
of the device was computed using a radiochemical Mo* determination as a tracer for the
number of fissions contributing to the sample and (2) the absolute beta count of a sample
was related to a calculation of beta activity of fission products and induced activities re-
sulting from figsion of a certain number of atoms at various times, as in Figure 3.15.
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Figure 3.13 Gross gamma decay of fallout samples from Shots 1, 2, 3, and 4.
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Figure 3.14 Gamma jonization decay as a function of relative jonization rate, Shot 4.

Using an estimate of the beta-to-gamma ratio and the average gamma energy, the gamma-
rate contours were also related to the device fraction.

The Shot 1 contour data, when reduced according to an assumed fission yield of

beta-to-gamma ratio of 0.45, and an average photon

energy of 0.344 Mev at D + B days, accounted for 57 percent of the activity of the shot.
Another calculation that normalizes the data using the Mo™ device fraction and the meas-
ured gamma field at the Site How station accounted for approximately 30 percent of the
activity in the pattern.

For Shots 5 and 6, the beta counts of the water samples were used to normalize the
contours constructed from the surface and aerial surveys. These calculations accounted
for only 10 percent and 8.5 percent of the activity of Shots 5 and 6, respectively, in the
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Figure 3.15 Calcuiated beta dezay.

surveyed part of the patierns. These values do not include the fallout deposited near the
2:0ll and are considered to be lower limits.

2.8 UITAKE OF FISSION PRODUCTS BY ZOOPLANKTON

A small subsidiary project was undertaken during the Shot 5 water survey, consisting
of collecting a few samples of zooplankton. These were sent back to the Scripps Institu-
tion of Oceanography for classification and counting and to the Naval Radiological Defense
Laboratory for radiochemical anatysis. The results of these experiments indicated that
{1: the feeding mechanism of the crganism affected the amount of activity assimilated,

2} she solid phases were concentrated in preference to non-particulate matter, and (3)
there was no evidence of fractionation of isotopes in the assimilated material.
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Chapter 4
BLAST EFFECTS

The blast-effect program consisted of five projects under the categcries of structures,
crater survey, tree-stand studies, and minefield clearance. Within these categories,
the principal planned objectives of Program 3 were to:

1. COltain further Jato on structural loading under air--blast conditions, for the pur-
aose of Jeveloping prediction techniques applicable to the calculation of structural re-
sponse and couseguent damage from high-yield nuclear devices (Proiect 3.1,;.

2. Determine the dimensions cf the apparent craters formed by Shots 1, 3, aad 4,
ir order to assist in tae prediction of the crater produced by a high-vield nuciear weapcn.
The two situations of particular interest on Castle were a surface burst on land and a
surface burst in relatively shallow water (Project 3.2).

3. Obtain data on the blast effects on three natural tree stands in support of siuiics
on blast-damage prediction to forested areas. These were to provide a method of zamage
assessment to material and personnel, knowledge of the amount cf cover a forest a'»vrds,
and the impediment to troop movements through or cut of a forested arza after a fcrost-
damaging detonation {Project 3.3).

4. Determine the effects of a surface-detorated nuclear device on a planted sez mine-
field (Project 3.4).

An additional objective was added during Castle to provide for tiie documentation af
damage inflicted upon miscellanecus structures from the unexpectediy high vield of Shet 1
Project 3.5).

4.1 STRUCTURES PROGRAM

The structures program consisted of a planned Project 3.1, in which a 6-by-6-bv-12-
foot rigid concrete cubicle was instrumented for blast loading, and an unp.anned Project
3.5, which cunsisted of documentation of unexpected damage to structures from Shot 1.

Unt:l late in the planning stage, it had been intended to reinstrumernt a test structure
remaining from Operation Greenhouse —a multistory building 26 fcet in height, 196 feet
in width, and 52 feet in length, sectionalized into various types of construction (Ar:my
Tests Structure 3.1.1). It was planned to perform limited rehabilitation of the strucrare,
to augment the existing gage mounts with mounts to obtain more corner and edge ioading
detail, and to make limited use of displacement gages. A change in detonation sites
made it necessary to abandon this plan, and adopt instead a different approach (see Ap-
pendix).

Both the original and final plans for Project 3.1 were modest in scope, since construc-
tion coats in the EPG were very high, all construcdon was difficult, and iand area zuit-
able for a structures program was very limited. In additicn, no extensive structures
program could be justified until the extensive data obtained at Upshot-Knothole had been
analyzed, a task which was just being initiated when decisions on the Castle program had
to be made.

Accordingly, Castle Project 3.1 was designed to provide blast-loading data only on the
rigid concrete cubicle (Figure 4.1). The cubicle size and gage locations were determined
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by previous loading experiments on a similar-size structure in Upshot-Knothole Project
3.1 and high explosive tests by Sandia Corporation at the Coyote Canyon site, Sandia
Base. Gages were placed in pairs at various locations on the front, top, and back of this
structure; the pairing allowed determination of how closely two independent gages of the
Wianko type would agree under air blast.

- As it developed, the Castle Project 3.1 structure was exposed to a blast from Shot 3,
which had a yield (130 kt) of only about a tenth of that predicted. Thus the peak over-
pressure was only about 3.5 psi instead of the 12 to 15 psi predicted. Although the spe-
cific objective of the project was therefore not accomplished, it was believed that much
useful information could still be obtained from the data subsequent to the shot. Two
blast-loading methods had been developed which could possibly be checked by this data.
The blast-loading method in AFSWP-226 had been developed by Sandia Corporation based

Figure 4.1 Test cubicle, Project 3.1. Left: front view. Right: rear view.

on high explosive, shock-tube, and full-scale data; the Armour Research Foundation (ARF)
method was a blast-loading procedure developed by the ARF based on shock-tube and full-
scale data. Consequently, an evaluation of the !'last-loading data from this project was
undertaken by Sandia Corporation to (1) make a comparison of the blast loading on the

two Upshot-Knothole and Castle structures (which were of approximately the same di-
mensions) when subjected to blast waves having the same peak incident overpressure

but different positive-phase duration; (2) evaluate the accuracy of hoth the so-called
AFSWP-226 and ARF loading-prediction procedures against the pressure loading indicated
by the centerline gages of Castle Structure 3.1 —since the procedure set forth in
AFSWP-~226 is predominantly applicable to two-dimensional structures, the gages at the
center line of the structure were expected to give the best agreement; and (3) assess the
reproducibility of Wianko gage measurements from the records of gage pairs on Castle
Structure 3.1.

The results of this evaluation by Sandia Corporation indicated the following. The
AFSWP-~-226 loading-prediction procedure gave reasonably good results. Also, the agree-
ment of both AFSWP-226 and ARF predictions (within the diffractive phase) with the cen-
terline gage records of the two full-scale tests was reasonably good. The net-loading
curves produced with both the AFSWP-226 and ARF prediction procedures (within the
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diffractive phase) correlated reasonably well with the early drag phase of loading (out tn
about 50 msec). Actually, for the Castle Structure 3.1 in which the target width was
twice the length, the ARF net-loading prediction was not quite as good an approximation
to the experimental data curve as was the AFSWP-226 prediction. However, the ARF
method of computing the net blast load on a closed, diffractive-type structure stipulates
that the target length must be ‘. . . greater than the height or half width, whichever is
smaller.” For this reason, the net~loading ccmparison may not have presented the ARF
method in its best light.

On the basis cf the record p: uvided by eleven pairs of gages on Structure 3.1, the re-
producibility of the Wianko gage measurements was good. The probable error from the
mean of the impulse ratios of each gage pair was only about 9 percent, while the probahie
error of the arithmetic mean itself was only about 3 percent.

In view of the failure of Project 3.1 to meet its original specific objectives, the ques-
tion arises as to whether even a modest structure program should be included in auy fu-
ture developmental test series at the EPG. A comparison of the planned shot schedule
{estimated yield and intended shot sites) with the actual shot schedule reveals that there
was no feasible location either at Bikini or Eniwetok Atoll at which the test structure
could have been placed to be in the desired 15-psi overpressure zone. Certainly, these
facts emphasize that the inclusion of a structures program in an EPG developmenta! test
series must be considered in the light of yield uncertainties, possible changes in detona-
tion sites, and the restrictions imposed by small land areas. In addition, possihle water-
wave damage and the radiation hazard imposed upon the existing land masses by prior
detonations in a series as well as the shot in which participation is desired, must be
carefully considered in planning.

The documentation made by Project 3.5 (see Appendix) was not planned, but rather ar
opportunity initiated because Shot 1 gave a higher yield than originaiiy predicted. The
objective of this project was to determine the effects of air blast from a high-yield device
on miscellaneous structures. The unexpected high yield of Shot 1 (approximately 15 Mt
instead of 5 Mt) caused damuige to certain structures at ranges where no damage had been
expected. It was considered highly desirable to obtain all the data possible about this
unexpected blast damage, since such knowledge could assist in establishing design criteria
for blast protection.

That part of Project 3.5 which documented damage to a camp and facilities on Tare
(Figure 4.2) and Peter Islands, some 14 to 16 miles from Shot 1, presented a picture of
conditions to be expected in the fringe zone between no damage and light damage for met-
ropolitan targets. Analytical prediction of such damage on the basis of overpressures
and positive-phase duration would be difficult if not impossible. Therefore, documenta-
tion of such damage was probably of just as great valuc as data obtained from a project
specifically designed to obtain such damage data.

At the location of the camp installations on Tare and Peter Islands, the estimated
peak overpressure was about 1.4 psi, with a positive-phase duration of about 13.4 seconds.
Damage to light wood-frame structures varied from light to severe damage. For a given
design, the larger structures received greater damage than the smaller structures. Light
knee bracing or truss work was effective in preventing collapse of rafters and walls of
small buildings. The structures oriented parallel to the direction of the blast suffered
less damage than those oriented normal to the direction of burst. Generally, the sides
of the buildings facing toward ground zero were caved in, usually by bending fractures
of the studs. Also, the roof rafters on the burst side were usually broken. The damage
to the side and roof away from the burst direction varied widely: some were completely
blown out, others partially damaged, and some received no visible damage. The build-



ings end-on to the direction of the blast were damaged less severely than those side on.
Buildings which were closed tightly received more damage than those which were left
open.

The damage to two heavily reinforced concrete shelters on Able and Charlie Islands
was also documented by Project 3.5 (Figure 4.3). The damage inflicted upon these two
massive instrument shelters, which were in the high-pressure region of approximately
130-psi peak overpressure (estimated 170-psi peak dynamic pressure), is significant
background material for the design of maximum-protection shelters for either personnel
or equipment. These shelters maintained their structural integrity, but failed function-
ally because of detail failure. Failure of the reinforced concrete, by either shear or
tension, was predominantly around wallg supporting doors and special windows and other
structural discontinuities. The value of ea.g'th cover over structures, where practicable,
was also indicated by the reduced damage to one of the two massive concrete structures,
which was exposed to approximately the same 130-psi peak overpressure. Primary fail-
ures in the latter shelter were in ripping of portions of the concrete parapet and retaining
walls at the rear of the shelter structure, which were torn off by the blast. A study of
these fajlures may suggest corrective design improvement. Some of these improvements
are appropriate for incluston in future test-operation instrument shelters and other utili-
tarian structures.

4.2 CRATER SURVEY

The immediate objective of Project 3.2 was to determine the dimensions of the apparent
craters formed by Shots 1, 3, and 4 (Figure 4.4). The long-range objective of the work
was to obtain data to assist in the prediction of the crater produced by any high-yield nu-
clear weapon. Two situations were of particular interest in this regard in Operation
Castle: surface burst on land and surface burst in relatively shallow water.

The major military interest in craters stems from the observation that the limiting
distance of important damage to well-constructed underground fortifications lies only a
relatively short distance outside the crater. For the prediction of such damage, the
shape of the crater near the rim is more important than its shape or depth near the
center.

Although of somewhat less military interest, the crater produced by the surface shot
in shallow water-—determining the limiting distance of damage to tunnels and the pos-
sibility of damming a harbor by the formation of a crater with a shallow or above-water
lip—was also of some concern.

In planning for Castle, it was found that previous crater studies utilizing full-scale-
nuclear, high-explosive, and theoretical data had reached the point where additional full-
scale-nuclear data was required. The interest was actually not in water or atoll
detonations, but there was no prospec: of obtaining full-scale test data for surface or
underground shots in continental tests. As a result, the participation in Castle repre-
sented a compromise measure.

A second compromise was necessary: one between what was desired (measurement
of true craters) and what was operationally and financially feasible (measurement of ap-
parent craters only). This compromise was also based on the lack of detailed informa-
tion of the geologic structure at the detonation sites. Deep drilling and coring operations
at Eniwetok Atoll in connection with Ivy indicated the presence of extensive sand lenses
and other geologic nonhomogeneities, which made it uncertain that the demarcation line
between the true and apparent craters could be readily ascertained by any means. In
addition, the time interval between Shots 1 and 4 and the ready date for the shots follow-
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Figure 4.2 Tare Is and facilities after Shot 1. Above: meas hall. Below: camp area.
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Above: the upper aperture

Figure 4.3 Close-in instrument shelters after Shot 1.
of the shelter in the lower photograph.

63



Pigure 4.4 Aerial view of crater formed by Shot 1.
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ing them at the same sites would have severely limited any effort to measure true craters
by coring and drilling. In the case of the crater from Shot 3, any such extensive opera-
tion would have been long deferred because of radiological safety considerations.

In determining the depth of craters, both sonic fathometer and lead-line sounding
measurements were utilized. It is pertinent that the fathometer survey of the Shot 1
crater showed a uniform flat bottom at a depth of 170 feet; however, this flat bottom un-
doubtedly represented the upper surface layer of mud and suspended sand which was set-
tling in the crater. By contrast, lead-line soundings taken at approximately the same

TABLE 4.1 CRATER SURVEY DATA

All results sre based on {athometar, ead line soundisgs, aod astial surveys. Thers was branching of the reef to the lagoon
gide for Shots 1 and 3.

Days xiter Shot Preshot Water
— Height of Crater Crater Lip
Shot T.ocation Yiold Asrial Tathaowtar Depth at
! g C.Q. of Device Site Zero Diametsr Depth Formation
ft ft ft ft
b Coral Reef 15.0 Mt 0 7 15.4 above [¢] 4,000 240 Nons
water
3 1sland 130 kt 1 24 13.6 above
groumd 1} 800 Kt ]
18.3 above
water
20 above
MLWS*
4 Water 7.0 Mt 1 [ ] 17 above 180 . 3,000 250t None
(barge) water 908 apparent

* Mean low water springs.

1 Below wate: surfice.

1 Belcw original lagoon bottom.

¢ The Shot 3 crater formed a “U” o the island with the open end on the lagoon side. There was no lip spparent &t the time of
survey in the shaljow water of the opea face of the “U.” On the land around the crater, lip formation was [ragmeatary and
nad one peak extending 30 fest ahove the original ground level. In general, the lip was less than 18 feet above the originsl
ground level; however, the water wave {rom Sbot 4 had completaly inundated the lip before the 1ip survey was made.

time recorded a depth of 240 feet, which i3 considered to be the Shot 1 depth of crater.
This emphasizes that when there is suspended material in the water, the use of the sonic
fathometer is unreliable and not recommended.

Table 4.1 indicates the general results of this crater-survey project.

One of the most significant aspects of Project 3.2 was that the crater-survey results
caused serious questions to be raised (in the project report, WT-920) regarding the valid-
ity of the usually accepted cube-root scaling for prediction of nuclear-crater radii. This
point stimulated considerable study, evaluation, and differences of opinion prior and sub-
sequent to the publication of WT-920.

However, after considerable additional study of existing high-explosive and nuclear
crater data, an AFSWP report was published (Reference 10) which clarified the prior
differences of opinion by carefully cataloged conclusions in favor of the continued use of
the cube-root scaling procedure for predicting crater radii. Significant conclusions of
Reference 10 regarding crater predictions were: (1) For a given energy release, the
cratering effectiveness of an explosive charge will in general decrease with increasing
energy density. (2) A common soil factor of 1.8 to 2.0 should be used in conjunction with
TM 23-200 (Reference 7, Figure 32, crater-radius prediction curve for dry soil) as the
ratio between scaled crater radii at the EPG (washed soil crater) and the Nevada Test
Site (dry soil crater) for both high-explosive and nuclear-device craters. (3) The cube-
root scaling law can be used for prediction of crater radii, whereas the scaling relation-
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ship for crater depth may approach the fourth root; this conforms with the crater-
prediction curves in Reference 7 (Figures 32, 33, 34. and 45).

Thus, especially based on the conclusions derived in Reference 10, (made partiaily
possible by the data of Castle Project 3.2) considerable increase in reliability has re-
sulted with respect to predictions of craters produced by megaton detonations.

4.3 TREE-STAND STUDIES

Operation Castle presented an opportunity to make measurements on natural tree
stands several times larger than the Operation Upshot-Knothole experimental tree stand.
Even though the natural stands were composed of tropical trees found at the EPG, break-
age data was considered desirabie, since continental tests in forested arcas were not
planned.

During Upshot-Knothole, an artificial stand of trees 320 feet long by 160 feet wide
compos »d of 145 Ponderosa pine trees averaging 51 feet in height, had been exposed at
a 4.5-psi peak static overpressure. The stand was instrumented zlong its length and
across its width with ground-level static-overpressure gages, as well as dynamic-
sressure gages at three elevations located 250 feet from the front of the stand. Ground-
level pressure measurements had showed no significant attenuation in peak static
overpressure or increase in rise times.

Upshot-Knothole results had also indicated that the prediction system for isolated
trees was conservative when applied to small coniferous tree stands. However, in view
of the unknown degree of attcnuation for large stands and the tenuous nature of military-
damage criteria for trees, damage predictions for isolated trees were assumed repre-
sentative for tree stands. Thus, from all avaiiable data, a general breakage-preadiction
system had been developed that represented various levels of breakage probability for
tree stands. The prediction system could be applied to idealized tree stands to determine
damage by various-yield weapons, using height-of-burst curves modified to include wave
form, where damage criteria were based on length of stem down pcr acre. For three
general tree-stand types, isodamage curves giving light and heavy damage had been pre-
pared for inclusion in TM 23-200 (Reference 7).

Sample plots were selected on three small, naturally forested islands of Bikini Atoll —
Uncle, Victor, and William. These islands spanned a desirable predicted-overpressure
region for the expected yield from Shot 3 ranging from heavy damage to light or no dam-
age. It was essential that a substantial portion of the trees remain intact as a group,
giving a graded series of damage to correlate with the previously developed tree-breakage
prediction system.

In spite of the unexpected low yield of Shot 3, Project 3.3 achieved basic damage data.
The unexpectedly large yield of Shot 1—blast incident from the opposite direction of
Shot 3—caused heavy damage to the tree stands on William and Victor Islands and light
damage to the upper portion of the stand on Uncle Island. Shot 2-—blast incident from
the same direction as Shot 1—caused no additional damage. The Shot 1-Shot 3 situation
proved to be very fortunate. Because of the opposite directions of blast incidence and
extreme yield difference, heavy damage from Shot 3 only extended to just beyond the
light damage region of Shot 1. Thus, two sets of graded’ damage data were secured in-
stead of one: from a high-yield device with long positive-phase duration (15.0 Mt, 2.5-psi
peak static overpressure, 10-second positive~phase duration) and from a medium-yield
device with shorter positive~phase duration (130 kt, 4.5-psi peak static overpressure,
1.2-second positive-phase duration).

The principal tree growth on the three islands selected consisted of five main compo-
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nents: the coconut palm (Figure 4.6), the Pisonia tree (Figure 4.5), and three species
of large shrub. The Pisonia is a broad-leaf tree, numerous clumps of which averaged
some 50 feet in height and 24 inches in diameter at the base. The Pisonia tree clumps
bore a marked resemblance to the branching system and leaf size of an American Beech
forest. Also, examination showed the root system to be similar. It became increasingly
apparent that this similarity would make the Pisonia portions of the stands the most use-
ful for verification of the breakage-prediction system developed. Palm, on the other
hand, is unlike either the coniferous or broadleaf trees which comprise the bulk of the
earth’s temperate vegetational area and was thus of lesser value for this experiment.

The following general conclusions were reached:

i. Ground-level pressure measurements, made 2,000 feet into the tree stand, sub-
stantiated Upshot-Knothole conclusions of no attenuation in peak static overpressure;

TABLE 4.3 SUMMARY OF EPFECTS ON MINES, SHOT 4

L Latd; N & l1sed
Row ) Bow 3 Row 3 Row 4 Row 8 Row $ Row 7
1000 WGZ IAONWWGZ 4MONR©OAZ 7000R0GZ 11,100 foG2 12800 RwWGT 13800 ft v G2
Mine Types e v
Fumber Number Number Number b > b
L N L N L n L N L N L N L N
Mk 6-0
Suriace - - - - - - 2 [ - - - - - -
3 ft case depth - - - - 3 3 2 2 4 ° 3 ] - -
128 ft case deptd - - - - 4 L1 4 4 4 0 3 ] - -
Mk 10-9
40 ft case depth - - 4 4 3 3 4 0 3 [} - -
Mx 18-0 4 4 3 3 4 - - - - - - 'y 0
MX 25-0 4 4 3 3 4 4 - - - - - - 4 [
Mk 38-2 - - 3 3 L] 1 4 1 4 0 - - - -
Mk 38-2 - - 3 3 4 4 0 4 [ - - - -
Mk 38-0 4 4 3 2 4 1 - - - - - - Iy a
USSH R-1A 1 1 1 1 1 ¢ - - - - - - - -
Percantage of all 100 9.8 88.8 528 [] [} 0

wines neutralized
ar sach location

therefore, for this purpose, further measurements of overpressure in tree stands should
not be necessary.

2. It was not possible to 1ssess the stand influence by observation of damage, because
of non-uniformity of stand composition; nor was it possible to determine the peak-dynamic-
pressure attenuation, because the three gages in or near the stands showed large, un-
explained variations.

3. Observed damage from two devices of different yields compared favorably with
the TM 23-200 isodamage curves (Reference 7) prepared for broadleaf tree stands.

4. Damage in broadleaf stands will be principally limb breakage and defoliation, with
occasional breakage or uprooting of the main stem.

5. Snubber-wire arrangement for measurement of maximum deflection of tree stem
is not feasible in a forested area composed of broadleaf trees and brush species where
limb breakage is the principal form of damage.

44 MINEFIELD CLEARANCE

Project 3.4 had the objective of determining the effects of a megaton-range surface
detonation on an underwater naval minefield. Inert versions of the following US and
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Figure 4.5 Sample Pisonia Plot D, Uncle Island, looking toward ground zero.
Ground range, 75,400 feet; peak overpressure, 1.7 psi. Above: before Shot 1.

Below: after Shot 1.
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Figure 4.6 Sample Palm Plot B, Uncle Island. Ground range, 8,610 feet; peak

overpressure, 4.4 psi. Above: before Shot 3. Below: after Shot 3.

69



USSR naval mines were exposed to the underwater effects of Shot 4: Mk 6-0, Mk 10-9,
Mk 18-0, Mk 25-0, Mk 36-2, Mk 36-3, Mk 39-0, and USSR R-1A.

The statistical validity of the results may he questionable, since only 121 mines of
A1) types were expesed. These results indicated a 95-percent probability that 1 surface-
detonated 7.0-Mt weapon will neutralize 70 to 93 percent of all Mk 18-0, Mk 25-C,

Mk 36-2, .1z 36-2, and USSR R-1A mines within a 1adius of 4,500 feet from site zove,

if the mines are in water approximately 180 feet deep. \ith identical conditions of vieid,
height-o{-burst, and water depth, results also indicated a 95-percent probability that

72 to 96 percent of all Mk 5-0 und Mk 10-9 inines within a radius of 7 000 feet wili he
neutralized. For Mk 39-9 mines laid in 180 feet of water, an approxinate range of

2 800 fect was established as the maximum distance from a 7.0-Mt surface detonation

at which lethal damage will occur. Table 4.2 presents a summary of the blast effects

of Shot 4 o the minefieid.

The radii of destructicu obtained with the 7.0-Mt yield of Shot 4 are impressive: how-
ever, for a 20-kt weapon, assuming that cube-root scaling i3 valid to a first approxima-
tion, these radii would be only one seventh as large. The limited clearance ranges ¢
obtained indicate that use of surface-detonated nuclear weapons for navai~minetieid
clearunce is not feasible.
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a Chopler 5
ACCIDENTAL EXPOSURE OF HUMAN BEINGS TO FALLOUT

Immediately after the accidental exposure of human beings on Rongelap, Ailinginae,
Rongerik, and Uterik to the fallout from Shot 1, Project 4.1 was organized to (1) evaluate
the severity of the radiation injury to the human beings exposed, (2) provide for all nec-
essary medical care, and (3) conduct a scientific study of radiation injuries to human
beings. This project represented the first observations by Americans on human beings
exposed to excessive doses of radiation from fallout (mixed fission products). The groups
of exposed individuals were sufficiently large to provide good statistics. Although no
pre-exposure clinical studies or blood counts were available, it was possible to study
Marshallese and American contro} groups that matched and exposed population closely
with regard to age, sex, and background.

The exposures involved far exceeded the normal permissible dosage. Calculations
indicated that 28 Americans on Rongerik Atoll received a total gamma dosage of 86 r,

64 Marshallese on Rongelap Atoll 182 r, 18 Marshallese in the neighborhood of Ailinginae
81 r, and 157 Marshallese on Uterik Atoll 13 r. The external gamma dosage was deliver-
ed primarily by radiation energies of 100, 700, and 1,500 kev. The beta dosage was
delivered by beta radiation with maximum energies of 0.3 and 1.8 Mev. The exposures
occurred between 4 and 78 hours after the detonation, and the fallout was of about 12-hour
duration. The internal dosage was due mostly to ingested material rather than inhaled
material.

The physical effects of the radiation on individuals were typical of those normally ex-
pected. A significant number of individuals on Rongelap suffered from mild nausea, and
one or two individuals vomited on the day of exposure. With the exception of nausea in
one Ailinginae individual, there were no other definite gastrointestinal symptoms in the
other Marshallese or the Americans. The Marshallese on Rongelap and Aflinginae and
the Americans experienced, to a varying degree, burning of the eyes and itching of the
skin for from 1 to 3 days. Later signs of radiation injury included definite loss of hair
(epilation) in the Rongelap and Ailinginae groups, and the development of spotty, super-
ficial, hyperpigmented skin lesions that peeled off (desquamated) from the center of the
lesions outwards. In some cases the skin damage was sufficient to result in raw weeping
lesions. There was no full-thickness destruction (necrosis) of the skin. The Americans
developed only minor skin lesions without ulceration; there were no skin lesions in the
Uterik natives. All lesions healed rapidly, with no further breakdown of the skin noted
during the period of observation. Microscopic examination of biopsies of the lesions
showed changes usually associated with radiation injury. Fully clothed individuals and
those remaining inside of buildings or huts were protected to various degrees from de-
velopment of lesions.

Hematologic changes were definite in the Rongelap, Ailinginae, and American groups.
Lymphopenia appeared promptly and persisted for a prolonged period of time. Neutro-
penia occurred in all the individuals, with initial minimum values occurring around the
11th day followed by an increase in the counts and a secondary minimum around the 40th
to 45th day. The most consistent hematologic change was the depression in the platelet
counts. Platelets were below normal when first counted on the 10th day after exposure
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and progressively decreased, attaining a minimum between the 25th and 30th Jday. Al-
though recovery commenced following this minimum, the platelet count had not returned
to normal by completion of the initial study on the 76th day after exposure. The incidence
of various respiratory and skin (cutaneous) infections was identical in all exposed gioups
and had no relationship to the hematologic changes.

Urinary excretions of radio-isotopes were studied. Beta activity in the urine of these
exposed human beings indicated significant internal contamination. The body burden of
the group of human beings with the greatest contamination was of the order of the maxi~
mum permissible concentrations for the individual radionuclides. The contribution of
the effects of internal contamination to the total radiation response observed appears to
have been small. Few of the fission products present in the environment were readily
absorbed by the blood stream from the lungs and the ,astrointestinal tract. Moat of those
radio-elements that gained entry into the body had short radiological and biological lives,
and thus, the level of activity in the tissues of the body was relatively low.

At the end of six months, follow-up medical examinationa were made of the Marshal -
lese inhabitants of Rongelap. In general, the individuals appeared healthy and normally
active, and no deaths had occurred in the interim period. Three babies had been born
since exposure, none of whom displayed detectable abnormalities. One miscarriage at
3 months occurred during the interim period; no specimen was available for study. The
skin lesions previously prominent had healed completely, and only occasional hyper-
pigmentation of depigmented scars was seen in a few individuals who had severe early
gkin damage. Regrowth of hair had commenced during the third month following expo-
sure and was essentially complete at the six-mcnth examination. Residual discoloration
of the fingernails was found in three individuals. ‘

No additional physical~examination findings could be ascribed to radiation exposure,
and most individuals had gained weight during the interim period. An epidemic of mea-
sles was in progress during the examinations. The severity of the disease in the Ronge-
lap people was no greater than in a control, unexposed population, and the incidence was
no higher. Chest X-rays of all individuals revealed no abnormalities ascribable to the
fallout radiation. Analysis of hematological data obtained failed to demonstrate a sig-
nificant effect of measles on the peripheral blood count. Neutrophile, lymphocyte, and
platelet counts were not significantly different from counts taken on the 74th post-exposure
day, and none of these values had returned to control levels. Studies of bone marrow
specimens obtained on 20 adult individuals revealed no significant abnormalities. Mini-
mal amounts of residual radioactivity were detectable in the urine of approximately one
third of the exposed individuals.
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Chapter 6
TEST OF SERVICE EQUIPMENT AND TECHNIQUES

6.1 EFFECTS ON AIRCRAFT IN FLIGHT

During Castle, Wright Air Development Center (WADC) continued their studies of the
overpressures, gust loading, and thermal effects on aircraft in flight. A B-36D, pre-
viously used on Ivy and Upshot-Knothole but with additional instrumentation and a white-
painted underside, was flown in close proximity to all Castle shots. A B-47, previously
utilized on lvy and also additionally instrumented, participated in all shots but Shot 5.

The ultimate objective of the program was the establishment of operational and design
criteria concerning nucliear-weapon effects on delivery aircraft, both current and future.
Data on both thermal and blast responses at input levels that were to approach the design
limits of the aircraft were to be obtained for the B-36. The B-47 project had as its par-
ticular objective the determination of the effects of a megaton-yield-range nuclear device
upon a B-47B positioned to receive the predicted-maximum thermal radiation.

Tte important characteristics of a nuclear detonation, with respect to aircraft, are
nuclear and thermal radiation and the air-blast wave. At ranges critical for a B-36 with
regard to thermal and blast effects of weapons in the megaton-yield category, it had been
previously shown that nuclear radiation effects due to proximity, envelopment in the cloud,
or fallout were negligible.

The irradiance from the fireball varies with time and is characterized by a fast rise

to a peak followed by a relatively slow decrease to zero. Radiant exposure for the B-36
in the Castle tests was expressed as:

Q=C W oKD - 36 ¥ g-0.000D (6.1)
D?
Where: Q =radiant exposure on a surface normal to the radiation, cal/cm?

W = total yield of source, kt

K = atmospheric attenuation coefficient, (10° feet)™

D = distance between source and receiver, 10° feet

C = a constant based upon thermal yield and attenuation measurements

The relationship between the temperatdre rise of the thin skin (commonly used in air-

craft) and radiant exposure was given by:

- Q«xL cosi

AT =25t (6-2)

Where: AT = change in temperature, F

o« = absorptivity coefficient
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= incident angle: the angle between the source-target line and
a line normal to the skin surface

L = heat-loss factor
p = density, 1b/ft}
Cp = specific heat, Btu/1b-F

t = skin thickness, feet

Similar relationships were established for the B-47 tests. In addition to the theoreti-
cal calculations above, thermal effects on certain critical panels were determined by
experimental furnace testing. The limiting thermal response for the B-36 was a 400 F
rise in the 0.020~-inch magnesium hat panels of the elevator. For the B~47, the critical
thermal response was a 370 F rise in the 0.020-inch aluminum skin of the ailerons.

The characteristi- - of the blast wave in free air include a sharp rise to its peak posi-
tive pressure (the shock froat), followed by a relatively slow decrease through the initial
ambient value to a minimum of approximately a third of the peak positive value and a
slow return to initial ambient pressure. The difference between the peak-positive-
tranaient and initial-ambient values is the overpressurc. For the B-36 in Castle, this
was expressed empirically as:

1/3
AP =31.3 ¥ logy, (—3—) ~0.88 | 1/2 (6.3)
R wi/s

Where: AP = peak overpressure, psi
W =yield, lbs TNT equivalent
- Slant range, ft

(ph ap )1/2

R

Pb 3p
p = air density, slugs/ft®
a = speed of sound, ft/sec
h = altitude of the measurement

b = burst altitude

Equation 8.3 was used only for overpressures less than 2 psi. Both equations 6.1 and
6.3 were derived from limited test data from previous operations.

The second important property of the blast wave is the material, or gust, velocity —
the air movement behind the shock front. The equation used to predict material velocity
was:

-1/
u=1.89m, S (7+e%’l) 6.4)
h b |

Where: u = material velocity, ft/sec
a, = speed of sound at measurement altitude, ft/sec
AP = peak overpressure, psi

Py, = initial ambient pressure at measurement altitude, psi
T4



The principal blast effects are crushing due to overpressure and the change in steady
state aerodynamic conditions due to the material velocity. The latter is similar in nature
to the sharp-edged gusts enountered in the normal atmosphere. These changes are {n-
fluenced by bending of the structure and displacement of the entire aircraft.

For Castle, analytical and experimental investigation established the critical over-
pressure of the B~36 as 0.8 psi, and of the B-47 as 1.0 psi. The analysis of gust loading
established the B-~36 horizontal stabilizer as the critical component. Since the B-47 ex-
periment was primarily designed to investigate thermal effects, the gust-load investiga-
tion was performed only to establish the safety of the aircraft for the thermal input to be
obtained.

Two basic problems were involved in the operation of the aircraft: the flying of the
aircraft to a point in space at a given time, and the accurate determination of the actual

TABLE 6.1 DESIRED AND ACTUAL POSITIONS AT TIME ZERO AND TIME OF
SHOCK ARRIVAL

Shot 3 data unuashie because of low yleld. All B-36 data caloulated from radar soope photos
except for Shot 6, which i Raydist dats. B-47 data obtained from ship's instrumentation for
Shots 4 and 8 and from Raydist data for Shots 1 and 2. Raages in thousands of {eet.

Hortzontal Ranges Shock-Arrival Poeition

Shot At Time-zero At Shock-arrival Sant Actual

Desired Actual Desired Actual Range Altitude
1: p-38 50.0 50.8 6.7 7.8 78.8 33.0
B-47 48.0 0.9 121 0 137.8 141.9 38.0
2: 3-38 50.0 51.7 738 7.9 86.2 37.0
B-47 50.0 7€.8 132.0 19286 198.7 36.0
4: B-38 50.0 50.5 8.8 81.8 89.8 371
B-47 4% 2 54 2 119.4 140.0 144.3 35.0
6. B-36 3356 40.8 . 85.5 69.7 80.4 40.0
B-47* — — — — —_ —
é: B-38 121.4 122.0 90.3 88.0 2.1 33.0
B-47 3.8 29.5 84.6 84.0 91.0 35.0

* B-4” abortad Shot 5 because of fuel leak.

flight path during the thermal and blast phases of the detonation. Positioning was in
general performed by aircraft instrumentation, and tracking by & combination of aircraft
instrumentation and a Raydist Radio Navigation System. For safety reasons, positioning
was based on the predicted maximum-possible yield of the device.

For both experiments, danger-region diagrams were plotted in terms of horizontal
range and altitude, upon which the effects parameters discussed previously were plotted
simultaneously in order to show the boundaries of regions within which aircraft damage
would result. These diagrams were used on each shot under a given set of conditions of
yield, aircraft velocity, and aircraft configuration, to establish a position in space which
would give the desired input without endangering the aircraft. Positioning data is sum-
marized in Table 6.1.

Thermal instrumentation was installed to define radiant exposure, irradiance, and
the temperature rise on wing, fuselage, stablizer, and elevator. In addition, strain-
gage bridges were installed in the left wing and stablizer of the B-47 to obtain informa-~
tion on the mechanical effects of the thermal input. Free-stream overpressure and
pressures on the underside of various surfaces were measured. Blast-response data
were in terms of strain-gage measurements of the wing, fuselage, and stabilizer; linear
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and angular accelerations; and elevator and wing deflectiona. Photography and temp-
tape measurements of peak temperatures were also utilized.

The principal results of the experiments are summarized in Tahle 6.2 and 6.3.

The Shot 1 yield of about 15 Mt (approximately 25 percent in excess of the positioning
yield) provided the highest peak overpressure, 0.81 psi, recorded on the B-36. The
damage to the aircraft necessitated replacement of the bomb-bay doors, the aft lower
Plexiglas blisters, and the radar-antenna radome. Superficial damage was encountered
on the B-36 on Shots 2, 4, and 5. On Shot 5, the yield was predicted (12 Mt) with less
conservatism compared to previous shot estimates; the fact that the actual yield was
13 Mt resulted in the largest temperature rise and stabilizer bending moment (for the
B-36) obtained during the tests. The radiant exposure at the aircraft during Shot 5 was
less than that for Shot 1, but the incident angle was smaller, resulting in more thermal
energy being absorbed. This was apparent from the extent of the thermal damage suf-~
fered during Shot 5. The elevator skin was permanently buckled at four places, and a
large perceitage of the paint on the stabilizer and elevator was blistered and peeled.

A haze layer higher than 35,000 feet was reported by the B-47 crew on Shot 6. This
layer provided a reflecting surface for irradiation and induced a noticeable amount of
thermal irradiation on the upper surface of the aircraft. This was the only shot in which
this crew noticed any significant heating of the crew compartment.

Only on Shot 5 was cny nuclear radiation observed on board the aircraft. The maxi-
mum value was 20 mr recorded in the B~36 crew compartment, with radiation detected
over a period of about 20 seconds. After the return of the aircraft to the continental
U. S., some residual radiation was detected that emanated from microscopic particles
imbedded in the paint and lodged in the joints of the aircraft skin.

The data obtained from the projects can be used to evaluate three related studies:

(1) the correlation of inputs measured at the position of the aircraft with those inputs
predicted by theory for such given parameters as yield, slant range, and altitude; (2)
the verification of predicted effects of a nuclear detonation upon an aircraft; and (3) the
prediction of the nuclear-delivery capability of the aircraft involved.

A postshot comparison between predicted and measured inputa and responses for the
B-36 is tabulated in Table 6.4. The predicted figures were calculated using actual yield
and aircraft range for each shot, therefore establishing a basis for evaluating the pre-
diction methods, both for inputs and responses.

A similar comparison i8 shown in Table 6.5 for the B~47 thermal data. The first
tabulation of input data corrects the measured inputs to zero time i.e. to a point in
space, in order to make a valid comparison with the calculated single-point values. Al-
though compacisons are shown for values obtained with both radiometers and calorimeters,
the calorimeter values are considered more reliable.

Table 6.6 compares thermocouple and other temperature-indicating measurements
to the predicted maximum temperature rise in panels having different thicknesses.
Measured values were greater than caloulated values in thin skins and smaller in thick
skins.

The attempt to evaluate the magnitude of temperature-indused strains in panels in-
volved a complex stress analysis and was further complicated by the influence of tem-~
perature on the strain gages. For this reason, the data was not immediately available,
but was considered in planning for Operation Redwing.

The specific techniques used during Castle to predict thermal inputs and responses
were inadequate for accurate, close positioning of the aircraft. PFactors which contrib-
uted to the discrepancies were insufficient information on attenuation, absorptivity, and
the cooling coefficient. As a result, it ls apparent that a need still existed for continual
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TABLE 6.2 DATA SUMMARY, B-3¢

Shot 1 2 4 5 é*
Radient Exposure, ocal/omtt s 38.2 17.4 45.9 —_
Max Irradiance, cal/om?-seet 82 5.2 3.7 7.2 -
Max Temperature Rise of Elovater &kin 63t 48 37 4 -—
at Btation 144.8, psroeat of 400 P Iimit
Max Overpressure, pal 0.1 0.5 0.42 0.00 022
Max Pressure, psi, es underside of:
Wing 0.90 0.62 0.48 0.68 0.27
Fuselage 0.92 0.64 0.48 0.87 0.23
Stabilizer 1.20 0.83 0.60 0.88 0.25
Max Positive Bending Moments, §
percent of limity:
Stabilizer, Station 82 59 80 37 78 27
Fuselage, Station 1476 50 to 70 47 to 87 22 to 42 47 to 87 4to 20
Wing, Station 1062 50 850 44 [.$:] 48
# Head-on orientation.

T Average of multiple instrumentation.
t Temp~tape data.

§ Max positive bending momsents are the peak incremental beading plus dead weight and in-flight

conditions.

Y Bending moment limits are defined as two thirds the static test ultimate.

TABLE 6.3 DATA SUMMARY, B-47

Shot 3 data unusable because of low yleld. No participation in Shot 5.

ghot 1 2 4 (]
Radiant Exposurs, * cal/cm® 32.1 17.5 16.3 1.8
Max Irradiance, * cal/omi-sec 5.27 2.67 4.10 5.33
Time to Peak Irradiance, seconds 3.81 3.24 24 1.33
Duration of Irradiance, seconds 48 46 33 12
Peak Temperature Right Stabtlizer, F 134 44 81 99
Time to Peak Right Stabilizer Temperature, seconds 8.0 10.0 7.0 5.0
Time to Shock Arrival (Stadon 1217), seconds 110.5 159.1 118.9 73.68
Peak Overpressure, psi 0.31 0.22 .0.28 0.25
Peak c.g. Aoceleration, g's 0.38 0.32 0.28 —_

*Corrected to zero incident angle.
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TABLE 8.4 . COMPARISON OF MAXIMUM THEORETICAL AND MEASURED INPUTS

AND RESPONSES, B-36

Shot 1 2 x 5 6

Rz liant Exposure, cal/cm?

Theoretical 50.8 33.4 22.8 53.8 —_

Measured 47.5 35.2 17.4 15.8 —
QOverpressure, psi

Theorectical 0.78 0.56 0.44 0.61 0.26

Measured 0.81 0.56 C.42 (.60 0.22
Temperature Rise; percent of critical rise of

elevator skin, 9.020-inches mag.

Theoretical 98 78 58 119 —_

Measured g2 45 37 6471 —
Bending Moment, percent of critical moment of

stabilizaer at Station 62

Theoretical 60 49 40 69 27

Measured §9 60 o7 16 27

* Temp-tape data.
t For Station 144.5. At Station 312 where the paint was missing, the percent of critical temperature

rise was 81.

TABLE 6.5 COMPARISON OF MEASURED DATA WITH EXTRAPOLATIONS
TO ZERO-TIME POSITIONS, B-47

Measured: data as measured on the aircraft. Zero-time: values of measured

data extrapolated to zero-time positicn.

Shot 1 2 4 6
Average Energy
Radiometers:
Measured, cal/cm? 28.8 18.2 19.8 13.8
Zero-time, cal/cm? 33.7 19.7 21.3 14.7
Measurement duration, seconds 25 25 16 10
Calorimeters:
Measured, cal/cm? 29.6 16.3 15.7 11.7
Zero-time, cal/cm? 35.2 18.4 16.8 11.8
Measurement duration, seconds 25 25 15 10
Peak Irradiance, cal/cm?-sec
Radiometers:
Measured 5.3 2.7 4.1 5.4
Zero~-time 5.7 2.9 4.2 5.6
Calorimeters:
Measured 4.8 2.8 3.6 4.7
Zero~time 8.1 31 3.8 6.2
Time to Second Maximum, seconds
Radiometers:
Measured 3.81 3.28 2.40 1.33
Zero-tims 3.88 3.29 2.42 1.35
Calorimeters:
Measured 3.80 3.22 2.40 1.37
Zero~-time 3.98 2.97 2.60 1.3%
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improvement in the techniques used in predicting thermal effects. However, the data ob-
tained should assist in revising the procedures used to calculate thermal effects and, thus,
result in more accurate predictions. The formulas and procedures utilized to predict
blast effects at overpressures less than 1.0 psi were satisfactory; in general, good cor-
relation was obtained between measured and predicted values.

As a result of the experiments, sufficient data are available to determine the responses
of the B-36 aircraft to nuclear detonations and to define with reasonable accuracy the max-
imum delivery capabilities of the aircraft. Furthermore, the data and experience obtain-

Figure 6.1 The YAG-39 with the washdown system operating.

ed from both experiments will be useful to assist in the establishment of general methods
for the determination of nuclear effects as related to weapon-delivery capability, struc-
tural vulnerability, and lethality problems.

€.2 CONTAMINATION AND DECONTAMINATION STUDIES

The basic vehicles exposed to the fallout from the Caslle detonations were two con-
verted Liberty ships: the USS Granville S. Hall (YAG-39) and the USS George Eastman
(YAG-40). In addition to simulating conditions aboard ship during and after fallout, these
ves:els served to mount devices to collect fallout on their weather surfaces for contami-
nation-decontamination studies and to house instrumentation for studies of fallout material.
Their weather surfaces served as a radiating source for various shielding studies.

The basic difference between the two ships was the installation and operation of a
washdown system aboard the YAG-39 only. It was planned to have the two ships experi-
ence the same magnitude of fallout and thereby evaluate the effect of washdown. Figure
6.1 is 2 photograph of YAG-39 with the washdown system operating.

The ships were instrumented extensively for the measurement of gamma dose and dose
rate at a total of 137 stations. Each instrument consisted of four ion chambers which pro-
vided for covering a dose-rate range from 0.1 mr/hr to 10,000 r/hr. The detector-
recorder system recorded dose increments in the ion chambers as deflections on the
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chart of a pen-and-ink recorder. The data froni the numerous records were reduced to
plots of both dose rate versus time and dose versus time by an electronic reading-
computing-plotting device.

Each ship transported a Navy F4U fighter aircraft which was exposed to fallout. After
exposure, the aircraft were transferred to a land decontamination area upon return of
the ships to Eniwetok Atoll and were subjected to decontamination studies. A similar
procedure was followed for a frame supporting panels of paving, wall, and roofing mate-
rials to be studied by an Army Chemical Corps project. These panels were exposed
aboard a barge anchored in Eniwetok Lagoon during Shot 6.

Studies of the phenomena aboard a ship during and after radicactive fallout were made
utilizing the gamma-dose-rate detectors in addition to aerosol filters, gummed-paper

TABLE 6.6 COMPARISON CF MEASURED AMND CALCULATED PEAK
TEMPERATURE RISE, B-47

Deviation: Percentage deviation of calculated value from measured value.

Shot 1 2 4 [

Peak Temperature Rise, 0.020-inch Skin:

Measured, P — — 130* 205°
Calculated, P 11 9238 128 159
Deviation, percent — — -3 -22

Peak Temperaturc Rise, 0.040-inch Skin:

Measured, P 14 44 81 91
Calculated, P 110 47 ] 88
Devistion, peroent -16 +7 -18 -5

Pegk Tempersture Rise, 0.084-inch Skin:

Measured, F (1) 2 54 1]
Calculated, F 110 82 (1) 89
Deviadon, percent +24 +81 +21 +6
Peak Temperature Rise, 0.188-inch Skin:

Measured, F 39 10 19 22
Calculated, F » 13 20 24
Deviation, percent -9 +32 +3 +9

* Temp-tape values.

collectors, and airborne-activity monitors distributed weatherside and in the ventilating
system of the ship. Test cubicles were provided aboard the YAG -40 with different ven-
tilating systems to evaluate the effect of different air-flow rates, and with filters or an
electrostatic precipitator in the system.

The contamination alighting on the shipa’ weather surfaces provided conditions for two
sets of experiments: (1) The gamma radiation was detected at various locations below
decks and within various thicknesses of shields to evaluate the effective absorption of
the radiation by steel. (2) After return of the ships to Eniwetok Atoll, the weather sur-
faces were subjected to various decontamination procedures to evaluate their effectiveness
and speed; inclusion of a section of wooden flight deck aboard the ships yielded data for
extrapolation to aircraft carriers.

Both ships participated in Shots 1, 2, 4, and § and were equipped for remote control
operation. During the first two shots, both ships were vacated during the night before
the shot and were operated from a P2V-5 aircraft, with a secondary control party aboard
the USS Bairoko (CVE-115). During Shots 4 and 5, both ships were controlled by a crew
stationed in a shiclded section aboard the washdown-equipped YAG-39. This provision
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ensured closer control of the ships and enabled them to be located closer together and
to experience similar fallout. After the shot, the unmanned radioactive ships were towed
back to Eniwetok Lagoon by the AT F-106, and decontamination was initiated subseqnently.

6.2.1 Operational Results. The location of the ships during Shot 1 was determined by
lower-level, preshot wind forecasts. Changes in the wind structure and the unpredicted
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Figure 6.2 Ship’s course, Shot 5.

height to which the radioactive material was carried caused the fallout to occur east of
Bikini Atoll, while the ships were west of Bikini. The resultant low contamination levels
denied the acquisition of useful data. The ships were more-favorably located during
Shot 2, but a control failure caused the YAG-39 to stop before fallout ceased, and the two
ships did not experience comparable events. The results from Shots 4 and 5, during
which the YAG-39 was manned, were more satisfactory, with the highest doses being
experienced during Shot 5. Figure 6.2 presents the ship’s tracks during Shot 5, together
with a hodograph of the wind structure.

In spite of the close operation of the two ships during Shots 4 and 5, appreciable dif~
ferences in fallout were observed: the dose that would have been observed aboard YAG-39,
had it not been waghed down, varied (with time) between 25 and 100 percent higher than
that actually observed aboard YAG-40. Operation of a single ship with part of the deck
washed was recommended to eliminate this problem at future operations.

6.2.2 Washdown System Evaluation. The washdown system aboard the YAG-39 oper-
ated successfully at a rate of approximately 2,000 gal/min. The only difficulty was a
stoppage in the boat-deck drain during Shots 4 and 5, which impeded the removal of con-
taminated water from this area. The coverage was adequate except when the wind was
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abeam. Installation of nozzles along the sides of the ship or maneuvering the ship would
have alleviated this difficulty.

The washdown effectiveness based upon the reduction of accumulated gamma dose
averaged approximately 90 percent. The effectiveness based on gamma dose rate after
the cessation of fallout averaged approximately 94 percent. In general, this system was
found to be more effective than any subsequent decontamination effort periormed on the
non-washdown ship, the YAG-40.

The washdown effectiveness based on dose and dose-rate measurements in the interior
of the ship decreased in the areas more remote from the deck. This fact indicates thay
sources of radiation other than the washed-down deck become important at the more-
remote locations.

The data from the building-material panels placed aboard the ships after Shot 2, when
corrected for an estimated difference in fallout of a factor of ten, indicated a wasndown
effectiveness of greater than 95 percent based on dose rate. The effectiveness measured
cn the aircraft was comparable to that measured on the ships’ decks.

The only material damage noted on the aircraft from exposure to salt-water washdown
was manifested as excessive magneto drop-off, some minor rusting of unpainted ferrous
metals, and the presence of excessive water where the lead goes into the spark plug.

6.2.3 Ship-Shielding Studies. The detectors placed within cylindrical steel shields
yielded data on the effective absorption coefficient as a function of time. The data can
be fitted with a function of the form:

l:lOe'“x (6.5)

“here: 1 = observed dose rate

t

x = steel thickness

u = effective absorption coefficient (to be determined)

1, = source dose rate

The average values of u are plotted in Figure 6.3 versus the time since the detcnation.
Observations below decks indicate that for relatively lightly shielded locations, the meas-
ured values of u can be utilized in a formula for the radiation from a plane~source dis-
tribution to calculate the shielding factors. In more heavily shielded location (e.g., in
the concrete-covered recorder room), the actual shielding is not as effective as the cal-
culated shielding, presumably because the sources of radiation other than the contaminated
decks become important. The measured shielding factors on the YAG-~40 were between
0.1 and 0 2 between the second and upper deck, and between 0.03 and 0.05 in the hold.

The corresponding YAG-39 values were 50 to 100 percent larger than these. In the
superstructures compartments on both sbips, the shielding factors ranged from 0.1 to 0.6.

6.2.4 Airborne-Activity Studies. Airborne activities were measured above decks and
in ventilation and boiler air ducts during fallout, and above decks during decontamination
operations. These measurements provided data on a fallout-detection system, inhalation
hazard to crews above and below decks, activity-removal efficiency of various ventilation
systems, and inhalation hazard to decontamination crews.

Peak airborne beta activities aboard ship were measured to be of the order of 0.6
me/md. A similar detector placed on Parry Island detected peak levels of 0.15 and 0.003
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me/m? at 12 hours after Shots 2 and 3, respectively. The instrument used was sensitive
to 10~* me/m? if the background gamma field was less than 0.5 r/hr.

Weatherside filter samples counted at 10 days after the shot yielded values of about
2 x 10% counts/min/ft’ of air drawn through them. This value represents an average
over the time from the start of fallout till shutdown of the filters approximately 19 hours
after detonation.

The standard ventilating system operating at 1,000 f#/min resulted in an activity con-
centration in the cubicle which was a factor of 1 x 107 to 2 x 10™ lower than that above
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Figure 6.3 Apparent absorption coefficient yu as a function of time.

decks. Changing the flow rate had no appreciable effect, but the Naval Research Labora-
tory (NRL) preciprotron or Army Chemical Center (ACC) paper filters were approxi-
mately 95-percent effective in further reducing the activity.

During recovery and decontamination operations, the airborne activity concentration
was almost always less than 0.1 mc/m3. Respirators were worn by personnel operating
a Tennant resurfacing machine principally for protection from flying chips.

6.2.5 Radiation Surveys. The radiation condition aboard an unmanned ship was firat
estimated from data telemetered from a fixed gamma-detector station. A second order-
of-magnitude estimate was derived by multiplying a reading made from aboard the re-
covery tug hy a calculated factor. For purpose of scientific experiments and personnel-
dosage prediction, more-accurate surveys were utilized. The ships were marked at
approximately 900 points on the interior and exterior. The surveys were performed at
these locations by groups of previously inexperienced Navy enlisted men. Surveys in-
cluded readings of gamma dose rate at 3 feet, beta surface readings, directional gamma-
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detector readings (of limited use because of unwieldiness of the detector probe), and
wipe samples. These readings gave separate estimates of the contamination on an ex-
tended area, the local contamination, and the loose contaminant. ‘Che resultant data,
when weighted and averaged, provided the basis for evaluation of decontamination pro-
cedures as well as studies of environmental influences on contamination. The results
of a typical survey are presented in Figures 6.4 and 6.5.

6.2.6 Decontamination Studies. The decontamination studies were performed on
many different surfaces, including ships’ steel Jecks, wooden flight decking, aircraft
skin, and numerous common building materials. In general, the decontzmination was
performed in sequence with less-effective procedures being applied first.

The procedures used on shiphoard were firehosing (FH), hot-liquid-jet cleaning (HLJ),
hand scrubbing (HS), surface removal (SR), and paint stripping (PS). The basic tactical
sequences evaluated were as follows:

Procedure S;: FH, HLJ, HS, FH
Procedure A: HLJ, HS, FH
Procedure B: HLJ, HS, HLJ
Procedure C: FH, HS, FH
Procedure D: HLJ, FH

Figure 6.6 illustrates the effectiveness of each procedure together with the man hours
consumed. Procedure C can be performed with equipment commorly aboard Navy ships
and represents a useful interim decontamination procedure.

Resurfacing of a wooden deck with the Tennant machine subsequent to nondestructive
decontamina ion resulted in a net decontamination effectiveness of 70 percent in gamma
radiation and 90 percent in beta radiation.

Application of a water emulsion paint (Formula 980) and its removal subsequent to
contamination resulted in a decontamination e. ectiveness of approximately 80 percent.
The basic technique was sound, but further development was needed to make the paint
more-casily applied, more durable, and more-easily removable.

The aircraft exposed aboard the ships were subjected to decontamination procedures
and regular material-damage inspections. The results of the decontamination procedures
were classified into three groups depending on the previous history: Condition A, only
slight washing by rain; Condition B, washing by heavy rainstorms; and Coadition C, sub-
jected to washdown. Figure 6.7 demonstrates the effort required to reduce the contami-
nation to a given fractional level. The procedures consisted of repeated firehosing,
hot-liquid-jet washing, and eventually scrubbing with detergent and Gunk solutions. The
aircraft received in Condition C were immediately firehosed and then scrubbed with de-
tergent.

The results of the decontamination procedures applied to building-material panels
after Shot 2 are summarized in Figure 6.8. The panels were exposed in normal orienta-
tions: pavement horizontal, walls vertical, and roofing on a slant. The variation in the
gamma radiation before decontamination was principally due to orientation, with the ver-
tical panels approximately three times as active as the horizontal ones. The same effect
was observed after Shots 4 and 6, but by a factor of less than two. Wind impacting the
fallout material on the surfaces possibly was the explanation. Surface-removal studies
indicated that the activity penetrated to a maximum depth of 200 microns in painted wood.
Studies performed at the Army Chemical Center indicated that the active material was

84



A1)

A 3w un Kaaune w1 (rufizo wod) afnojuns ORI ¥ 9 asndry

pge1 Ampg g ‘g 1oug SMgY OF-OV

(IwvaNwLs 313¥NOS LNtOd 0e'S? EE TN L]
HH 08+ M
wNOtLIIHIG ANEM JAILY

LMY -ON I NI S INTVA




\\\\ .

M

S
’5‘
e
-
« >
T El
N
3
z
3
E
H
2
El
<
>
3
<
3
c
3
2
g
g
4
o
K
£
=*
T
3
= E
gz ¢
= 5 £
S @ °
T . =
8 ¢ 2
o 4
z 3
3 w
* c
w 3
2 H
- a
< z
o <
H E
“
-
v
! -




principally ionic rather than particulate. Detergents and ion-exchange carriers were ef-
fective in removing some remaining activity.

6.2.7 Protection of Personnel in Radiation Fields. Since the operation of the ships and
their subsequent decontamination involved the exposure of a large number of personnel to
radiation, a number of studies were performed on personnel protection and dosimetry.

In general, mission planning and survey readings were effective in limiting dosages to
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Figure 6.6 Evaluation of experimental decontamination procedures, YAG-40, Shot 2.

safe amounts. A system of zoning, with check points and provisions for clothing changes
bLetween, prevented the spread of contamination. A study of a special multiple~shield
film-badge holder revealed that comhination beta~gamma dosimetry was valuahle, but
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that there were discrepancies in gamma dose between the tested badge and the standard
Task Unit 7 badge.

6.3 OPERATIONAL EVALUATION OF INDIRECT-BOMB-DAMAGE
ASSESSMENT

In project 6.1, the Strategic Air Command continued evaluation of interim indirect-
bomb-damage-assessment (IBDA) procedures and indoctrination of air crews in these
procedures. The interim IBDA capability used airborne navigation-bombing radar and
camera systems to obtain radar-scope photographs of the detonations, from which IBCA
data could be extracted.

Three B-50D aircraft were involved on six shots —a total of 18 missions. Excellent
radar-scope photographs were obtained on all except two of the missions, and equipment
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Figure 6.7 Percent of original contaminant remsaining versus manpower.

and operating techniques were adequate. Because there were no air drops, information
on techniques for radar-scope photography with the equipment on a strike aircraft was
not obtained.

Table 6.7 presents aircraft positions relative to site zero for the various shots. One
aircraft aborted on Shot 4 and another on Shot §, resulting in 18 successful missions for
IBDA purposes. In addition to the IBDA missions, one B-50 recorded radar returns in
the vicinity of site zero for 10 to 15 minutes after shot time for Project 1.1c.

Examples of the photographs obtained are shown in Figures 8.9 and 6.10. For a sur-
face detonation, the burst clearly shows as a horseshoe-shaped coufiguration during the
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Figure 6.2 Initial gamma contamination and residual percentages after
decontamination cperations, Shot 2.
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Figure 6.10 Progress of shock front at H + 22 seconds. How, Uncle, and Victor
Islands are visible. Recorded by B-50 No. 1.
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early moments subsequent to time zero. Later pictures show the shock wave along the
water surface as it progressed outward from site zero. '

To extract IBDA data from the photographs, large-scale graphics were prepared to
achieve greater accuracy in interpretation. Site zero was established within an accuracy
of 600 to 1,100 feet from the actual location by determining the center of curvature for
the horseshoe configuration. Interpreters attempted to obtain yield data from the photo-
graphs by utilizing time-distance curves that indicate the progress of the shock wave

TABLE 6.7 AIRCRAFT POSITIONS

Saot 1 2 3 4 s [ ]

B-60 No. 1

Altttude, ft 34,000 33,000 32,000 —_— 32,000 32,000

Distance, naut mi 18 18 .12 - 18 13
B-6C No. 2

Aluiude, ft 31,000 31.000 31,000 31,000 — 31,000

Distance, naut mi 23 23 20 23 —_— 20
B-50 No. 3

Aldtude, ft 30,000 30,000 30,000 30,000 30,000 30,000

Distance, naut mi 30 30 27 30 30 27

outward from ground zero for various yields. Computations of yield by this method
proved inaccurate. Since participation was limited to surface bursts, no attempt was
made to obtain height-of-burst information.

6.4 IONOSPHERE STUDIES

Project 6.6 was conducted to study the effects of megaton-yield-range detonations on
the ionosphere Following Shot Mike of Operation Ivy, it was noted that the virtual height
of the F~2 layer greatly increased. The project desired to corroborate this phenomenon
and to study the cause-and-effect relationships associated with it. It was also desired to
obtain data on effects at large distances from the detonation to ascertain the possibility
of using such cffects as a means of long-range detection.

For collection of data, two ionosphere recorders were operated in the Marshall Islands:
one at Parry Island 200 miles west of Bikini and the other at Rongerik Atoll 150 miles
east of Bikini. In addition, normal data from existing stations at Maui and Adak and
special data from existing stations at Guam and Okinawa were studied to determine ef-
fects at distances of 1,400 to 3,000 miles.

At Parry Island, severe absorption occurred for several hours following all megaton-
yield shots. This phenomenon was attributed to ionization resulting from radioactive
particies carried to the west by fast winds at altitudes of 60,000 to 120,000 feet. Turbu-
lence in the E-region after megaton-yleld shots was manifested by sporadic E-returns
detected at Rongerik. In the F2 layer, an effect similar to that observed during Ivy was
noted, but its nature varied from shot to shot. Apparently the movement of electrons in
this layer was far more complex than originally assumed, but was still attributable to
= large-scale convection resulting from the conversion of blast-wave energy into heat
in the upper atmosphere.

Data from the distant stations indicated that ionospheric disturbances were propagated
up to 2,600 miles ‘rom the points of detonation at velocities between 8 and 16 km/min.

It appeared that the duration of the disturbances was related in some manner to the yield
of the device and was about inversely proportional to the distance.
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Chapter 7
LONG -RANGE DETECTION

Program 7 consisted of three projects to investigate the problem o. long-range dctection
of nuclear explosions. The problem divided itself essentially irto iwo major parts: (1;
detecting and locating the explosion and (2) documenting it to the maximum extent pussible
with regard to type (i.e., fission, fusion, c¢r co:aposite), vield, design. etc. Each
project attacked the problem from a different aspect and with certain inherent limita-
tions and capabilities. Project 7.1 investigated the electromagnetic radiations, Project
7.2 investigated airborne low-frequency sound, and Project 7.4 investigated solid, liquid.
and gaseous debris resulting from nuclear explosions. A discussion of the findings of
these projects follows; details on their test procedures are summarized in the Appendix.

7.1 ELECTROMAGNETIC EFFECTS

Experimental measurements of the electromagnetic pulse emitted by a nuclear detona -
tion had been made during each series of nuclear tests beginning with Buster-Jangic.
From those experiments, the following cunclusicrs had been drawn:

1. There is an electromagnetic pulse less taan 100 uses long cmitted at the time of
a nuclear detonation; at a distance of 20 kir from the generating source, its field strength
may be a few hundred volts per meter. A generz] relationship exists between kiloten
vield and the electromagnetic energy emitted.

2 The emitted frequency spectrum extends from about two kilocycies or below up to
a tew megacycles, but the main componerits are in the region of about 6 to 50 ke, with
an approximate inverse relationship between yield and predominant frequency.

3. Pulses received close-in—approximately 20 km —exhibit very-short rise times
of less than a2 microsecond in a negative direction (i.e., the electric field vector is
downward). The pulse is predominantly verticaily polarized.

4. Even low-yield devices can produce a pulse receivahle at distances in excess of
1,000 km. Close-in reception indicates that certain nuclear-device characteristics can
be determined from pulse fine structure.

5. The ground wave is generally not detectable beyond about 1,500 km from the source
because the ionospheric sky wave predominates Close-in fine structure disappears
during sky-wave propagation to distances.

6. A fix of the source of the pulse can be obtained with direction-finding equipment.
Observed azimuthal errors using equipment tuned to 10 kc are between 0 and 9 degrees;
most errors are less than 3 degrees.

7. At distances, the pulse is extended to approximately ten times its close-in length,
the result of multiple arrivals by various paths each characterized by one or more iono=
spheric reflection.

To further this work, Castle Project 7.1 had the following objectives: (1) determina-
tion of pulse character before changes due to propagation became apparent; (2) determing=
tion 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) determination of the relation of
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pulse occurrence to sequence of events during the detonation; (6) correlation of device
characteristics and pulse characteristics, both close-in and, as far as possible, at
distances; {7) experimentation with prototype surveillance equipment; (8) measurement
of azimuthal errors in direction-finding equipment; and (9) determination of times of
pulse reception to within 1 msec in world time.

In order to achicve these objectives, two fundamental problems first had to be solved:
(1, the discrimination of nuclear-device pulses from naturzl atmospherics and (2) the
determination of the moximum information on the source iiself and external conditions
at detunation time {rom the characteristics of this electromagnetic pulse.

7 1.1 Pulse Identification. One means of identifying a nuclear-detonation pulse with
an experimental system (when recording at distances from the detonation point) is by
knowledge of the time of detonation. To aid pulse idertification during Castle, local
timing signals were referred to world time. Both timing signals and pulse signals were
corrected for propagation, giving an accuracy of 1 msec for world time and less than 1
meec for the pulse. Reception and identification of such pulses when time of detonation
was known to millisecond accuracy was relatively easy; doing the same thing on a 24-hour
basis 1f the detounation time had not been known would have been much more difficult.
More information was found to be needed on techniques of discrimination, much of which
could be learned by studying naturally occurring atimespherics.

In locating the puise source, azimuthal errors were generally within the error ordi-
narily experienced with the location equipment used: +3 degrees.

7.1.2 Pulse Characteristics. All close-in records showed the characteristic first
Legative-going p_uf{—s-e; whercver the effect of the second stage was apparent (except Shot 3)
the first portion of the secondary pulse went positive. Wave forms were recorded at
distances up to 12,000 km; however, beyond about 2,000 to 4,000 km, close-in detail dis-
appeared. The changes in wave form caused by the filtering effects of the ionosphere
(decreased reflection of the higher-frequency components) and interference between dif-
ferent sky-wave modes was quite apparent as the broad-band pulse was recorded at
greater distances: the pulse lost character and presented a damped-sine-wave appear-
ance. The broad-baid wave forms at the far stations, in general, covered about 6 to
100 kc, which encompassed the greatest portion of the energy available.

7.1 3 Field Strength. Data from Guam, Shemya, and Point Barrow were generally
low. The reasons were not definitely known, and these anomalies are being investigated.
Contributing causes may have been interference between sky-wave modes, ionospheric
absorption, ground constants, and in the case of Point Barrow, attenuation due to auroral
absorption. In addition, it was believed that the Shemya results may have been low be-
cause of local conditions at the receiving site.

There was apparently considerable variation from day to day and during the day. Day-
and-night variation in signal strength was generally more pronounced on the north-south
path than the east-west. The magnitude of diminution in signal from dark-to-daylight
path was apparently greater when the auroral zone was penetrated. Field strengths were
lower during magnetically disturbed periods (i.e., 24 March 1954) than during relatively
quiet magnetic periods.

7.1.4 Yield Determinations. Field strength, especially at distant points, was only a
very-approximate measure of yield; however, the vagaries of propagation were only im-
perfectly known—yield is also more properly a function of total energy emitted. For an
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operational system, a rough estimate of yield within about an order of magnitude may be
obtained from broad-band field-strength measurements with proper correction for path,
terrain, ionospheric conditions, time of day, etc. However, the corrections to be made
were imperfectly known. Frequency analysis of wave forms. together with other char-
acteristics, may offer some assistance. Field strengths were measured at various
places, but variations with presumably identical equipment at the different iocations were
not all explainatle.

There appeared to be un approximate relationship between yield and the frequency at
which peak energy occurs, with some theoretical justification for this relstionship.

7.1.6 lonosphere Data. The arrival times of the first sky wave gave an ionospheric
layer height of about 90 kin. Some iccords showed as many as five sky waves, but of
course with less energy for cach reflection; they also indicated a layer height of about
90 km.

7.1.7 Peripheral Lightning. Fast-frame moving-picture photography (3,000 or miore
{frames per second) o?Tv? Mike had shown what appeared to be lightning flashes between
the natural cloud cover and the sea cn the periphery of the fireball. This phencmenon
started at about 5 msec after the beginning of the nuclear reaction and continued for

about 75 msec or more. These visible flashes were also in evidence on Castle high-spced

photographic film. No signals attributable to the discharges were noted.

7.2 AIRBORNE LOW-FREQUENCY SOUND

Acoustic measurements from remotc stations had been made, prior to Castle, on all
nuclear tests except Trinity.

The purpose of the experiments carried out during Crossroads, Sandstone, and Green-
house had been to establish the feasibility of detecting nuclear explosions of moderate
yield at ranges in excess of 4,000 km by acoustic means —{elt to be the minimum range
at which a suitable acoustic system for detecting foreign explosions could be established.
Results from Crossroads and Sandstone had indicated positive detection to a range of
only 1,900 km. With improved equipment and better techniques, detection had been ac~
complished out to 4,500 km during Greenhouse.

Additional experiments had been carried out during Buster-Jangle, Tumbler-Snapper,
and Upshot-Knothole to delineate the capabilities and limitations of acoustic-detection
techniques for a wide range of yields of air, surface, and shallow-underground detona-
tions during different seasons of the year. Results from these tests indicated a limited,
but usable, detection range for low-yield explosions— even for shallow underground
detonations. Seasonal shift in propagation, which had originally been noted during tests
conducted with small TNT charges, were confirmed. It had been found that amplitudes
varied considerably with propagation conditions and that any correlation between signal
period and yield was quite variable.

Results from experiments carried out on Ivy had indicated that acoustic signals from
high-yield kiloton and megaton explosions were detectable at longer ranges and showed
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generally increased amplitudes, longer periods, and generally longer durations. In ad-
dition, the megaton explosions had been characterized by a dispersive train of acoustic
waves similar to those produced by the great Siberian meteor and not previously observed
frcm man-made explosions.

Operation Castle presented an opportunity to study a wide range of yields, offering a
possibility of establishing a lower limit of yield reyuired to generate dispersive waves
in the atmosphere.

For Castle, the primary objectives were to (1) record and analyze the airborne acous-
tic waves generated by thermonuclear explosiouns, in order to provide calibration data
for use in the interpretation of the acoustic signal from foreign explosions and (2) delin-
eate the capabilities and limitations of standard detection equipment and study the relation
of various signal characteristics to the total energy recteased in the explosion.

A secondary objective was to collect data on the propagation of dispersive waves from
a very-large atmospheric pressure pulse, with a hope of eventual interpretation in terms
of the temperature and wind structure in the upper atmosphere.

7.2.1 Detection Ranges. Each shot (1, 2, 4, 5, 6 in the megaton range was detected
with standard equipment at very-great distances: (1) Every operative station detected
the direct wave! from the megaton-range shots. (2) Four of the nine operational stations
on Shot 1 detected the wave via the antipodes?, seven of eleven on Shot 2, four of eleven
on Shot 4, eight of eleven on Shot 5, and two of eleven on Shot 6. (3) Four stations de-
rected the second passage of the direct wave on Shot 1, three on Shot 2, two on Shot 4,
two on Stot 5, and none on Shot 6. {4) One staticn detected possible second antipodes
arrival from Shots 4 and 5.

Maximum detectien ranges with standard equipment were 51,470 km for Shot 1, 46,940
km for Shot 2, 75,200 km for Shots 4 and 5, and 32,080 km for Shot 6.

Only four standard-equipment stations detected the direct wave from Shot 3, and the
maximum detection range was 11,470 km. Ncne of the stations to the west of the explo-
sion detected the acoustic waves from Shot 3, although three stations were arrayed be-
tweei 3,960 and 4,860 km from the explosion.

Detection ranges for very-low-frequency (VLF) equipment were generally less than
for the standard equipment because of the greater noise recorded on the VLF equipment.
Nevertheless, every operational VLF station detected the direct wave from the four
highes:-yield shots (1, 2, 4, and 5); most detected Shot 6, but only one detected Shot 3.
Maximum detcction ranges were 31,890 km for Shot 1; 25,140 km for Shots 2, 4, and 5;
4,040 km for Shot 3; and 18,100 km for Shot 6.

These results confirmed thcse obtained from Ivy and previous nuclear d :tonations re-
garding the range of detection. With standard equipment, it was possible to detect meg-
aton snots at very-great distunces (usually at least 25,000 km). Ranges for VLF
equipment, while still considerable, were generally appreciably less than for standard
equipment. Range for Shot 3 was gieatly reduced, but was greater than the 4,000 km
normally censidered desirable for effective detection-net operations.

7 2.2 Signal Characteristics. All VLF recordings from megaton shots showed the
dispersive train of waves. However, each shot produced significant differences in the
variations in period and amplitude with time. Significant changes in the dispersive train

!The direct wave refers to the signal arriving by the most direct great-circle path from
the explosion site.
2 The antipodes wave refers to the arrival via the antipodes of the explosion site.
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with distance and direction were also noted. Most recordings on standard equipment
also showed definite evidence of at least a portion of the dispersive train for the four
largest shots although the amplitudes were greatly reduced by lack of low-frequency
response. Antipodes and second direct arrivals on VLF equipment also showed marked
evidence of the dispersive train in cases of high signal-to-noise ratio.

Horizontal-phase velocities were slightly lower than the normal velecity of sound at
ground level (about 335 m/sec) and were nearly :qual to the travel speeds for firs. ar-
rivals at the same locations. Theoretical stucies predicted phase veiocities equai ‘o tiac
speed of sound at ground-level, i.e., vertical, wave fronts.

Horizontal-phase veiocities obtained from standard equipment at stations where the
microphone spacing was, in general, small compared to the wave length of the acoustic
signal showed a considerable range of values. However, practically every first-wave
signal gave phase velocities covering some portion of the range from 318 to 360 m/sec.

Signal amplitudes received were approximately as expected. A detailed study of the
amplitudes recorded by VLF equipment was undertaken.

Detectable signals for direct-wave arrivals on standard equipment persisted for a
minimum of 8 minutes and a maximum of 369 minutes, the average being 74. Antipodes
and later urrivals persisted for a minimum of 3, 2 maximum of 530, and an average of
140 minutes. For VLF equipment, the direct-wave signals persisted for a minimum of
9, a maximum of 240, and an average of 79 minutes. Antipodes and later arrivals gave
a minimum of 83, a maximum of 339, and an average of 192 minutes.

In general, signals from the megaton shots started with an increase of pressure, fol-
lowed by a larger negative pulse. The first measurable periods generally ranged from
200 to 450 seconds and were followed by decreasing periods at later time, at least for
the first 30 minutes. Short-period arrivals characteristic of waves trapped by tempera-
ture and wind gradients in the first few thousand feet of the atmosphere were observed
at the beginning of some recordings at stations within 5,000 km of the explosion. Such
wavesa had occasionally been observed at stations within 1,000 km of previous U. S. nu-~
clear detonations, but never at such long ranges. Periods in these arrivals were of the
order of 3 to 5 seconds and persisted for as long as 5 minutes.

The characteristics of acoustic signals {rom the Castle detonations were similar to
those observed for previous tests. All megatcn shots showed dispersive waves while
the kiloton shot did not; horizontal-phase velocities showed considerable spread, but
covered the same range of values previously observed. Amplitudes rangedfrom a tenth
to several hundred dynes per square centimeter, depending on the equipment, yield of
the shot, distance from source, and noise level. Signals persisted for a very-long time,
and signal periods spread over more than 8 octaves, from 3 to 450 seconds.

Castle data definitely proved that dispersive waves may be generated by shots having
a yleld as low as 1.7 Mt. These dispersive waves seemed to be modified by the atmos-
pheric structure along the path from the source to the station.

7.2.3 Travel Speeds. Travel speeds recorded by standard equipment were generally
within a few meters per second of each other at all stations; however, there was a gen-
eral trend shown toward decreasing speeds eastward and increasing speeds westward
as the Castle series progressed from 28 February to 13 May.

The average travel speed for first arrivals from the direct wave on VLF equipment
ranged somewhat higher than speeds obtained from standard recordings. These higher
speeds were due to the earlier arrival of the long period dispersive train recorded on
VLF equipment.

Greatest travei speeds were normally observed for the long-period dispersive waves,
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but in a few instances much shorter-period waves were propagated over a few thousand
kilometers at these same speeds. The maximum speed of travel, 335 m/sec, was
roughly equal to the speed of sound at ground level.

Travel speeds for direct waves on standard equipment showed somewhat greater
variability than did the speeds for Ivy.

7.2.4 Azimuth Errors. For distances less than 12,000 km from the explosion site,
the maximum observed azimuth error was 11.5 degrees, and the average error was 3.2
degrees. At longer distances much-larger errors were reported. No consistent pattern
of azimuth errors was observed that could be related to the direction the acoustic wave
travels from the source.

Azimuth errors observed for Castle were consistent with those observed on previous
tcsts. Errors in the azimuths computed for the dispersive train were roughly the same
as the errors for later portions of the wave train.

7.2.5 Yieid. Attempts have been made to relate various characteristics of acoustic
signals aTEreat distances to the total cnergy released by the nuclear explosion. Critical
dependence of sigual amplitude oo the variable temperature and wind structure in the
upper atmosphere, coupled with difficuities in the accurate measurement of amplitude
led to a search for more-reliable indicators of yield. A possible connection between
signal frequency and yield involving a cube-law relationship based upon general scaling
considerations was postulated. This cube-law relationship between the duration of the
iirst negative pulse and yield was verified for acoustic records at ranges of 7 to 600
miles from explosions at the Nevada Test Site.

A critical examination of a great many acoustic recordings at distances greater than
1,000 km from explosions in the yield range of from 1 to 500 kt led to the use of the vis-
ually observed signal periods in the vicinity of maximum amplitude for standard record-
ings as the best indicator of yield. For each shot, periods from sclected stations were
averaged and the averages were plotted. Similar periods were selected from standard
reccrdings of the direct wave from the megaton shots of Ivy and Castle. A best power-
law curve was computed by the mcthod of least squares for data up to «nd including yields
of 5300 kt. This curve indicated the yield to be equal to a constant multiplied by the period
raised to roughly the third power.

Data for yields above about 100 kt fell along a curve of different slope from that for
{ower yiclds. The best curve in this region indicated that for megaton shots the yield
would e equal to a constant multiplied by the period fat maximum amplitude, for stand-
ard equipment) raised to roughly the fourtn power.

The method of measuring the period was somewhat subjective and the relationship
between yield and period very inaccurate. In addition, the method requires measure-
wents at a number of stations for each shot in order to achieve even the semiquantitative
results noted here.

Very-large errors are inherent in this method of determining yield from acoustic
measurements. For yields up to about 100 kt, three standard errors of estimate cover
yvields as small as a fifth and as large as five times the correct value. Errors at yields
above roughly 100 kt seem slightly smaller, although a correction for the small sample
has been applied. Three standard errors cover yields as small as a third and as large
as three times the correct value at these higher yields.

Studies of the accuracy of yield determinations from the VLF recordings were being
made, with effort centered on measurement of amplitude for these recordings.

Many other general indicators of yield were apparent: the existence of a dispersive
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train was apparent on graphic records only for shots with yields of 1.7 Mt and greater;
also, the greater detection ranges, the larger numbers of stations recording, and the
generally higher amplitude all were indicative of larger shots.

7.2.6 Directional Effects. The shift noted in travel speeds (speeds toward the east
greater than that toward the west in March shifting to the opposite in May) were consis-
tent with previous observations. This indicates that April was the change-over month
for stratosphere winds.

7.2.7 Equipment. Standard equipment was superior to VLF cquipment for detection
purposes and provided a convenient, though inaccurate, means of estimating yield. In
addition, most standard recordings showed some evidence of the dispersive train, though
with greatly reduced amplitude at the longer periods. It rcmains to be seen whether VLF
recordings of the longer periods will give an accurate estimate of yield.

7.3 ANALYSIS OF NUCLEAR-DEVICE DEBRIS
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7.3.2 Petrographic Analysis. All shots resulted in the formation of micro spheres:
these particles represented the non-crystalline constituents and presumably included
compounds from the device, fission products, device casing, and device support. All
shots except Shot 6 resulted in collection of one or more of the following crystalline com-
pounds: oxide, hydroxide, and carbonate of calcium, megnesium oxide, and sodium chlo-
ride. Shots 1 and 3 showed only calcium compounds, indicating that little if any sea
water was vaporized. Shots 2 and 4 showed principally sodium chloride and magnesium
oxide from sea water, although Shot 4 showed some calcium compounds, indicating that
a small percentage of island material was vaporized in this shot. It is interesting to note
that sodium and calcium compounds were absent as major constituents of the debris from
Shots 5 and 6. It is significant, perhaps, that rain was recorded subsequent to both
testas, which may have resulted in the leaching of these compounds.

7.3.3 Specific Beta Activity. From a plot of the number of particles per unit loga-
rithmic interval of disintegrations per minute divided by the cube of the particle diameter
in microns, a modal value for specific beta activity can be obtained from the apparent
normal distribution curve. The modal values for the Castle shots were only rough es-
timates, since the observed frequency distributions covered a broad spectrum of specific
activity with no pronounced peaks. Modal values for the barge shots were much greater
than those from igland shots.

7.3.4 Operation of the Squeegee Sampler. Castle included the first full-scale opera-
tional test of the small size, high-pressure squeegee, although sufficient experimentation
had been accomplished during Upshot-Knothole to indicate its suitability. For ease of
sample removal from contaminated aircraft and handling enroute to processing labora-
tories, this method proved ideal. During Castle, the main malfunctions of the system
consisted of hizh-pressure leaks from fittings and connections, compressor difficulties,
or faulty check-valve operation due to freeze-up at high altitudes, all of which caused
either loss of sample or no collection. These defects were corrected, as Castle pro-
gressed, with improved operational procedures and maintenance. Of all squeegee flights
during Castle, 68 percent resulted in successful missions and 18 percent were only par-
tially successful in sample collection; 14 percent of the missions failed. The size of
most good samples collected was adequate for assay.

/0/ 99 )gégfé/.
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Chapter 8
THERMAL- RADIATION MEASUREMENTS

The DOD had no projects exclusively concerned with thermal-radiation measurement and
only one, Project 6.2, which was incidentally concerncd with such measurements (see
Section 1.1). This omission was deliberate, to avoid duplicating the effort planned by
Harold Stewart of the Optics Division of the Naval Research Laboratory (NRL) and Herman
Hoerlin of LASL-sponsored Program 18. In lieu of such duplication, the DOD provided
funds for a slight enlargement in scope of Program 18.

Final reports of the thermal-radiation measurements made by Program 18 were being
written at the time of publication of this report; they were not in a suitably finalized state
to warrant quoting information therefrom with any degree of certainty that such informa-
tion would remair unchanged when the final reports were published.

For these reasons, no final data is reported in this chapter. The Program 18 final
{(WT) reports may be consulted when they are available. A brief description of these
prcjects is giver in the Appendix.
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Chapter 9
CLOUD PHOTOGRAPHY

Following the Ivy-Mike test in 1952, there was considerable controversy as to the rate
of rise and stabilization time of the Mike cloud. Concern was expressed by the aircraft-
delivery group that strike and supporting aircraft might be faced with a critical escape
problem from high-yield weapons. In view of this, the Air Force presented a require-
ment for a photogrammetry project which would determine the various parameters of
nuclear clouds as a function of time and attempt to establish approximate scaling (yield)
relationships.

First in importance was detcrmination of the initial rate of rise of the cloud and height
at time of stabilization. Second in importance was determination of the lateral dimensions
and drift as functions of time after the cloud had reached its maximum altitude. It was
further suggeste:d that should aerial photography prove successful on this project, analysis
of the negatives would most likeiv provide valuable information pertaining to fellout-
distribution, long-range-detcction, and meteorological studies. In Juiy 1953, the require-
ment was incorporated into the Castle program and given project stutus. Participating
agencies were Edgerton, Germeshausen & Grier. Inc. (EG&G) and Lookout Mountain
Laboratory. EG&G was assigned responsibility for the analysis and reporting of the data
and as a technical advisor to the Program Director and Lookout Mountain personnel.
Lookout Mountain performed all aspects of the project relating tc the taking and processing
of the pictures, scheduling of 2ircraft, training of crews, and the procurement and mod-
ification of cameras and camera mounts. Back-up terrestrial photography from ground
stations was supplied by EG&G under Project 13.2.

The project involved the participation of four aircraft: One RB-36 operated at an alti-
tude of 35,000 to 40,000 fcet and conducted photography through H + 10 minutes; thrce
C-54’s operated from H-hour through the time required for cloud dispersal. Aircraft
position ranges from ground zero at H-hour varied from 50 to 75 nautical miles, depend-
ing on expected yields. All aircraft were identically equipped with a K-17-C aerial
camera and an Eclair 35-mm motion-picture camera.

In order to analyze the data from the cloud photography, it was of prime importance
to know the spatial orientation of the photographic axis during every exposure and the
time of every exposure. This was accomplished by mounting the K-17-C camera ard the
Eclair motion picture camera on a modified A-28 gyro-stabilized mount. All cameras
were modified to record time-clock, tilt, and azimuth readings of the camera heading
on the lower third of the negative frame.

The instrumenrtation of the cameras worked out very well on all events. Minor mal-
functions occurred on the time clocks, such as slow starts and time lags, during the
operating period. These errors were generally able to be compensated for in the analysis
of the negatives. In addition, it was also necessary to know within + 2 miles in horizontal
coordinates the location of all aircraft from H-hour throughout the required mission
time. The results on this portion of the mission were not too satisfactory. Owing to
constantly changing flight patterns, navigation was extremely difficult, and at times it
was impossible to maintain to the required accuracy.

All four aircraft flew on every shot. Of the 24 missions, 6 were spoiled because of
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interference by natural clouds. Four of these were on Shot 3, which was fired under such
bad weather conditions that no useful cloud photographs of any sort were taken from the
ground or air.

The data obtained were more complete and accurate than any from previous operations
(see Table 9.1; Ivy data is included for comparison). Good measurements of cloud height
and diameter over a 10-minute interval were compiled by EG&G for the five shots ploto-

TABLE $.1 CLOUD PARAMETERS
No data wers gbiained for Castle Shot 8.

o Maximum Top at Diameter at Diamstsr at
Height B+ 1 min H+ 1 min H + 10 min
10f 1t 10° 10ttt 10’ f
Castle 1 114 47 38 370
110 44 33 31¢
4 94 38 28 126
] 110 44 34 270
[} 72 25 19 147
Ivy Mike ] 33 30 200
Ivy King 18 28 11 90

graphed. It was found possible to apply suitable corrections for the effects of earth cur-
vature and atmospheric refraction, for the slight tilt of the camera platform, and for the
altitude of the aircraft. The resulting data agreed quite well from one aircraft to another,
and it was possible to assign smaller uncertainty to the results than had been anticipated.
Unfortunately, it was not possible to evaluate the few data taken later than 10 minutes after
aetonation.
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Appendix
PROJECT SUMMARIES

Brief summaries of the specific activities of each Castle project are presentsd herein as a complement to
the more-general discussion of the test programs contained {n Chapters 2 through 8. The shot participe-
tion of the various projects is summarized in Table A.1.

A few of the final project reports were as vet unpublished at the time this final summary report was
prepared. In general, the draft manuscripts of such reports were available and were consulted in order
to rake these project summarics as complete as possible. In any case, the published versions of the
final (WT) project reports should he referred to for complete, final information. ~The report title and
short title (WT number) are indicnted herein for each project; information on the availability of these re-
ports may be obtained from Headquarters, Armed Forcea Special Weapons Project, Washington, D. C.

TABLE A.1 PROJECT SHOT PARTICIPATION

:g‘ - «N [3e - uy o g ~ N ] -« w o
E 3|3l 2|3|88 £ |3|aa|d|d|d

1.1a 3.1

1.1b 5 £y 3.2

1.1c 3.3

1.1d % 3.4

1 2a 35

1.2b 4.1 3

13 21 6.1

1.4 6.2a g5t

15 : 6.2b y

1.6 6.4

1.7 6.5

18

2.1

2.2

2.3

2.5a

2.5b

2.6a

2.6b

2.7

2.7a

*Thermal project sponsored by LASL, but partially supported by and of interest
to the DOD. See Text.
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PROGRAM 1: BLAST AND SHOCK
MEASUREMENTS

Project 1.1a, 1.1b, and 1.1d “Blast Pressures and
Shock Phenomena Measurements by Photography”
(WT-902), Naval Ordnance Laboratory; C. J. Aronson,
Project Officer.

The objectives of these projects were (o (1) deter-
mine the peak shock overpressures in air as a function
of distance from ground zero, (2) to obtain informs-
tion on the fcrmation, growth, and magnitude of pre-
cursors and other visibly observable thermal effects
which may occur, and (3) to measurc the motion of
the shock wave on the waters surfwce to obtain the

- pressure-distance relation.

The smoke-rocket photography and direct-shock
photcgraphy results were in general satistactory.
Some data were lost due to photographic difficulties
and the presence of cloud cover at the time of deto-
nation for several shots. The project participated on
all shots, but no {ilm was usable from Shot 3 because
of the low yield of the device. Pressure-distance
data vertically above the shot were obtained cnly on
Shot 2. The uncertainty of the measured data was
such that it was not possible to cefine the effect of a
nonhomogeneous atmosphcre on blast. Measured sur-
face data of both pressure and arrival time appear
self-consistent. as well as comparing favorably with
Jangle and lvy data. It seems justified to conclude that
cube-root scaling of blast data from events of this
yleld range is valid. No precursors as such were
noted; however, anomalous wave forms were recorded
by the pressure-time gages. A dense water cloud
following immediately behind the shot on Shots 4 and
5 may explain the anomaly. The aerial photography
was unsuccessful. The extreme range of the aircraft
and the obscuration of the field of view by clouds pre-
vented the project from obtaining any readable film.

Project 1.1c ‘““Base Surge Measurements by Photo~
graphy” (WT-903), Naval Ordnance Laboratory;
C. J. Aroasor, Project Officer.

The objective was to gather photographic data ob-
tained during the operation which could be of value in
the formulation of scaling laws to predict the base-
surge effects from surface detonations.

The experiment was almost entirely unsucceasful,
since photography was rendered useless when it was
decided to schedule detonation of the skots before sun-
rise. A minimum effort was maintained throughout
the series, which {ndicated a posaible base surge for-
mation on Shots 1 and 2; however, a detailed study
could not be accomplished.

Project 1.2a “Ground Level Pressures from Sur-
face Bursts’ (WT-904), Sandia Corporation; C. D.
Broyles, Project Officer.

This project was directed toward obtaining meas-
urements on hlast pressure versus time at ground
level with Wiancko gages. Measurements were ob-

tained on all six shots. Non-ideal wave forms ob-
tained indicated that water does not constitute a per-
fectly reflecting surfdce, as had sometimes been
assumed. Shot 3 was detonated in the rain and show-
ed the effects there in low pressures and rounded
wave forms. It was concluded that peak nressures
generally correspond to about 1.6W instcad of 2W
{ree air when the hydrodynamic firebali yields, using
2W theory, are the reference yieids.

Project 1.2b “Ground Surface Air Pressure ver-
sus Distance from High Yield Dewnations (WT-902),
Ballistic Research Laboratories; J. J. Meszaros,
Project Officer.

The principal mission was to obtain pressure-time
data :n the region greater than 40 psi. A sccondary
cbjective was to field-test a newly developed self-
reccrding pitot gage. Pressure-~time measurcoments
were made on all six shots. Two blast lines were
activated for Shot 3, and pressure measurements
were obtained on both lines. Extensive dynamic-
pressure measurements were made on Shot 6.

Air-pressure measurements using the seli-
contained flast-initiated gages were successful
Overpressure data were obtained up to pressurc
levels of 250 psi. Dynamic-pressure measurements
using newly developed self-recording gq-gages were
very successful. Measurements were obtainced nver
a dynamic pressure range of 0.43 to 138 psi. Skot 3
produced anomalous results: two blast lines orlented
approximately 180 degrees apart cbtained two Jistinct
pressure-distance relations. The pressures chtained
on the Tare lice. cver which rain or fog was cvident
during detonation, were as much as 20-percent lower
than the pressures at comparable distances on Uncle
Island.

The validity of the cube-root scaling law to scale
distances for yields as great as 15.0 Mt appears to
have been substantiated. It was concluded that over-
pressures from a surface burst are the same as
would be obtained from a burst of 1.6 times the yield
in free air.

Project 1.3 “Dynamic Pressure Measurcments’
(WT-906), Sandia Corporation; C. D. Broyles, Proj-
ect Officer.

The objectives were to spot check the theoretical
reiationship between dynamic pressure and cverpres-
sure in the 10~to-40 pel overpressure range, and to
evaluate a group of gages measguring various blast
parameters.

The single measurement of dynamic pressure ob-
tained on Shot 6 {n an overpressure region of 21.5 psi
agreed with that normally associated with the over-
pressure. The instrument was located such that the
shock had travelled 800 feet over land immediately
before reaching the gage. On Shota 4 and 5, meas-
urements of dynamic pressures by the gage group
were higher than values calculated from the meas-
ured overpressures; the records showed peculiar
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wave forms, indicating that the shock had picked up
water. For these two shots, the gage group was lo~
sated near the edge of the water

The force plate and density gage secmed to be
suitable for field use, but study was needed on their
response to dust.

“Instrumentation for Projects 1.2a, 1.3, and 1.7”
(WT-907), Sandia Corporation; R. H. Thompson,
Project Officer. .

The primary objective of this project was to make
support measureinents of pressures, shock winds,
and ground accelerations from large acale detonations
for Projects 1.2a, 1.2, and 1.7. A secondary objec-
tive was to field-test several new gages.

‘i'tie primary measurements were made with
Wiancko and Sandia pressure transducers, differen-
tjal-pressure y-tubes, and accelerometers. Other
instrumentation used included drag q-tubes, forcc-
plate stagnation-pressure gages, density gages, tem-
perature gages, and displacement gages.

Of the records taken on 112 data channeis, 99 gave
complete infurmution; 6 gave information up to ar-
rival of the shock wave; and seven gave no informa-
tion. Preliminary evaluation of new instrumentation
indicated that: (1: the density gage needed better
waterprooii~g, (2) the force plate operated satisfac-
torily, (3) the temperature gage was atill too delicate
for field use, (4) the gage q-tube was easy to cali-
srate but nceded waterproofing to protect the canti-
lever foin custing and to protect the E-coil, and (5)
the differential sressure gage was easy to calibrate
but needed watesproofing.

Project 1.4 “Underwater Pressurc Measurements”
Project Officer.

This project was designed to measure the under-
water pressure-time field produced by large-yield
surface bursts. Pressure-time measurements and
ball-crusher-gage measurements were obtained for
Stots 2, 4, 5, and 6; ball-crusher-gage measure-
ments were obtained for Shot 1. The gages were lo-
cated a8 close as 6,000 feet from ground zero.

Some difficulty with instrumentation was experi-
enced during the operational phase; as a result, a
lesser amount of relfable data were cbtained than
uriginally anticipated. The major result of the re-
corded data indicated that the maximum, or peak,
underwater pressures are of the same magnitude zs
the air-blast peak overpressures at the same range.
It was concluded, therefoure, that a nuclear weapon
detonated on the surface of a relatively shallow water
layer, under conditions as experienced on the Castle
shot, produces underwater pressures which are prob-
ably of small military significance.

Project 1.5 ‘“Acoustic Pressure Signals in Water
(SOFAR)"” (WT-909), Office cf Naval Research; J. W.

Smith, Project Officer.
The objcctives were to make special observations

at several Underwater Sound Transmission Experi-
mental Facilities (USTEF) stations in the Pacific and
at similar research stations in the Atlantic. The
studies were designed to lead to a better understanding
of the underwater sound propagation and to determine
the accuracy of device yield figures that might be ex-
tracted from the measurements.

Shots 2, 4, 5, and 6 were monitored by detecting
stations located on the California coast and at Ber-
muda. No clear-cut signals were recorded which
could be attributed to sources at either Bikini or Eni-
wetok. It was concluded that the positions of the shots,
{nside the lagoon and on the atoll rim, precluded the
coupling of energy into the SOFAR channel in the fre-
quency channel to which the instruments were sensi-
tive.

Project 1.6 ''Water Wave Measurements’ (WT-910),
Scripps Institution of Oceanography; R. R. Revelle
and John D. Isaacs, Project Officers.

The objective was to study water surface waves
generated within the lagoon by a large-yield surface
detonation. The measurements of wave height were
obtained from underwater gages designed to record
the hydrostatic pressure vibrations produced by the
passing wave. In addition, surveys of inundation
levels on land areas were made.

In contrast to the lvy-Mike results, Castle data in-
dicated that the recorded waves did emanate from the
central region of the detonation. The time of arrival
of the first crest of the direct water wave showed a
propagation velocity fitting the relation V = (gh)!/2,
where h is an average depth of 170 feet agsumed for
the Bikini lagoon. Refraction and reflection against
the reef or shoreline can significantly reduce or am-
plify the destructive capabilities of water waves at
termination. Where focusing eifects and the reflection-
refraction potential of the adjacent lagoon topography
was a minimum, the heaviest inundation and potential
damage occurred with the firat crest. These results
were obtained undeor particular conditions of geometry,
in a region of relatively shallow depth; such damage
criteria are applicable to conditions that depart only
slightly from those under which the data were obtained.

Project 1.7 “‘Ground-Motion Studies on Operations
Ivy and Castle” (WT-9002), Sandia Corparation; W. R.
Perrett, Project Officer.

This project was designed to obtain measurements
of three components of ground acceleration on Shota 3
and Echo. These measurements were to be closer in
to ground zero than those obtained on lvy-Mike and
hence augment and extend those measu “ements pre-
viously obtained. Unfortunately, the yield of Shot 3
was only about a tenth of that expected and Shot Echo
was cancelled.

As a result of the low actual yleld of Shot 3, set
ranges for the gages were too high, recording a very-
low signal amplitude. With such a low signal-to-noise
ratio, the identification of phase arrival, frequencies,

107



and amplitudes was uncertain. The air-induced sig-
nal propagated with a velocity of the air-blast wave,
decreasing with increasing ground range, while the
ground~-transmitted shock propagated with a velocity
of about 8,700 ft/sec. The determination of velocities
and displacements by means of integration of the ac-
celeration traces was not aftempted —the precision
of the data was too poor to support such an analysis.

Project 1.8 “Dynamic Pressure Investigation”
(WT-911), Ballistic Research Laboratories; E. J.
Bryant, Project Officer.

The objective was to evaluate dynamic pressure as
a damage parameter. In addition, some information
~egarding the damage effect of long positive-phase
duration was to be obtained. A total of 27 jeeps were
exposed on Shots 3 and 6, the ground rangcs were
selected to obtain dynamic pressures comparable in
magnitude to those acting upon the jeeps experiencing
light to severe damazge on Shot 10, Upshot-Knothole.

The yield of Shot 3 was too low to give any signifi-
cant results. The limited results of Shot 6 were not
conclusive enough to permit an evaluation of dynamic
pressure as a damage parameter to be applied to the
jeep as a drag-sensitive target. Further, the results
did not allow a separation of the effect of dynamic
pressure on damage from the effect of the long
positive-phase duration. Based on a comparison of
Castle and Upshot-Knothole data, Project 1. proposed
cube-root scaling for vehicle damage. However, a
compoasite AFSWP report, TAR 514 “Damage to Mili-
tary Fleld Equipment from Nuclear Bursts” was sub-
sequently prepared which included the Castle, Upshot-
Knothole, and all other nuclear-test data. Thia
report concluded that we-d scaling was the most ap-
propriate method for predicting damage to military
field equipment.

PROGRAM 2: NUCLEAR RADIATION
STUDIES

Project 2.1 ‘“Gamma Radiation Dosimetry”
(WT-912), Signal Corps Engineering Laboratory;
Robert Dempsey, Major, USA, Project Officer.

The objectives were to document the initial and
residual gamma radiation exposure from high-yield
bursts {n order to assist in the evaluation of the re-
sultant gamma radiation hazards, provide data for
the correlation of results for other projects, and ex-
tend the use of gamma-radiation dosimetry techniques
to higher gamma-exposure ranges.

Radiation exposure from a series of nuclear det-
onations was measured by photographic flims and
chemical~dosimetry vials of various sensitivity
ranges. The film and chemical detectors were placed
in protective detector stations at positions from 1 to
15 miles from ground zero for Shots 1, 2, 3, 4, and
6. Calibrated exposure range of dosimeters used ex-
tended from 1 to 60,000 r.

In general, it was concluded that (1) initial-gamma-
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radiation cxposure is of little significance at distance;
beyord 16,000 fect for surface burste of yieids up *n
15 Mt, ) the decay vate is affected by the captw ¢
products of the thermonuclear devices fired, and (3,
the |nitial-gamma-radiation spectr.m for Shot 3 ap-
pears harder than that obtained from fission dcevices.

Project 2.2 “Gammu Rate versus Time’ (WT-013),
Signal Corps Engineering Laboruatori?s: Peter Brown,
Project Officer.

The objective was to document the gamn. -radiation
rate from the detonation of high-vield thermurniclear
devices. Two types of measurements were .nade:

(1) initial~gamma rate versus time at various fixed
dfstances from ground zero and, in partcular, the
effect on the initial-gamma rate due to the passage
of the shock from ground zero through the detector
station, and {2) gymma-radiation time-intensity datz,
which gives information on fallout rate of arrival and
gamma-field radiation-decay rate during the period
up to 36 hours after the detonation.

All measurements were made using scintillation
detector techniques. The instrument stations were
self-contained and required no outside facilities other
than timing signals to turn the stations on at u pre-
determined time prior to the detonation.

The expanding fireball and the passage of the shuck
frout from ground zero through the detector station
had a marked effect on the initial -gamma rale and
hence on the integrated expesure. In general, the
initial-gamina rate decreased relatively slowly after
reaching its peak value immediateiy after the detona-
tion, began to rise slow!y, and then rose rapidly to
the same value as the pcak received at time of dein-
nadon. After reaching the second peak vaiue, the
rate decreased rapidly toward zero value.

The initial decrease in rate was attrihuted to the
natural decay of the fission products, the gslow rise
to the expanding of the [ireball and approach of the
shock front, and the rapicd rise to the passage of the
shock front through the detector station. Thesec ef-
fects were also evidenced in the integrated exposure
pricr and subsequent to the arrival of the shock front.

The average velocity of the shock front was found
to vary with distance from ground zero, decreasing
rapidly with distance.

The decay exponent {from the residual contamina-
tion and fallout was found to vary with distance and
direction from ground zero. In general, the decay
exponent appearad to increase rather abruptiy seversl
hours after the detonation. This can be attributed to
the presence of short-lived isotopes in the resjdual
contamination and fallout.

In general, it was indicated that the magnitude of
gamma radiation emitted from high-yield thermonu-
clear devices is considerably lower than the predic-
tions in the Super Effects Handbook (Reference 11).
At approximately 2,390-yard range, this handbook
indicates the exposure from initi: ° gamma from a



6.5- Mt vicld to be approximately 4 x 10% r, whereas
measurements for Shot 4 indicated that only 1.55 x
108 r were received. At approximately 4,500-yard
range. this handbook shows a prediction of about
$00 r; measurements showed that only about 84 r
were received.

1t would uppear that the {aitigl-gamma radiation
is of ncgligible significance, since the blast and ther-
mal effects in the same raage of distances are so
great that personnei could only survive if they were
disposcd inside blast- and thermal-proof bunkers.

Project 2.3 “Neutron Flux Mcasuremeats™
(w‘f——ém, Naval Research Laboratory; T D. Hans-
comu, Project Officer.

Thiz project was assigned the problem of meas-
urtng tne neutron flux encountered in the detonation
of the nuclear devices at Castle, using the same
techniques as used at Smapper and Upshot-Knothole.
Sold, sulfur. and tantalum were used to measure
the flux in the thermal region and the regioa above
3 Mev. The fission detectors were uscd to measure
the 1-Meyv rcgion of the neutron apectrum and to give
an laea of the shape of the spectrum above that point.

Because of the short half Hves of some of the in-~
cuced activities, it was necessary to provide counting
facilities in the field: two trailers were installed on
Imee 1slasd for this purpose, and were equipped
te harcle the counting of gold,! and pluto-
nicm. The remaining samples were sent to the Naval
Research Latoratery for counting.

The plutoniun. samples were included to provide
data in the region above 200 ev; the Oak Ridge Nation-
al Laboratory supplicd these samples and the person-
nel to handle them.

Because of the unanticipated delays and shot-
schedule revisions after the firing of Shot 1, the par-
ticipation of Project 2.3 was considerably modified.
3amples were exposed on the {{rat two shots only,
and because of shifts in shot sitea and the modifica-
tion of the Shot 5 device, further participation was
cuatailed.

The data acquired from Shots 1 and 2 {ndicated
that the noutron flux is relatively amall outside the
radius of extreme dainage caused by blast and ther-
mal radiation.

Project 2.5a “Distribution and Intensity of Fallout”
(WT-915), U. S. Naval Radiological Defense Labora-
tory; R L. Steton, Project Officer.

The gathering of fallout data at Castle was a logical
extension of previous fallout documentation. The
variation in yields as well as the opportunity to docu-
ment surface water detonations for the first time
made this study of fallout extremely important.

The specific objectives were to sample and analyze
fallout material to determine: (1) time and rate of
arrival of the fallout and its final distribution patterns,
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(2) particle and drop-size rangces of fallout and air-
borne materials at ground level, (3) amount and
distribution of radicactive materials in fallout und
airborne materials, and (4) gross gamma and beta-
gamma decay rates of radioactive materials (some
gamma field measurements were also made for cor-
relation purposes).

The dintribution and intensity of fallout from all
shots was investigated. The residual gamma pattern
and some daws on gamma decay and particle-sgize
distribution was established for Shot 1. The fallout
from Shot 1 was a dr - white particulate, irregular
in shape; many particles were flaky in nature.
Gamma levels of military significance were found to
exist at downwind distances to at least 280 nautical
miles. The fallout from Shot 2 was more nearly
characteristic of an aerosol with no evidence of large
particulete. The (ragmentary data on the residual
gamma f{icld show the level of activity 5 hours aftcr
detonation to be 145 r/hr at a downwind distance of
45 nautica)] aquics.

Project 2.5b ‘‘Fallout Studics” (WT-916), Chemi-~
cal Warfare Laboratories, Army Chemical Center;
E. F. Wilscy, Project Officer.

The objectives of this project were to determine
{1) the characteristics of fallout from land-surface
and water-surface bursts, (2) the evaluation of the
hazards associated with the residual contamination
from such bursts, (3) the evaluation of the contam-
inating characteristics of fallout debris from such
bursts, and (4) information for the evaluation of mc¢ch~
anisms of particle formation and distribution. Inter-
mittent fallout collectors located at Bikini and Eni-
wetok Atolls were used to sample and collect the
fallout.

Most of the data, except the survey data, were
obtained from Shot 1. Shot 1 actlvities which werc
sampled ranged up to 290 millicuries for areas of
0.6 in? at the downwind stations. The greatest amount
of radicactive fallout reached the downwind station
east and southeast of ground zero at H + 5 to H + 15
minutes. The main downwind stations received a
gecond wave from H + 25 to H + 60 minutes, and one
station sampled a third and smaller wave Irom H + 4
to H + 5 hours. Fallout continued to occur in very
small quantitics up to H + 12 hours.

The average Shot 1 decay slopes were ~1.69 for
the period irom H + 210 to H + 450 hours, and -1.37
from H + 400 to H + 1,700 hours.

The Shot 1 fallout consisted primarily of particles
that appeared to be coral and salt. Most of the ac-
tivity associated with the larger particles was located
near the particle surfaces, while for smaller particles
the activity appeared to be distributed regularly or
irregularly throughout the particle.

Project 2.6a “Chemical, Physical, and Radio-
chemical Characteristics of the Contaminant”
(WT-917), U. S. Naval Radiological Defense Labora-



tory; E. R. Tompkins, Project Officer.

The objective was to determine the chemical,
physical, and radiochemical nature of fallout from
Castle. This information is useful in deducing the
mechanism of contaminant formation, evaluating
radiological situations, developing radiological
countermeasures, and interpreting field tests of
countermeasures at Castle.

Shot 1 produced a dry fallout. Samples from
Bikini Lagoon and land stations, and from islands in
" atolls 8 to 120 miles distant were obtained and ana-
lyzed. The fallout from Shots 2, 4, 5, and 6 were
chiefly liquid in the form of an extremely fine mist
of aerosol. Samples from free-floating buoys, la-
goon and land stations, and from the Project 6.4
YAG's were analyzed for these events. Because rain
was falling during the period of fallout after Shot 3
(detonated on Tare:, the material collected was a
clurry. Water samples from the open sea werc col-
lected out to 200 miles from ground zero for Shots §
and 6.

The gamma count of faliout samples from Shota 1
and 3 was found to be associated with the solid frac-
tion to the extent of 92 to 98 percent; for Shots 2 and
4 the solid fraction contained 25 to 38 percent of the
gamma count. The remainder was found to be con-
tributed mainly by emitters in the ionic state.

Neptunjium was found as 65 211 percent Np (IV) as
averaged for Shots 1, 2, 3, and 4; the remainder was
found as Np (V + V1).

lodine was found in the solid fraction of the fallout
from Shota 1 and J; it was also found in the liquid
fraction of the fallout from Shots 2 and 4. In every
case, iodine appeared to be essentially in the —1
oxidation state.

Quantitative analyses were made on all samples
recovered from Shots 1, 2, 3, and 4. Island coral,
lagoon seawater, and lagoon-bottom materials were
also analyzed.

The ylelds of U and U4, as well as that of U,
were sufficiently high to contribute significantly to
the residual contamination radiation and to affect the
gross beta- and gamma-decay curves.

Analyses of all absorption curves show the presence
of beta energies as high as 2.6 Mev at H + 15 hours
(Shot 4), with the maximum beta energy decreasing
to about 2 Mev at H + 3 to H + 10 days. Lead absorp-
tion curves were analyzed into three apparent ener-
gles: 0.15 Mev (70 percent), 0.44 Mev (16 percent),
and 1.3 Mev (14 percent)—averaged for the first
four shots from H + 0.3 to H + 13 days

Gamma spectra were taken of the failout samples
as a function of time for Shots 2, 3, and 4.

Project 2.6b “Radiochemical Analysis of Fallout”
(WT-918), Chemical and Radiological Laboratories,
Army Chemical Center; R. C. Tompkins, Project
Officer.

The objectives were to determine (1) the variations
in chemical and radiochemical composition of solid

fallout with particle size, zero-point environment,
and time and distance of collection; (2) the chemical
and radiochemical nature of liquid failout; and (3) the
manner in which decay rates are affected by varia-
tions in radiochemical composition.

The investigation of radiochemical properties of
fallout were conducted in Bikini Atoll and Bikini La-
goon. The adverse effect of mixing upon the liquid
and solid fallout was minimized by a new collection
system which immediately separated the phases.

Approximately 20 percent of the activity in the
fallout from Shot 1 was associated with particles
3maller than 10 microns. A trend of decreasing
specific activity with increasing particle size was
found in Shot 1 fallout below 50 microns. Fractiona-
tion of fission-product nuclides was found on Shots 1
and 3. Gross decay of Shot 1 fallout generally follow-
ed the equation 1 = kt™2-%, and did not vary with par-
ticle size. There was evidence of an unusually high
Mo" fission yleld on Shot 1.

In order to predict the military effects of fallout
from operational nuclear weapons, it was necessary
first to understand the basic dependence of these
phenomena on environmental and weapon character-
istics. Different cffects are to be expected from
land and water detonations than from shots on the
surface and below the surface, from various soil
types, and from different depths of water. Raiuout
may exert a considerable influence on the significance
of ground contamination. The experimental nuclear
devices in Castle were detcnated in peculiar zero-
point environments which wiil be absent in the case
of most operational weapons detonations.

Project 2.7 “Distribution of Radioactive Fallout
by Survey and Analysis of Contaminated Sea Water"
(WT-9335), Scripps Institution of Oceanography; T. R.
Folsom, Project Officer.

The objective was to obtain fallout data in frece-
ocean areas, as a result of the fallout phenomerna ob-
served following Shot 1. Operational and technical
details were hastily contrived so that they could be
put into effect for the latter phases of Castle. Par-
ticipation was concentrated on Shots 5 and 6, and both
water-sampling and submerged~radiation-meter
techniques were used. I[sointensity contours were
plotted as though the fallout had been received by a
fixed plane at mean sea level. Dose rates at H + 1
or H + 12 hours were calculated at 3 feet above the
fixed plane. These contours indicated that for Shot §
total doses of 250 r or more could have been accu-
mulated throughout an area of about 5,000 mi?; for
the smaller yield of 8hot 6, the hazardous area was
smaller.

The two survey techniques gave similar results.
The direct gamma-radiation meter was well suited
for rapid surveys and depth-of-penetration measure-
ments, while the water-sampling technique provided
specimens for more-complete gamma-spectrum and
other physical and radiochemical studies. It was
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noted that depth-of-penetration measurements were
highly dependent upon the reliability of estimates of
fallout below the ocean surface: the rate of descent of
the fallout into the mixed layer must be slow enough
to allow accessibility for measurement at the time of
the survey. It appeared that for both 8hots 5 and 6
this requirement was met, since (1) other fallout ob~
gervations indicated a very-small particle size which
could be expected to settle slowly and (2) from the
Jdepth-cast data of Shot 6, the descent of the radio-
active material into the water masé comprising the
mixed layer was of such a rate and uniformity as to
make depth~of-penetration calculations feasible.

Project 2.7a ‘“Radicactivity of Open-Sea Plankton
Samples” (WT-954), Scripps Institution of Oceano-
graphy, T. R. Folsom, Project Officer.

This was not a formal Castle project, but repre-
sents work done incidental to Project 2.7 but of suf-
ficient interest to warrant publicat:on in the Castle
WT series.

The objective of this study was to ascertain the
general relationship pertinent to the uptake of fission
products by marine organisms, in order to form a
hackground for more-extensive tests that were to be
conducted on Operation Wigwam. Samples of zoo-
rlankton were coliccted, and gross beta activitles,
neta-absorption curves, and gamma spectra were
xnalyzed after identification of the orgi.miams. A
radiochemical analysis was performed by the U. S.
Naval Radiological Defense Laboratory. It was found
that (1, the feeding mechanism of the organism deter-
mined the amouat of activity assimilated, (2) solid
phases in the water were concentrated in preference
¢ the non-particulate phases, and (3) there was evi-
dence of fractionation of isotopes by different groups
of crganisms.

PROGRAM 3: EFFECTS ON STRUCTURES

Project 3.1 “Air Pressure Measurements”
(WT-919), Stanford Research Institute; L. M. 3wift,
Project Officer.

The objective was to obtain the air-blast loading
pattern (as a function of time, in the 10-to-15-psi
overpressure region) imposed upon 2 rigid, ractan-
gular parallclepiped by a megaton-range detonaticn.
This data was desired as an extension of that obtaired
by Upshot-Knothole Project 3.1 on target structures
of the same type and to develop tecbniques of predic-
tion that could be applied to the calculations of struc-
ture loading, response, and consequent damage {rom
air blast from large-yield nuclear devices.

The test structure was a 6-by-~t-by-12-foot rigid
concrete cubicle, with the 12-foot dimension normal
to the path of the shock wave, located 9,500 feet from
ground zero.

A total of 46 gages were installed on the target
structure; 12 pairs (24, total) were duplicates to
ensure usable results. The gages were the type pre-
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viously used on Operations Tumbler and Jangie:
Wianko balanced variable reluctance transducer type,
connected to oscillograph recorders. All instrumen-
tation functioned; good records were obtained, al-
though the magnitude of the data was much less than
predicted because of the low yleld of Shot 3.

The average values of the recorded free field data
were: peak pressure at structure. 3.53 psi; dynamic
pressure, 0.38 psi; and positive-phase duration, 1.52
seconds.

Although the data obtained proved of considerable
value as a check on the loading theory and the con-
clusions of related Upshot-Knothole Project 3.1, the
immediate objective of the project was not met be-
cauge the yield of Shot 3 was only 130 kt instead of
the expected value of approximately 1 Mt. Neverthe-
less, the blast-loading data obtained was evaluated in
the project reports, and loading-prediction methods
derived ‘rom Upshot-Knothole Project 3.1 —both the
AFSWP-226 and ARF prediction procedures—can be
considered to have been generally checked by this
experiment.

Project 3.2 ‘‘Crater Survey’ (WT-920), Stanford
Research Institute (Assisted by Army Map Service);
R. B. Vaile, Jr., Project Officer.

The objective was to obtain dimensional data on
craters formed by nuclear detonations for use in de-
veloping a generalized theoretical-empirical means
of predicting crater dimensions.

In the preliminury planning for this project, con-
sideration was given to determining the dimensions
of the true crater as well a8 those of the apparent
crater. No feasible method of obtaining dependable
data on the true crater—other than employing drill-
fng or coring operations— was developed. The coat
and operational problems involved outweighed the
probable value of any data so obtained. Thercfore,
measurements were limited to those of the apparent
crater.

The craters formed by Shots 1, 3, and 4 were
measured. No measurements were made for other
shots becausc they were detonated at the sites of
prior shot events.

The measurement techniques emp'oyed werc fa-
thometer traverscs, lead-line soundings, and photo
interpretation:

A Navy NK-6 fathometer operating at 14.25 ke/sec
was mounted in an LCU which traversed the craters,
with horizontal control for these hydrograph surveys
monitored by a combination of Raydist electronic-
positioning equipment loaned by Navy Bureau of Aer-
cnautics, Sextants, Alidades combined with gyro-
compass, and anchored taut-wire equipment.

Aerial-photography missions were flown to obtain
pictures suitable for employment of stereoscopic
photogrammetry techniques by the Army Map Service
to provide detail of any above-water crater phenom-
ena.

The body of knowledge regarding craters was ma-



terinlly increased, and the reliability of crater-
prediction methods formulated therefrom was im-
proved. Based on the crater data from this project,
as well as a considerable amount of high-explosive

and other nuclear crater data, the handbook *‘Crutering
From Atomic Weapons,”’ AFSWP-514, dated 29 June
1956, was subsceruently preparcd.

Project 3.3 '"Blast Effects on the Tree Stand”
(WT-921), U. S. Forest Service; W. L. Fons, Proj-
ect Officer.

The objectives were to: (1) determ:ne blast dam-
age to trees in terms of stand breakage, branch
breakage, and defoliation, where effects arc influenced
by their location in a natural tree stand; (2) determine
the effects of natural forest coverage on attcnuation
of the shock wave, in terms of peak overpressure
and peak dynamic pressure; and (3) obtain individual
tree~breakage data in the region of long positive-
phase duration, in order to substantiatz the basia
for breakage and blow~down prediction.

The availability of the natural tree stands in rela-
tion to detonation sites and expectesl yields limited
this project to observatona of natural tree stands on
Uncle, Victor, and Willium Islands »f Bikini Atcll.
Participation was originally planred cnly for Shot 3,
but data was alsn obtained from Shot 1 because of its
unexpectedly high yield.

The principal tree types available for observation
were: (1) Pisonla, a tree resernbling the American
beech tree; (2) Coconut Paim; (3) Tournefortia, a
broadleaf species of large shrub-type which were
chiefly under cover in Pisonia and Palm groves; and
(4) Scaevola, alarge, low, green bush-type species.

Instrumentation consisted of snubber tree gages
(a simple device for measuring maximum tree deflec-
tion), a limited number of self-recorwng, static,
overpressure-versus-time and dynamic-pressure-
versus-time gages installed by Project 1.2b, and
extensive preshot and postshot photography. Static-
breakage tests of representative trees were also
made prior to the shot.

The distances involved were from 62,000 to 76,000
feet from ground zero for the inadvertent participation
on Shot 1 and from 3,000 to 31,800 feet for Shot 3.
Ground-level pressure measurements 2,000 feet into
a tree stand substantiated the Upshot-Knothole con-
clusion of no attenuation in peak overpressure. Since
for the first time natural tree stands were subjected
to a nuclear blast, the breakage prediction on Amer-
ican and European broadleaf tree stands can now be
made with a fair degree of confidence. Observed
damage from two devices of different ylelds compare
favorably with TM 23-200 (Reference 7) isodamage
curves prepared for broadleaf stands. Damage in
broadleaf stands i{s principally limb breakage and de-
foliation, with occasional breakage of the main stem
or uprooting.

Project 3.4 “Sea Minefield Neutralization by Means
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of a Surface Detonated Nuclear Explosion” (WT-922;,
Bureau of Ordnance, Department of the Navy; Jare .o
Murphy, LCDR, USN, Project Officer.

The specific objective was to determine the effc-ts
of a surface detonated nuclear device on u planted
sea minefield. Operational considerations limiied
participation of the project to Shot 1.

The sea minefield in this test was laid in seven
rows disposed at ranges from 2,000 to 13,800 fect
from sgite zero. Except for Row 6 and two surface-
level Mk 6-0 mines in Row 4, the mines of a given
row were laid on the bottom and were linked together
by 230 feet of doubled 1'4-inch cable exteading .-
tween mines. Each string so formed was anchored
by a 2,000-pound cast-iron block attached o wie smm';
by 1.000 feet of doubled cable. Heavy wooden bucys
were used to mark the locations of the anchor blacks.
In Row 6 the mines were moored individually at depths
of 30, 50, and 125 feet.

Postshot recovery was done by reeling in ile
strings of cach row. In some instances this proo:lure
resulted in case damage to the mines. The mosred
mines in Row 6 and the string of Row 1 were lost und
never reccvered. In addition, mines closest to site
zero that were recovered about 24 hours after shot
time were radioactive, with an exposure rate of 10
r/hr.

Although only a limited number of mines were ex-
posged, it was concluded that a surface-detciaated nu-
clear weapon was not an efficient method for miuc 1eld
~learance. ‘

Project 3.5 ‘“Blast Effect on Miscellaneous Sicuc-
turmm), Armed Forces Special Weapons
Project; Wayne J. Christensen, LCDR, CEC, USXN,
Project Officer.

The ohjective was to documcnt damage inflicted by
Shot 1 on structures that had been crected fcr utili-
tarian purposes in connection with the test operations.
This project was not in the original program, but the
unexpected structural damage which resulted from
Shot 1—with its yleld of 1§ Mt approximateiy ‘hree
times that predicted —warranted documeuntation of all
the data possible about structural blas: damage from
high-yield detonations.

It became evident from this survey that the effec-
tive lethal range to a light wood-frame building was
amazingly great fcr a high-yield nuclear blast. This
type of structure was damaged geverely beyond a
range of 14.5 miles. Even reinforced-concrete
shelter-type structures as far as ’/z—mile range which
were exposed directly to the blast were vulnercble.

The isiands of Oboe and Tare were the site of a
camp for approximately 1,000 persons, the shipping
center for all inter- and intra-atoll shipping, the
base for all construction operations in the atoll, the
site for one of the later detonations of the test series,
and the site of an alr strip with minimum aircraft
servicing facilities. It had been intended to continue
to base operations on this island up to the last shot,



although apprehension existed regarding the possibility
of radiological contamination of the islands. Most

of the structures were of light frame construction.
pPersonnel quarters and many administrative and
wor'c spaces were tents supported by wood frames.
The estimated overpressure from Shot 1 of about

1.4 psi had a positive duration of about 13.4 seconds,
and gave the structures amd equipment on these is-
lands the appearance expected from a high~-wind
storm. Some buildings collapsed, others were push-
ed out of alignment, and many had their roofing strip-
ped or partially stripped. The damags was too ex-
tensive to warrant rehabtlitation of a camp for
messing aad housing, although the use of the air

strip was continued, and tke islands continued as a
base for construction operations.

As opposed to the light construction described
sbove, iwo massive reinforced-concrete structures
f.r protection of scientific instruments were located
at about 2,500 yards from the detonation, at about
130 psi overpressure. One of these was not earth-
covered. It was also geometrically unconventional;
the cther structure was geometrically conventional.
These two structures were subiected to air pres-
guires, goound accelerations, and thermal radiation
far in excess of that for which designed. The struc-
tures were still structurally intact after the deto-
nation, although there had been detall failure to such
a degree 15 to ai'rivute functional failure to the
buildings & study of the design details of these
2iructures should be most rewarding to structural
¢cngineers who are concerred with the effective de-
sign aspects of nuclear warfare.

PROGRAM 4: BIOMEDICAL STUDIES

Project 4.1 ‘‘Study of Response of Human Beings
Acciuantally Exposed to Significant Fallout Radiation”
'WT-923., haval Medical Research Institute, Naval
Radioicgical Defensze Laboratory; E. P. Cronkite,
CDR, USN. Project Officer.

Addeaduri Revort ‘“Nature and Extent of Internal
Radioactiv: Contamination of Human Beings, Plants,
and Aninizls Txposed to Fallout (WT-938).

Adcendumn Report “Medical Examination of Ronge-
lap People Six Months After Exposure to Fallow”
(WT-937).

Addendum Report “Exposure of Marshall Islanders
and American Military Persounrnel to Fallout”
‘WT-938)

Addendum Report ‘‘Physical Factors and Dosim-
ctry in the Marshall [sland Radiation Exposures”
(WT-939;.

The project report and the addendum reports noted
represent the documentation of the study of fajout ef-
fects on those humans accidentally exposed during
Shot 1. The main project report (WT-923) represents
the overall results ot the study; the addendum reports
listed are detailed studies of dosimetry and internal
radicactive contamination, as well as detailed clinical
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records of the personnel involved. A general sum-
mary of these studies may be found in Chapter 5.

PROGRAM 6: TESTS OF SERVICE EQUIPMENT
AND TECHNIQUES

Project 6.1 ‘“Test of Interim IBDA Procedures”
(WT-824), Strategic Air Command; Rockly Trianta-
fellu, Col, USAF, Project Officer.

The Strategic Air Command objective for Castle
was to determine current IBDA capabilities for high-
yield detonations and to provide indoctrination for
combat crews.

Three B-50's and crews of the 97th Bomb Wing
Detachment staged through Fred Island from Guam
for each shot. The aircraft control surfaces were
painted with thermal-res{stant paint, and ali windows
and blisters werc cquipped with thermal protective
curtaing. Standard APQ-24 radar and 0-15 cameras
were used to rccord shot phenomena.

The B-50's were positioned about 15, 23, and 30
miles from ground zero for each shot 2t altitudes of
approximately 30,000 fect.

Excellent radar-scope photographs of the charac-
teristic returns were obtained. By interpretation of
the photographs, ground-zero fixes ‘.ere determined
with sufficient accuracy for IBDA purposes. The
technique of using photographic data to compute yiclds
proved unreliable. Since participation was limited to
surfacc bursts, no attemit was made to compute
height-of-burst information.

Project 6.2a ‘“Blast and Thermal Effects on B-36

‘Aircraft [a Flight” (W¥T-925), Wright Air Develop-

ment Center; G. Miller, Project Officer.

Data ohtained during Ivy and Upshot-Knothole had
related the respornse of the B~36 to the thermal and
blast forces of nuclear detonations. Project 6.2a
was established to prove or disprove the predicted
responses of the B-36 aircraft to nuclear, thermal,
and blast forces. These predictions, which were
based upon theoretical and empirical analysis, were
to be used to define the delivery capabilities of the
atrcraft.

The same B-36D aircraft which had participated
tn Ivy and Upshot-Knothole was selected because it
was already partially {nstrumented for such a test.
The aircraft was flown and maintained by the Strategic
Air Command. The Wright Air Development Center
was responsible for the installation, maintenance,
and operation of the instrumentation as well as the
selection of the position of the aircraft relative to the
detonation. Measurements of peak overpressure,
thermal intensity, and total thermal energy were
made to dctermine the thermal and blast inputs on
the aircraft. To obtain data on the response of the
aircraft to these inputs, it was instrumented further
for the measurement of wing, stabilizer, and fuselage
bending moments, stabilizer shear forces, fuselage



and wing accelerations, skin-temperature rise, and
elevator position.

The aircraft participated in every shot of the
Castle series. The limiting condition on the aircraft
was cither 100 percent of the design limit allowable
bending moment on the horizontal stabilizer or a
400 F temperature rise on the 0.020-inch magnesium
skin on the elevators. For Shots 1 through &, the
aircraft was positioned at time zero in a tail-to as-
pect for one of the two limiting conditions, whichever
wasg critical for the maximum predicted yield of the
device concerned. For Shot 6, the aircraft was
positioned ir a head~on aspect for conservative valucs
of bending moments. Data obtained {rom a head-on
orientation were the first experimental verification
of theoretically predicted responses and. although
conservative. were nevertheless extremely valuablc
and necessary for a complete evaluation of aircraft
response to nuclear explosions.

The maximum useful incremental peak tempera-
ture measured was 250 F rise on the 0.020-inch
magnesium skin on the undersurface of the elevator
during Shot 5. The theoretical overpressure criteria
level of 0.80 psi was attained safely on Shot 1, al-
though considerable sheet-metal damage resulted
The maximum gust load ineasured was an incremental
beading moment on the horizontal stabilizer of ap-
proximately 80 percent of Jesign limit load. The
predicted responses of the critical skin areas to the
thermal inputs received were conservative, but suf-
ficient data werc obtained tc enable a more realistic
empirical and theoretical determination of the delivery
cupabilities of the B-36.

Prcject 6.2b ““Thermal Effects on B-47B Aircralft
in Flight” (WT-926), Wright Air Development Center;
C. L. Luchsinger, Project Officer

Project 6.2b was a continuation of the experimen-~
tation begun on Ivy to determine the effects, princi-
pally thermal, of nuclear detonations on a B-47
aircraft in flight. The Castle results, when combined
with previous data, will modify existing theories re-
lating the B~47 responsc to thermal inputs.

The Ivy B-47B, with additional instrumentation,
participated on all but Shot 5 of the Castle series.
Recorded data included total thermal-input energies,
intensities, and spectra as well ag overpressures,
skin temperature response, and flight attitudes.

The aircraft was flown and maintained by WADC per-
sonnel who were also responsible for instrumentation
and aircraft position determination. The average ef-
fectiveness of instrumentation for the 3cries was 93
percent.

The aircraft was positioned on each shot te receive
sufficient thermal energy to raise the temperature in
the 0.020-inch skin on the allerons to 370 I above
ambient. Assigned positions in space wcre computed
on the basia of the maximum probable yield rather
than the most probable. In most cases, higher ther-
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mal inputs were realizec then for the Ivy tests. In
the case of Shot 1, where the yield was slightly
greater than the maximum probable, good results
were obtained. The aircraft sustained only minor
physical damage, and the results indicated that suf-
ficient information was recorded to meet the project
objectives. These data indicated that predictions of
aircraft skin response to thermal inputs from high-
yield weapons were over-conservative. They also
indicuted the need for a hetter und.rstanding of the
parameters involved in skin responses to thermal
flux: e.g., convective and conductive cooling, as
well as the possible variance of absorption coeffi-
cients with change of incident angle of thermal in-
puts.

Project 6.4 “Proof Testing of AW Ship Counter-
measures  (WT-927), Pureau of Ships und Naval
Radiological Defense Laboratory; G. G. Molumphy,
CAFT, USN, Project Officer.

The principal objectives were: 1) the evaluztion
of washdown countermeasures on ships and grounded
aircraft, (2) the determination of the shielding ef-
fectiveness of ships structures, (3) the tactical radio-
Ingical recoverv procedures on ships and grounded
aircrast, and (4) the extent of interior contamination
and su:taoiiity of ventilation protective devices
aboard shin.

Two remotely controlled ships, orc protected by
a washdown counturmeasure, were guided throuh
regions of contaminated fallout. Special structurud
configurations, Loiler air ducts, ventilation test
compartments, and aircrart werc installed cn both
-hips to act as contaminant-collecting surfaces.
Receoraing gamma-~radiation detectors, wr sa.nplery,
particle und diffcrential fallout zollectors, s+ rface
samples, and postshot radiation surveys werc used
to suppiy data con the extent of contamination.

These data showed that it was possible for person-
nel to receive lethal radiation dosage aboard un-~
protected ships and shipboard aircraft if used opera-
tionally. Washdown effcctiveness on ships and
aircraft not in flight was estimated to be 30 and 95
percent based on dosage and dose rate, respectively.
Distance and shielding by the ships structures re-
sulted in attenuation fractions ranging from 0.2 in
compartments close to weather surfaces to 0.001 in
interior compartments below armored decks, with
respect to levels observed on weather decks. On
unprotected ships and grounded aircraft, excessively
long periods of repetitious decontamination were
required to achieve satisfactory radiation levels:
when a washdown countermeasure had been in opera-
tion, very little effort was needed to make the ship
or aircraft nabitable. Very little contaminant entered
either the bhoiler air system or ventilation systems

For contaminating events of the type encountered
in these tests, it appearad that: (1) washdown coun-
ter measures will caable ships and operational plunes




to carry out their missions in the event of transit
through contaminated fallout, (2) significant attenua-
tion is afforded by ships structures, (3) decontamina-
tion procedures require further development, and

14) there i3 negligible hazard contributed by boiler
air, or ventilation systems with fans turned off.

Project 6.5 “Decontamination and Protection”
(WT-928), Chemical and Radiological Laboratories,
Army Chemical Center; J. G. Maloney, Project
Officer.

The primary objectives were to: (1) determine the
relative contaminability and decontaminability of con-
ventional building construction materials when ex-
posed to the type of wet-contaminant fallout which
would be characteristic of nuclear detonations in
harbors, (2) ascertain the relative effectiveness of
various decontamination techniques, and (3) deter-
mine the need for pre-attack protection measures
in reducing contaminability and/or facilitating decon-
tamination.

Fourteen 4-foot-square panels with different types
of outside construction surfaces were mounted on
both a drone, washdown-protected Liberty ship
(YAG-239) and an unprotected drone Liberty ship
(YAG-40) which were operated through the fallout
area following Shot 2. For Shot 4, an identical set
of panels was mounted on board the unprotected ship
(YAG-40). For Shot 6, another identical set of panels
was mounted on board a barge moored {n the fallout
area. Subsequent to contamination, the panels were
removed to shore, monitored for contamination in-
tensity, and then subjected to decontamination efforts
utilizing a variety of hosing and scrubbing techniques.

The salt water washdown appeared to be effective
{n minimizing contamination of construction surfaces
under the conditions of Shot 2.

The contamination resulting from Shots 2 and 4
was very tenacious in nature and was much more
difficult to remove than the contamination encountered
in Jangle.

A great difference existed among the construction
surfaces with regard to initial contamination levels
and ease of removal; of the methods employed, the
hand-scrubbing technique was the most effective.

Under the conditions of those shots contaminating
the YAG's, vertical surfaces became generally more
highly contaminated than horizontal and sloped sur-
faces: this was probably caused by the horizontal
wind components across the deck.

Project 6.6 “Effects of Nuclear Detonation on the
lonosphere" (WT-929), Evans Signal Laboratory,
Signal Corps Engineering Laboratories; Fred B.
Daniels, Project Officer.

Ionosphere recorders were operated both in the
Marshall 1slands and at distant locations to study
the effects of the test detonations on the ionosphere,
particularly on the F2 layer (the highest portion of
the ionosphere, from about 200 km upwards). The
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principal objective was to attempt to confirm phenom-
ena observed in the F2 layer during Shot Mike of Ivy,
both in the general vicinity and at a great distance
from the shots, in order to learn more about the
ionosphere and to help determine posaible military
applications such as long-range detection.

Two fonosphere recorders were operated in the
Marshall Islands by project personnel: one at Parry
Island, approximately 200 milcs west of the Bikini
shots (23 miles from the shot at Eniwetok), and one
at Rongerik Atoll, approximately 160 miles east of
the Bikini shots (350 miles east of the ghot at Eni-
wetok).

At Guam and Okinawa (about 1,400 and 2,600 miles
from Bikini, respectively), lonosphere stations,
regularly operating as part of the worid-wide system,
furnished special data to this project at times bear-
ing a specified relationship to each shot time.

When oscillograms from the ionosphere recorders
are properly analyzed, they give data on the height
and critical frequency (a function of the maximum
ion density) of each observable ionospheric layer.

On Castle, frequent records (up to four per minute)
were obtained with these recorders following each
detonation, the timing program varying according

to the location and operational conditions. Through-
out the operation, regular recordings were made
five times an hour to establish normal conditions for
comparison.

A tremendous amount of absorption (and possibly
scattering) followed all shots, particularly those of
higher yields, causing obscuration of the F2 layer
for several hours at the Rongerik station and longer
at the Parry Island station. However, enough data
were obtained at Rongerik to indicate that for shots
of megaton yield range an effect occurred which was
similar to the rising-F2-layer phenomenon observed
after Shot Mike of Ivy. Variations were noted be-
tween results of one shot and another which may have
been due to different yields or different ifonospheric
conditions.

The Parry Island operation, though hampered, re-
sulted in a new hypothesis to explain the protracted
absorption that may prove significant. It suggests
that the absorption occurring at Parry Island several
houra after the shots at Bikini (200 miles to the east)
was a result of copious ionization overhead, caused
by beta particles and radioactive particles carried
westward by winds at 60,000~ to 120,000-foot levels.

Records from distant stations indicated that fon-
ospheric disturbance resulted from megaton detona-
tions at ranges up to 2,600 miles. These disturbances
apparently propagated outward from their origin at a
velocity of 8 to 16 km/min.

PROGRAM 7: LONG RANGE DETECTION
PROGRAM

Project 7.1 “Electromagnetic Radiation Calibra-



nsa———y
tion"” (WT-930), Al M. H. Oleaon, Project
Officer. —

A total of 18 stations, one close~in (320 km) and
the balance at distances, were operated Jor the
AR electromagnetic experiments.

mom—band measurements (up to 40 Mc at
close-in distances and approximately 100 k¢ ai greater
distances) and narrow-band measuremerts (approxi-
mately 200 cycles) were made of the vertical field
component. Close~in wave forms and field strengths
were recorded for all shots except Shot 1. Signals
were received, and wave forms, field strengths, and
azimuths were recorded at distances exceeding 12,000
km for poth a north-south and an east-west path.

The National Bureau of Standards (NBS) operated
the close-in station: a 2-meter vertical antenna with
a cathode follower feeding a coaxial line to recording
oscilloscopes set at various sweep speecds and gains.
At this close distance (320 km), asignal strengths were
geveral volts per meter, and interfcrence from nat-
ural sources or transmitting stations in proximity
was no problem. Band widths were about 13 and 40
Mc, limited by the type of scopes used; the low-
frequency limit waa about 160 cps.

Distant stations were operated hy the NBS and the
Defense Research Laboratory (DRL) using 30-foot
vertical antennas with standard cathode foilowers.
Both narrow-band (about 200-¢ps) and broad-band
(about 1- to 70-kc) recordings were made.

Agencies participat{ng in this rroject under the
sponsorship of AF were the National Bureau of
Standards (NBS), the Navy Electronics Laboratory
(NEL), and the Signal Corps Engineering Laboratories
(SCEL). The Geophysics Research Directorate of the
Air Force Cambridge Research Center (AFCRC) con-
ducted additional measurements under a different
program.

Each station operated by the Signal Corps consisted
of four microphone outposts, one at each corner of a
quadrilateral, approximately square, 4 to 10 miles
on a side. Each outpost was connected to a recording
central.

The NEL operated arrays of two to five microphone
outposts spaced from 3 to 15 miles apart at three lo-
cations. In moat cases, microphone outposts were
connected to a recording central.

The NBS station consisted of aix microphone out-
posts located at the corners of two roughly equilateral
triangles, one having 2'4-mile sides and the other
14-mile sides. The small triangle was roughly cen-
tered inside the larger triangle. Each outpost was
connected by wire lines to a recording central.

The AFCRC stations were similar to those of SCEL,
except that individual recordings were made in the
immediate vicinity of each microphone outpost.

Two main types of equipment were used: (1) stand-
ard detaction equipment most responsive to atmos-
pheric-pressure changes having periods ranging
roughly from 1 to 60 seconds and (2) very-low-
frequency equipment responsive to change in pressure
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or to rate-of—change of pregsure for signal periods
ranging from approximately 3 to 300 seconds.

Standard detection equipinent (Data Recording
System M-2 or NBS Infrasonic Microphone Svstem)
was operated at all SCEL stations. Both types of
cquipment utilized condenser microphones as the
pressure-sensitive transducers, wire lines for trang-
russ.on to the recording central, and Esterline~
Angus graphic recorders.

The M-2 equipment responded mainly to pregsure
‘hanges in the range of periods from 1 to 50 seconds
and the NBS from 1 ts 35 seconds. The maximum
sensitivity for the M-2 was of the order ¢f 15-1um
deflection for a pressure change of 1 dyne/cm’®, that
for the improved M-2 was about 45 mm/(dyne cm?,
and that for the NBS wus approximately 50 mm, (dyne/
cm?). Recordiag speed was J in/min. Very-low-
frequency equipment was i1{so operatsd by SCEL at
some stations. This »quipment consisted of a special
condenser microghone designed for low-irequency
response (H- to 3:0-gecond veriads) through use of a
very-laryge reference volurce, a high-resistance
acoustic leak, and elaborate thermal insulaticn. The
electronic and control circuits were similar to that
em:ployed in the Improved M~2 :quipment, and the
maxamum sensitivity was approximately the same.
Recording speed was 1.5 in/inin.

Each standard microphone was equipped with a
linear, multiple-inlet pipe array 1,000 feet in lep:th,
designed to reduce the noise background from atnios-
pheric turbulence. No effuctive array was availahle
for use at very-low frequercles.

The NEL operated two types of very-low-frequency
equipment. One type overated at some stutions con-
sisted of a Ricbe:r vibrotron microphone modifted for
response to periods from & to 265 seconds. Output
was recorded on a Brush graphic recorder at speeds

of 0.2 and 0.5 in/min. The second type, opcrated ot
ali NEL stations, consieted of a Signal Corps T-21-B
condenser microphone modified t5 respond to periods
from 6 to 300 seconds. Output was recorded on
Esterline-Angus graphic recorders at 0.75 in/min.

At maximum sensitivity, the modified Rieber equip-
ment gave a deflection of approxirrately 0.2 mm for

a pressure change of 1 dyne/cmz and the modified
T-21-B equipment gave approximately 0.7 mm/(dyne/
cm?). No effective noise-reducing arroys were avatl-
able for use at very-low frequencies.

All NES stations were equipped with standard NBS
equipment. The microphone was modified to increase
the sensitivity, but to retain the same frequency re-
sponse. At maximum sensitivity, the equipment gave
a deflection of approximately 50 mm/(dyne/cm?). A
standard, linear, pressure-averaging pipe array of
Signal Corpa design was used for noise reduction.
Recording speed wag 3 in/min.

The three microphones making up the large tri-
angle and one of the microphones from the small tri-
angle were also connected to special multivibrator-
type discriminators and low-pass ftiter amplifiers



to produce a response tu rate of change of pressure
down to vory-low frequencies. ¢ .sitivity was ap-
proximately 50 mm/(dyne/cm?)  an Esterline-
Angus recorder operating at 0.7 .n/min.

The AFCRC operated modiffc T-21-B equipment
developed by NEL  Tape speeds and senasitivities
were approximately the same as those used by NEL.

The Air Weather Service (AWS) operated crossed-
loop goniometers at distant stations to record azi-
muths. These were simflar to their standard sferics
low-{requency (i0-kc) narrow-band (about 0.5-kc)
direction-finding stations used for locating thunder-
storm areas as 4n aid to weather forecasting. The
A operational stations had a slightly wider
band Width (8 to 12 ke).

Distant stations for the most part utilized locations
aready in use by NBS, DRL, AWS, or A
lusofar as possible, sites were chosen on east-west
anc north-south orientations in an attempt to get
somec Idea of differences due to a daylight path, a
dark path, and auroral-zone transmission.

Some distant stations were located in proximity to
stations transmitting low-frequency carriers. In
ovder to avoid int:rf¢ rence from these stations, their
cooperaticn was eniisted and they were shut down at
critical times.

Project 7.2 “Detection of Airborne Low-Frequency
Sounad from Nuclear Explosions” (WT-931), A
G. 3. Otmsted, Project Otficer.

Measurernents of the airborne low-frequency sound
from the Castle detonations were made at fifteen re-
m.cte lncations at a variety of distances and directions
from the Eniwetok Proving Ground to study the rela-
tion between signal characteristics and the energy
refecsed over a range of yields up to 15 Mt.

Both standard and very-low-frequency sound-~
renording equipment responsive to small atmospheric-
presuure variations in the frequency range from
0.00% to 1 cps were employed

Project 7.4 *“‘Cuiibration Analysis o_t_Q_Lg*-ln
Atomic Device Debris” (WT-932), AF; 'D. L.
MNorthrop, Project Officer.

The work of this project was a continuation of a
aregram cstablished to monitor all U. S. nuclear
detonutions, in order to determine calibration ref-
erence points for the analysis of airborne nuclear
debris. These data were obtained by the application
of chemical, radiochemical, physical, and nuclear
analyses to the debris collected by specialized sam-
pling devices. The calibration daia were further «x-
tznded by making similar measurements on nuclear
debris collecied at great distances from the detona-
tion

Nuclear-debris samples close-in to the detonation
were obtaired utilizing sampling devices on F-84,
WB-29, and B-26 aircraft. Similarly equipped WB-29
aircraft operated out of Hawaii for the long-range
calibration samples.

Close-in particulate and gaseous samples were ob-
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tained by F-84 and B-36 aircraft penetrating the cloud
from cach detonation. Air Weather Service WB-29
aircraft equipped with particulate and gas-sampling
devices collected samples at remcle distances from
the nuclear detonation

Five F-84G aircraft utilized thc method of snap
gas-sampling. This consisted nf an cxterior stainless-
stecl probe in the nose of the aircraft that fed into a
deflated polyethelene bag. Samplcs were taken by
activating a valve and filling the jolyethelene bag by
ram pressure.

Ten F-84G aircraft were equipped with a dual elec~
trical compressor system feeding into two 500-in3
compression cylinders (3,000 psi). All of the air
sampled waa bled from an intermediate stage of the
axial compressor of the aircraft and fed into the dual
compressors —the squeegee method. Operation
Castle provided the first full-scale operational test
of this system. In addition, severul B-36 aircraft
were equipped with the squeegee system; for these,
the intake air was bled from the upstream aide of the
large cahin pressurization filter and fed through com-
pressors into 900-in® (3,000 psi) cylinders.

Longer-range samplcs were obtained using WB-29
aircraft with associated C-1 foiis {or particulate
samples and a B-31 gas-sampling device for gaseous
debris.

The collection of all close~in particulate samples
was under the technical direction of the Los Alamos
Scientific Laboratory (LASL); the collection of gas
samples was supervised by AFOAT-1. The University
of California Radiation Laboratory (UCRL) was re-
sponsible for gas separation and analyses of some
samples at the test site.

Instrumentation, techniques, and procedures in
the processing, separation, and assay of the nuclear
particulate and gaseous debris are included in detailed
LASL and UCRL reports.

Close~-in gas samples were collected at altitudes
in the range of 35,000 to 50,000 fecet MSL. Gaseous
debris sample sizes collected varied from 107! to
107" bomb fructions. Representative sections of
each test cloud wcre sampled, but due to extreme
cloud heights obtained on high-yield detonations, only
the lower portions of these clouds were sampled.
L.ong-range samples were collected from approxi-
mately sea level to 20,000 feet.

PROGRAM 9: TECHNICAL PHOTOGRAPHY

Project 9.1 *‘Cloud Photography” (WT-933),
Edgerton, Germeshausen and Grier, Inc.; Jack G.
James, Lt Col, USAF, Project Officer.

Project 9.1 was established for the purpose of re-
cording photographically cloud formation phenomena
that would satisfactorily supply data for use in study-
ing the aircraft delivery problem and correlation of
fallout studies {n relation to cloud drift. The techni-
cal aerial photography was conducted by Lookout



Mountain Laboratory, and the terrestrial backup
ground photography was made by EG&G in conjunction
with Project 13.2.

Analysis and reporting of the data were the respon-
sibility of EG&G. One RB-36 and three C-54 aircraft
participated in the aerial photography and flew a total
of six missions per aircraft. Usable results were
obtained from two or more aircraft on all events ex-
cept for Shot 3, where photo results were negative
due to natural cloud cover obscuring ground zero.
Preliminary analysis of the Castle cloud data indicated
exccllent results for the period of H + 10 minutes.

Aerial oblique photography supporting Project 3.2,
Crater Survcy, was flown by Lookout Mountain Lab-
oratory personnel. This mission consisted of a
serics of acrial photographs tracking an LCU during
the period of time fathomcter readings were being
made in the Shot 1 crater.

Preshot and postshot crater vertical acrials werc
flown on Shots 1 and 3 by Strategic Air Command
reconnaissance personnel. Analysis of the crater
dimensions was made from this photography by the
Army Map Service for Project 3.2.

Technical still photography requirements in support
of DOD projects were met entirely by Los Alamos
Scientific Laboratory photographic personnel. All
project requirements were coordinatcd and program-
med through Program 9, including preshot and post-
shot photography .

PROGRAM 18: THERMAL RADIATION
MEASUREMENTS!

Project 18.2, Project 18.5 “Thermal Radiation”
Naval Research Laboratory; H. Stewart, Project
Officer.

Power-versus-time mcasurements were made by
employment of modulated bolometers. These bolom-~
eters were located in 8-by-2-by-8-foot coffins mount-
ed on photo towers on How and Tare 1slands for Shots
1 and 2. The How tower was 97,975 feet and the Tare
tower 77,765 feet from ground zcro of these shots.
The bolometers were mounted on a barge near How

! Not a formal DOD program. These thermal-radiation
projects of DOD interest were sponsored by LASL
(see Chapter 8). Publication information for Projects
18.2, 18.5, and 18.4 is as yet uncertain; information
on their availability and the availability of the Proj-
ect 18.3 final (WT) report may be obtained from
LASL.
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for Shots 4 and 5, this barge was 62,200 rcet from the
shot barge for each of thesc shots. For Shot 6, the
bolometer was mounted on a power house un Yvonne
Island, 77,522 feet from the shot barge.

The modulated bolometer consisted of two black-
ened platinum wires whose resistance changed witn
temperature. One wire was in cach of twn arms of a
Wheatstone bridge, which with & mechanically driven
chopper altcrnately exposed first onc wire and then
the other wire to the thermal radiation. The applica-
tion of a dc voltage at one end of the bridge resulted
in an ac output at the other end that was amplilicd
and recorded on magnetic tape.

Total tiermal energy was measured by use of
Epply thermopiles faced toward the detonation site.
The output of the thermopilcs was recorded on Brown
recording potentiometers. These thermopiles were
located on Tare, How, and George Islands for Shots
iand 2. They were located on Nan Island and on a
barge near How Island for Shots 4 and 5; for Shot 6,
they were located on Fred and Yvonne Islands.

Project 18.3 "“High-Resolution Spectroscopy”
(W'T-350), Naval Research Laboratory, H. Stewart,
Project Officer.

For Shots 1, 2, 4, and 5, spectrographs of various
dispersions and in selected wave-lengih ranges werc
located in a concretc bunker at the base of a 200-foc:
tower on the south end of Nan Island Mirrors on the
tower reflected light from the detonations t 5 the view~
ing slits of the spectrographs. For Shot 6, spectro-
graph installations were established on Fred and
Janet Istands.

Project 18.4 “Atmospheric Transmission of Light”
Naval Research Laboratory; H. Stewart, Project
Officer.

Atmospheric transmissicn was measured over
selected paths. To make these measurements, a
searchlight of known luminous intensity wz< mounted
near each zero site for cach selected path and trained
on a photocell receiver at the other end of the path.
The searchlight beam was modulated by a mechanical
chopper (60 cps) and the receiver system was ar-
ranged so that only light at this modulated frequency
was received, thus making the system independent of
daylight. The paths for each shot were: Shot 1, from
zero site to George, Tare, and Deita Islands (Delta
is an artificial island near Able); Shot 2, from zero
site to George and Tare Islands; Shots 4 and 5, from
zero site to How and Nan Islands; and Shot 6, from
zero site to Fred and Janet 1slands.



