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FOREWORD

Classified material has been removed in order to make the information
available on an unclassified, open publication basis, to any interested
parties. The 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 .nterested parties.

The material which has been deleted is either currently classified as
Restricted Data or FPormerly Restricted Data under the provisions of the Atomic
Energy Act of 1954 (as amended), or is National Security Information, or has
been determined to be critical military information which could reveal system
or equipment vulnerabilities and is, therefore, not appropriate for open
publication.

The Defense Nuclear Agency (DNA) believes that though all classified
material has been deleted, the report accurately portrays the contents of the
original. DNA also believes that the deleted material is of little or no
significance to studies into the amounts, or types, of radiation received by
any individuals during the atmospheric nuclear test program.
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FOREWORD

This report presents the final resuits of one of the projects participating in the military-effect
programs of Operation Hardtack. Overall information about this an. the other military-effect
projects can be obtained from ITR-1660, the “Summary Report of the Commander, Task Unit
3.” This technical summary includes: (1) tables listing each detonation with its yield, type,
environment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussion of
results by programs; (4) summaries of objectives, procedures, results, etc., for all projects;
and (5) a listing of project reports for the military-effect programs.
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ABSTRACT

The objectives of this project were to investigate the nature of radar echoes from the fireball
produced by atomic detonations, and to determine the feasibiiity of rinding ground zero, height
of burst, and yield by means of radar echoes.

The operations of this project were conducted on Eniwetok and Rongelap Atolls for the Eniwe-
tok tests, using Radar Sets AN/MPG-1 and SCR-584 (9,000 and 2,800 Mc, raspectively), and on
U.S. Navy destroyers for the Johnston Island tests using Radar Set SRb (200 Mc). Photos were
taken of the radarscope presentations.

Data was obtained for Shots Cactus, Fir, Butternut, Koa, Wahoo, Holly, and Teak. Data
analysis was performed on a magnifying viewer with movable crosshairs accurate to 0.001 inch.
Actual photos of the physical event were studied side by side with the time-equivalent scope
photos. This report presents representative photos for each of the siots that yielded data.

The B- and PPI-scope displays established identifying characteristics of a nuclear detonation
according to four discrete time intervais: (1) the sporadic occurrence of a bright-point return;
(2) a 2-second delay for S- and X-band radar returns (surface shots), and a 1-minute delay for
VHF radar returns (Shot Teak); (3) maximui growth of the symmetrical scope pattern occurred
at 7 to 15 seconds after time zero; and (4) the nondescript pattern associated with the decay stage
remained on the radar screen from 1 to 8 minutes. The data correlated with that from previous
tests on a2 number of points.

Anaiysis of the data indicated that radar returns were not received from the fireball. How-
ever, the data indicates that ground zero for surface shots c... be determined to an accuracy of
+ 140 feet. The proportionate growth of maximum dimensions for a
burst indicated that maximum size might be used as a rough measure of yieid. The resuits
seem to point out that accurate height information cannot be obtained with the techniques used
by this project.
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PREFACE

The project officers of Project 6.5, Operation Hardtack, wish to express their appreciation to
the officers and men of the USS Cogswell and De Haven for their splendid cooperation and
assistance in making the shipboard radar sets SRb available to the project. The efforts of these
Navy personnel were greatly instrumental in making the project a success.
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INTRODUCTION

1.1 OBJECTIVES

The objectlves of this project were to investigate the nature of radar echoes from the flre-
ball produced by atomic detonations, and to determine the feasiblllty of flndlng ground zero,
height of burst, and yleld by meanrs of radar echoes. Iu the case of high-altltude bursts, achieve-
ment of the second objective (whlch 1s the milita:y objectlve) is dependent upon achlevement of
the first one. The primary reason for particlpating In the low-altitude serles of shots was to
ascertain whether the radar echoes could be sufficiently resolved to enable accurate determina-
tion of burst polnt and yleld, and to determlne, if posslble, whetlier any component of the echoes
could be attributed solely to the flreball.

1.2 BACKGROUND

Previous AFSWP projects, wlth the use of S-, Q-, and X-band alr-borne equipment, have
yielded many radar observations of phenomena produced by nuclear detonations (References 1
through 11). Air-borne radar reflections possessed characteristics such as horseshoe, annular,
and cloud-shadow patterns, and the dimensions of the reflections were commensurate with those
of the shock wave rather than of the flreball. The radarscope presentations displayed the coordl-
nates of ground zero (slant range and azimuth), and in many cases also displayed a known land-
mark that aided greatly in determining ground zero. In general the partlclpating projects had
common objectives, namely, radar fireball observation and determinatlon of yield and ground
zero. However, these objectives were sought for varying purpuses, such as bomb scoring,
bomb efficiency, indirect bomb damage assessment, and development of data-gatherlng tech-
niques. The published reports contain much data and many recommendations.

Although oscilloscope data obtained during previous tests show great uniformity, such pre-
sentations aliowed only approximate measurements of ground zero for twec reasons: (1) there was
a 2-second delay in signal reception, and (2) the detonation grew rapidiy within this 2-second
interval. This growth placed ground zero hundreds of feet distant from the periphery of the shot
configuration displayed as the radar target.

However, previous investigators did not have unanimity of opinion on the theory of the returns.
Many of these authors, realizing that radar was being used in a new roie for fast-time resolution
of a short-lived event, introduced new techniques to be used in obtaining the data. The literature
indicates that this new radar role is a growing fieid.

with reference to recommendations, authors contributed valuable suggestions that in large
measure formed the bases and guidelines 1n empioying radar as a diagnostic device in nuciear
weapons phenomenology. Some of tnese recommendations were: the use of fast-scan radars for
study of the burst area, the use of high-speed photography to obtain more frames of data per
second, and the application of high-mﬁﬁ'mation content study to radarscope photography. Know-
ledge of this background assisted the personnel of Operation Hardtack 6.5 in achieving project
objectives. Realization of these otjectives would have a number of military impiications. First,
U radar can determine (from Slant-height measurements) that the fireball touched or nearly

11



touched the ground, then approximate bomb-damage assessments can be made, and contamina-
tion in the area can be estimated. This estimate would establish the time-safety margin for
troops entering the area. Second, if radar can detect Lae growth of the nuclear detonation, this
informatlon can be an approximate measure of yield for bomb-damage assessments. Third, if
radar can detect ground zero of a burst, thls-technique can be employed in an observation post
to evaluate the efflclency of bomb emplacements and pattern-laying of atomic warheads.

1.3 THEORY

1.3.1 General. Phenomena which accompany a nuclear explosion are strongly dependent or
the yield and the altitude of detonation of the bomb. Althoughk several such phenomena may affect
the propagation of radlo waves, the most important of these is the ionization of the atmosphere.
Radio waves propagating through a region in which a nuclear explosion occurs may be nnaffected
or may experience varying combinations of absorptton, refraction, and reflectlon. The results
will depend on the density of ionization (malaly the number-density of electrons), and on the
local temperature and particle density of the air. (The equaticn of state relates the pressure to
the last two quantities.) Further, the result will depend on th2 frequency of the wave since ion-
ized media ire dispersive.

Other observable effects on radio waves may arise which are not related to the degrce of
local ionization. For --aumple, particulate matter may be carried aloft or water droplets may
condense to form scattering ce..ters. The observability of these objects ag radar targets will
also show z frequency dependence. Results may also be observed which arise from mainly
ayCrocynamic aftests as (or sxample, refledtion of radio waves &t the shotk front or afattes of
radio waves by turbulence in the region of the detonation.

The propagatiun of radio waves through an ionized medium may be described by the compiex
propagation constant

K = ZT” (@ + i8) (1.1)

In Equation 1.1, X is the wave length of the radio waves and

i wp‘ v 1/2 1/2
a= {Y% ety — + €

3 wyt VP 72 1/:
1 H P
g | (s ——] -
] wz (wl + )2
H
Where: w.! = 4 7 Ne
p m
w s 27 x radio frequency
v =

coilision grequency of eiectrons with heavy atoms or ions
w
€ = 1 - _TB___
w’ + A
N = number of electrons/cm’
e = the charge of the electron, esu
m = the mass of the electron, grams.

The phase velocity of the v.aves is given by

WA
27 a

(1.2)

vV =

12
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which, through a, depends on the electron density. In principle one could obtain information
"conceraing refraction by applying Fermat’s Principle or its equivalent to rays traversing a
medium for which the electron density has been determined as a function of position. Since
measurement of refraction was not »ndertaken in the present program, no estimates of refrac-
tion have been made here. % <

The absorptioa index is given by

. = .2.’;_3 (1.3)

‘Tre amplltude attenuation in decibels is given by the expression

20log e = ey
where the integration is taken along the line-of-sight between two points. (For greater accuracy,
the integral should be evaluated along a ray path, but the difference is triviai for the estimates
made here.)

1.3.2 Ultra High-Altitude Explosion. A considerable amount of numerical work has been-
done to give estimates of the eiectron density as a functlon of position and tlme following the
3.8-Mt VHA and UHA detonations. The curves given in the Rand report (Reference 12) as Fig-
urea 13 through 16 have been employed to determine contorrs of equal electron density at partic-
ular instants after shot time. The distributions adopted herein correspond to the larger electron
attachment cross section given in Reference 12. The contours are plotted for t= 1, 10, and 100
seconds, and are given as Figures 3.34 to 3.36 of this report. The collision frequencies have
been caiculated according to the work of Nicolet, although recent studies indlcate that his values
may be too high by a factor of 2 or 3 (Reference 12a).

Attenuation has been determined for a radio frequency of 2 X 10* cps, which represents the
situation expected for Radar Set SRb foilowing Shot Teak. For most of the range of Ilnterest

o >Dv

and (at least in the heavily attenuating regions)

w >>wp

Thus, to a fairiy good approximation
2

W, 14
P
8= Y —
2
w
w 1 “p
and X = ? g = 2_c — v
or x> 3,2x107% Ny km™! (1.4)

The value of [ x (8) ds along the iine-of-sight from the radar has been obtained essentially by
taking small intervais in which the electron density may be assumed constant and equal to the
value near the center of the interval. Where the intervals were large or charge density varied
rapidly with height, closer interpolation of the Rand curves was made. The results are a3 fol-
lows:
(a) v+ 1sec
Total one-way attenuation to within 20 km of the point of detonation: 320 db
() t + 10 sec
As above: 195 db
(¢) t + 100 sec
As above: 12 db
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reduce these values by 2 factor of one-
ilable near the point of detonation,
eat enough to reflect the radio wa:ef l;ﬂ:tl oesﬂ;; for a' CO@id-
t +0. For this, one must have w = wp OF 2x10° = : /N, which gives
erable ttmi ahe /cm®. Thus it seems reasonabie that echoes from high-altitude detonations
N ot electr?::d ;ﬁlrlng the ea~!.est times af a frequency of 200 Mc. However, after some
should not bi L e:iely attenuating layer shouid be dissipated (by attachment and recombination) to
seconds et::en: :nat echoes become possibie. Ultimately the density of the reflecting region must
;::::g;: t00 iow, or, because of motion, be removed beyond effective radar range. (The Rand

curves do not include the effect of motion.)

(Reference 12a) would

- 1Ky lower is\on frequencies
i the values of N are not ava

balf or one-third. Also, although
it is clear that a charge density gr

1.3.3 Sea-Level Shots. For expiosions at low altitudes the released energy is trapped in a
fow meters of air, thus causing a rapid rise in temperature. At the earliest times (less than
10 sec) taere is no need to distinguish between thermally induced ionization and ionization due
to nuclear radiations, since tae dissipation of the energy of nuclear radiation contributes to the
iritial rise of temperature. At these high temperatures (several hundred thousand degrees to
perhaps a few million), ionization of all atomic levels of the atmospheric gases is practically
complete. Heavy atoms of the bomb materials wiil have most of the outer electrons removed.
During the eariy stages the temperature is essentially uniform throughout the spherical ball of
fire. The spherical mass cools by expansion and by radiation as well as by loss of energy to
the shock wave. The measured effective temperatures are determined by the (optically thick)
surface layer from which the radiation arrives without further re-emission.

These high temperatures determine the ion densities and cause ar increase in the electron
collision frequency. One may empioy the equilibrium equations for an assembly of atoms, ions,
and eiectrons in order to determine the degree of ionization of the various constituents (Refer-
ence 12b). (Relaxation tinies are quite short here, so that equilibrium at each temperature is
not a bad approximation. )

The numericai work required for such an assembiy is considerable. A survey of the problem
might be made by considering the situation where T = 15 or 30 thousand degrees. For this
range one may negiect multiplé ionization and write

X,?
L 0.664 Ts/,e_)g,/x:u" (1.5)

l-Xl p

Where: X, = fractions of atoms ionized

totai pressure, dynes/cm?

p =
X, = ionization potentiai of gas
and T = absolute temperature.

If p = 250 atmospheres! (this accounts approximateiy for the increase due to atoms from bomb
materiai, dissociation of 0, and N; intu atoms, and the temperature contribution), and Xy = 14 ev
(for atomic oxygen and nitrogen), one gets

X, = 0.53

This clearly understimates the fraction of heavy atoms (bomb materiai) ionized. For exampie,
iron has a first ionization pote¢ itiai of 7.83 volts, and its second ionization potential is only
slightly greater than the vaiue for X4 used bove. This procedure is admittediy crude. However,
it does give an order-of-magnitude estimate of the electron density of some 16'? cm™. At the
lower temperatures mentioned, the number may be as low as 10'7 ¢cm™,

Y Actually the electron pressure is included in arriving at Equation 1.5. Using p = 400 atmospheres
reduces X; to 0.46 which is not considered sigmficant.
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The values of 3 for electron densities of the order 107 to 10!* with T = 3 x 104, and w = 27 X
10%° sec™! (i.e. radio frequency = 10 k Mc) fall within the range of 10 to 100. (The effect of the
temperature on the collision frequency has been included.) This range of 8 values represents an.
absorption coefficient, «, of 21 to 210 cm™. Thus, one should expect complete attenuation of
radio waves by a fireball in an extremely shert distance, even for such a high frequency, at
temperatures of a few thuurand degrees.

Unfortunately it is not possible on the basis of the above considerations to set a time scale
for the attenuation. Once the temperature is too low to maintain ionization, recombination is
extremely rapid and the attenuation becomes negligible even for the lowest frequencles. Resid-
ual nuclear radiations produce ionization several orders of magnitude less than that considered
here and should have an inappreciable effect on centimeter waves.
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Chapter 2
PROCEOURE

2.1 OPERATIONS

2.1.1 Stations. Stations used for this project were both shore- and ship-based. The shore-
based stations were at Enlwetok and Rongelap Atolls. The ship-based statlons were located
aboard U.S. Navy destroyers located 75 and 150 mlles from Johnston Island, on a bearing of
020 degrees (with respect to true north) from the island. Slnce Shot Teak was detonated almost
directly above the launch site, Johnston Island is consldered to be ground zero in this report.
The shore-based stations were horizontally levelled to establish accurate antenna-elevation
angles and surveyed so that range and aximuth readings could establlsh the gecgraphilcal ground
zero of the shots. Map measurements gave predicted range and azimuth values that formed a
basis of comparison for actual values obtalned. All statlons were manned and placed in opera-
tion several hours before shot time to allow for equipment adjustments and warmup.

2.1.2 Shot Participatlon. Project 6.5 participated in Shots Yucca, Cactus, Fir, Butternut,
Koa, Wahoo, Holly, and Teak (Table 2.1). The Rongelap station participated only in Shots Yucca
and Fir; the destroyer stations participatec only in Shot Teak.

2.2 INSTRUMENTATION

Radar Sets AN/MPG-1 and SCR-584, operated at 9,000 and 2,800 Mc, respeactively, were used
at the shore-based statlons (Figure 2.1). The Eniwetok station used both radars, whereas the
Rongelap station used only the SCR-584. Radar Sets SRb, operated at 205 and 220 Mc, were used
for Shot Teak at the ship-based stations (Figure 2.2).

2.2.1, Radar Set AN/MPG-1. This set was a 3.3-cm, mobile, fire-control radar designed for
use with seacoast artillery batteries. It had two modes of operation: the plan-position-indicator
(PPI) mode and the B mode. To achieve best results, plans were made to use only B mode.
Chief characteristics of the AN/MPG-1 are listed in Table 2.2, and additional information can be
found in Reference 13.

On B operaticn, the antenna feed horn sprayed a focai line of radio-frequency (r-f) energy
16 times per second across the reflector. This process had the effect of an electrical scan,

10 degrees in azimuth. The horizontal sweep of the B scope was synchronized with the azimuthal
sweep of the antenna and gave 18 iooks per second (at any target).

The B scope showed 10 degrees of azimuth horizontaiiy and 2,000 yards of range vertically.
The horizontal grid iines of the scope represented 1,000-yard range scparations, the middie
horizontai iine being preset by the range dials to represent a given range. The vertical grid
iines were 1-degree azimuth markers, the middie vertical iine being preset by the azimuth dials.

2.2.2 Fiight Research Recording Camera, Modei 4C. This camera was used to photograph
the B-scope displays of the AN/MPG-1. The camera was synchronized to the horizontai sweep
circuit of the B scope. This synchronization was achieved by using the (B scope) blanking pulse
to trigger a relay circuit that ciosed the camera shutter and advanced the next fiim frame during
scope-blanking time. -

A flash buib scored the fiim and designated time zero on the passing frame. A photographed
ciock, plus the accurate camera rate of 16 (rames/sec, afforded a precise time reference for

each fiim {frame.

16

T ':‘._li!“ > t ". "..

L
e

L o
ll

|

.....
I L NK ]

s -
i

B

oJTRL A

- . T riete
R AL PR

s L AL

LT

.

¥Ry



Figure 2.1 Van-installed radar sets AN/MPG-1 on left and SCR-584 on right, with their

accompanying antennas. Power Unit PU-28 is in the center,

Figure 2.2 Shipboard radar set SRb, used
aboard destroyers DeHaven and Cogswell.

17

o,




2.2.3 Radar Set SCR-584. The SCR-584 was a 10-cm, mobile, fire-control radar set with
a maximum range of 70,000 yards. This set had PPI- and J-scope dispiays. Plans were to
photograph the PPI scope and 2 modified A scope. The chief characteristics of the SCR-384 are
listed in Table 2.3, and additional information is available in Reference 14. The original design

R

TABLE 2.1 SHOT INFORMATION

Map Radar e of Estimated
Shot Date Range Range Azimuth E‘?:lgluation Yield
- yd yd deg deg kt
Yucca 28 April 1958 176,176 —_ 32 9.15
Cactus 6 May 1958 24,833 24,782 4 0 16.7
Fir 12 May 1958 402,340 * 399,740 * 84.5* 0
231,120t 232,000t 58t 0

Butternut 12 May 1958 23,333 23,250 4 0
Koa 13 May 1958 42,233 42,220 339 0 1,370
Wahoo 16 May 1958 19,750 19,743 2617 0
Holly 21 May 1958 23,070 23,105 5.5 0
Teak 31 July 1958 320,000 374,000 198 18.5

* From Eniwetok.
t From Rongelap.

. of the set provided oniy manual sector scanning. Attempts were made to secure automatic sec-
tor scan kits MC-645, but these efforts were unsuccessful, Accordingiy, plans were made to
use a 3- to 4-second manuai scan, whose azimuthai width could be divided into fractions ~f a
second for time-resoiution studies.

2.2.4 Automax Recording Camera, Modei GIR. This camera was used to photograph the
iuminous traces of the SCR7584 PPI scope at Eniwetok. The camera was operated manuaily and

TABLE 2.2 CHARACTERISTICS OF RADAR SET AN /MPG~1

Frequency 9,090 Mc
Power output 35 kw (peak), 35 w (average)
Pulse repetition frequency 4,097 pulses/sec
Pulse width 0.25 usec
Beam width 0.6 degree horizontal,
3 degrees vertical (at half
power points)
Scan rate 16 per second
Transmitter RF oscillator Magnetron
Receiver bandwidth 10 Mc
Power 60 cps, 3 phase, 115 voits
Tower Antenna sup ~.rt, absut 10 feet

high, const,ucted on site to
support pedestal and antenna

photographed each clockwise and counterclockwise sweep in unlson with the antenna scan rate.
A time-zero marker and an illuminated clock were photographed for tlme reference. The same
type of camera was used at the Rongelap slte to photograph the PPI scope. This camera was
operated at a speed of 16 frames/sec to show instantaneous range sweep lines as the antenna
was gently rocked to either slde of the acquired target. A time-zero marker and the constant
speed of the camera afforded a basis for time resolutlon of the documentary film.

18
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2.2.5 High-Speed Oscilloscope Recording Camera. Thls was a Dumont-321 strip-type camera

with a film capacity of 400 feet of 35-mm film.and a film speed of 30 in/sec. This camera was
used to photograph the modified A scope of the SCR-584 at the Eniwetok site. The fllm record-
ings obtained for the A scope gave an integrated effect to amplitude variations as the radar beam
swept across the target. Time markerS of ¥,,th of a second scored the film for the purpose

of tlme resolution.

-

" 2.2.6 Modifled A Scope. The video output of the SCR-584 was applied to the vertical deflec-
tion plates of Tetronix Cscillograph Models 511 and 513. The former was used at Eniwetok and
the latter at Rongelap. No oscilloscope sweep was employed but a pseudo-sweep was scored on
the fast-running film as it continuously photographed the focused electron beam at the center of
the scope. Any target return would cauge a vertical elongatlon of the central dot in proportion
to the strength of the signal. Such a display scored the film in either of two ways: a dual llne or
a solid wide llne, dependlng upon the gain-control settings or the strength of the return. Instanta-
neous variations of signal amplitude, indicatlve of target size and yield, could be recorded by

TABLE 2.3 CHARACTERISTICS OF RADAR SET SCR-584

Frequency
Power output
Pulse repetition frequency

2,700 to 2,900 ! ¢
210 kw (peak), '00 w (average}
1,707 pulses/sec

P _se width 0.8 usec
Beam width 4 degrees at half power points
Transmitter RF oscillator Magnetron
Receiver bandwidth 2 Mc
Antenna Paraboloidal, stored within
trailer, and elevated when
- - operating
Power 60 cps, 3 phase, 115 volts

such an arrangement. To assure reception of only target echoes, the main vang of the radar set
was cancelled by a blanking pulse applied to the A scope.

2.2.7 General Radio Strip Camera. This camera was used at the Rongelap site to record the
amplitude variations appearing on the above-mentioned oscillographs. The film was driven at a
speed of 30 in/sec. The camera had a film capacity of 1,000 feet of 35-mm {ilm. Tlme markers
of Yixth of a second scored the film.

2.2.8 Radar Set SRb. The SRb equipment, designed for ship installation, functioned as a
searching, ranging, and direction-flndlng device. As employed by Project 6.5, this set was
operated as a ranging and direction-finding device. Two types of target information were ob-
tained by the PPI- and A-scope presentations. The set had the advantageous features of a wide
vertical beam and low frequency. The former feature offset the rolling of the ship and the ac-
companying danger of losing an acquired target; the latter feature extended the spectruiu of radar
observation of the burst to the lower-frequency region. The chief characteristics of the SRb are
iisted in Table 2.4, and additional information is available in Reference 15.

2.2.9 Pulse-Stretcher Adapter. This unit was designed to pulse-modify the radar’s 4-usec
video output for magnetic-tape recording. The equipment had a fast charge time and a slow dls-
charge time that stretched the trailing edge of the 4-usec pulse. This effect afforded adequate
response for the magnetic-tape recorder and aided in differentiating the main bang from the tar-
get echo. Near-range sea-clutter would pe seen riding the modified trailing edge of the main
bang, whereas absence of clutter from the trailing edge of the target echo, together with its
smaller amplitude, would identify the latter.
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2.2.10 Magnetic-Tape Recorder. The A-scope input of the SRb radar set was fed to the Ampex
Recorder Model 800, in series with the pulse stretcher. The recorder had a tape speed of 7.5
in/sec, a 40-cps to 15-kc frequency response, and separate record and playback amplifiers with

level controls.

2.3 DATA REQUIREMENTS

Assuming sufficleat radar p.wer output, and a target that is within radar range, radar returns
are dependent upon the electromagnetic properties of the target. Hence, if radar returns were
to be obtalned from the fireball, they would have to reveal In some measure the electromagnetic

TABLE 2.4 CHARACTERISTICS OF RADAR SET SRb

Frequency 175 to 225 Mc

Pulse repetition frequency 1206 cps

Pulse width 4 usec

Power output 200 kw (peak), 100 w (average)
Antenna Stacked colinoar arry, 12 half-

wave dipoles. Computed beam-
widih: 47 degrees elevation, 35
degrees azimuta. (A given SRb
antenna is designed to operate

in the low, medium or high portion
of the frequency range covered by
the radar. Coverage of the entire
frequency range by one antenna is
not possible. )

78 feet (USS DeHaven)
90 feet (USS Cogswell)
Push-pull triode oscillator, tuned-
plate, tunei-cathode, ringing type.
(This is also the RF output stage. )

Height of antenna above
waterline
Frequency control

PPl-scope diameter (repeater) 12 inches
PPI-acope phosphor type P-7
Receiver noise figure 8 db

Minimum detectable signal

5x 10”1 watts

properties of the target. In almost every instance of AFSWP’s radar investigations of the fire-
ball, no radar returns were received within the flrst second or two except the bright-point return,
which occurred at H + 0.2 seconds. Accordingly, Project 6.5 anticipated bright-point returas amd
the time of the earliest return. This information placed the ieyuirement of 2 high time rate of
recording data, The aciuai method of recording data was limited, by the nature of radar outputs,
to scope photography, oscillograph tracings, and magnetic-tape recordings, but the time rate of
data recording could be increased. This time-rate requirement suggested the use of high-speed
cameras, time markers of the order of thh of a second, synchronization between scope sweeps
and cameras, where possible, and high scan rates of the antenna system, such as in the AN/MPG-
1.

Another requirement was that the radar should have the capability of obtaining high resolution
of the parameters of range and azimuth that might be indicative of fireball growth and dimensions.
The B scope of the AN/MPG-1 was chosen as capable of exhibiting these properties to a greater
degree than the PPI scope of the SCR-584.

2.4 METHODS OF RECORDING DATA

2.4.1 A Scope, SCR-584. For A-scope displays, high-speed motion-picture cameras were
used 1n an attempt to resolve individual pulse returns. The documentary {ilms afforded a study

of amplitude variations in relation to yield.
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2.4.2 PPI Scope, SCR-584. The PPl-scope presentations of the SCR-584 at Eniwetok were
photographed at the end of each clockwise and couaterclockwise sector scan. Such a scan and
its photograph aliowed a study to be made of the range and azimuth growth of nuclear detonations
at close range. The PPI-scope presentations of the SCR-584 at Rongelap were photographed at
a relatively high speed, 16 frames/sec, to ascertaia whether nuclear detonations at greater ranges
couid be acquired as radar targets.

2.4.3 B Scope, AN/MPG-1. The B-scope displays of the AN/MPG-1 were photographed 16
times per second-n synchronism with the scope sweep. The data fllm displayed high resolution
in range and azimuth. The film was then used to study the nature of the radar returns.

2.4.4 A Scope, SRb. The data of the A scope of the ship-based SRb was recorded on a2 mag-
netic tape. An attempt was made to ascertain whether very high-altltide detonations could be
detected by radar techniques, and to resoive each pulse return for 2 study of amplltude growth
as a measure of yield.

2.5 DATA REDUCTION

2.5.1 Film Data. Documentary films were analyzed on a magnifying vlewer with measuring
devices accurate to me inch. A frame-by-frame study was made for target characteristics
peculiar to a nuclear detonation. Measurements were made of parameters that could establish
ground zero and of dimensions commensurate with those of the fireball and its growth.

2.5.2 Magnetic-Tape Data. Data recorded on mnagnetic tape was played back and fed to an
osciiioscope, which was photographed. Studies were then made of distant target acquisitions and
amplitude variztions of the returns.

2.6 REQUIREMENTS FROM OTHER PROJECTS

Yieid and radial-growth measurements of various atomic explosions were obtained from other
projects to ascertain whether there was any correlation with the results of Project 6.5. Motion
pictures of the physicai eveiis were obtained from Edgerton, Germeshausen & Grier. The films
were viewed with their time-equivalent radar scope displays in an attempt to extract correct in-
formation from the iatter and to obtain interpretations of scope displays by comparing them with
actuai photos of the event.
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Chapter 3
- RESULTS and DISCUSSION

The main source of data was radar scope photography. Data analysis was performed on a magnl-
fying viewer with movable crosshairs accurate to 0.001 inch. Iithe frame-by-frame study, the
immediate tasks confronting the analysts were the' corrzct interpretation, signiflcance, and re-
iiability of the data. In an attempt to achieve correct interpretation, actual photos of the physical
event were studied sid= by side with the time-equivalent scope photos. Some representative
frames of these photos were chosen and are presented in this report so as to give a chronological
development of each detonztlon. (Some photos were retouched to improve reproduciblllty.)

In Project 6.5, the employment of radar was changed from its normal role of identifying sim-
ple targets to one of a research tool commissioned to investigate the nature of fireball returns.
Otker reports on such uses of radar indicated the need for new techniques of obtaining data to
understand fully the observed effects {References 2 and 11).

3.1 SHOT YUCCA

There was no evidence of a radar return from Shot Yucca at any of the Prcject 6.5 sites.

This event, a 85,060-foot-high shot, occurred at a range of 100.1 miles from the Eniwe-
tok site and over 200 miles from the Rongelap site. Fallure to obtain a radar reflection was an
indication that a burst of thls yield, height, and range did not present an area large enough to
permit detection by the radars used.

At 3-minute intervals, exact positions of the bailoon that carried the nuclear device were
telephoned to the Eniwetok radar site from a weather-tracking radar set. This information aided
Project 8.5 in oriziiing the antennas toward the target. The wide-beam pattern assured adequate
target coverage at ail times.

3.2 SHOT CACTUS

3.2.1 Radar Set AN/MPG-1. During the radar warmup period prior to shot time, Site Yvonne,
the known ground zero of the shot, was ciearly depicted on the radar screen. The island presen-
tation was placed in an off-center scope position so that the scope grid lines would not interfere
with any return that might identify ground zero. At H - 5 seconds the Flight Research Camera
was Set in operation. This camera was synchronized with each scope sweep and gave 16 looks
per second that afforded a high-information-content study of the nuclear detonation. At time
zero, a time marker was photographed and this particular frame was designated Frame 1 for
the purpose of time reference (Figure 3.1a). Frame 9 (H + 0.56 second) revealed a definite
distortion of the isiand foliage which pinpointed ground zero to a good degree of accuracy (Figure
3.1c). Frame 34 (H + 2.13 seconds) evidenced the first biast return which took the form of a
small arc-shaped wave front (Figure 3.2a). The radius of curvature of the arc with reference
to the island ground zero measured 723 feet. The radar return grew more semicircular in form
untii H + 3.69 seconds, at which time it became annular with an intense {ront edge and a faint
back edge (Figures 5.3 and 3.4). The annuiar pattern grew to a radius of 800 feet with respect
to ground zero. The dimensions of range and azimuthai growth are listed in Table 3.1 and piot-
ted in Figure 3.5. At H + 7.94 seconds, the pattern iost its annular shape and became 2 non-
descript growing pattern, the result of particie dispersion, which endured for 77 seconds.

The rather long time interval of 2.13 seconds for the first return agreed with the findings of
other projects. The shapes of the returns, semicircular and annuiar, approximated the horse-
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shoe and ring returns of air-borne radars in previous operations. The radial growth was in good
agreement with fireball dimensions, and the disappearance of the annular pattern at H + 7.94
seconds agreed with the fireball rate of 300 ft/sec, since the radar beam illuminated a height of
2,400 feet in the vertical plane above ground zero.

3.2.2 Radar Set SCR-584. The antenna-positioning circuit became inoperative at H - § min-
utes; hence no results were obtained. This was the only instance of radar failure in Project 6.5.

3.3 SHOT -FIR

3.3.1 Radar Set SCR-584, PPI Scope, Rongelap. The Rongelap radar site was 231,120 yards
from ground zeco (Site Charlie of Bikini Atoll). At this distance, the curvature of the earth
placed ground zero 7,000 feet below the radar line of sight. Since the atomic cloud rises at a

TABLE 3.1 TABLE OF VALUES FOR GRAPH OF FORE AND BACK
RADIAL GROWTH, FIGURE 3.5, SHOT CACTUS

Distance readout measurements correct to = 9.1 ft.

Time Fore Radius Back Radius
sec ft ft
2.12 723 —_
2.5 733 —
3.0 741 —_
3.5 765 760
4.0 756 760
5.0 768 768
6.0 780 ) 776
7.0 786 784
8.0 . 800 796

9.0 ) 801 800

rate of approximately 350 ft/sec (Reference 16), it was estimated that the atomlc cloud would
take about 20 seconds to reach tne radar norizon and several added seconds to be partlaily visi-
ble above the horizon. The flrst return occurred at H + 25 seconds, in good agrsement with the
anticlpated time of the earliest return (Figure 3.6).

Upon acquisition of the target, the antenna system was gently swept in azimuth to either side
of the target, thus keeping it constantly in view. At the same time, the target was photographed
at a rate of 16 frames/sec. Another estimate was made to verify the target «s a true return fromr
the nuclear detonatlon. Because of the great distance involved and the design limitations of the
radar set, namely, a maxlmum range of 70,000 yards for ordinary targets, the return, if-any,
had to be a third-time-around echo. Such a reflection is unheard of in ordinary radar practlce.
However, a ‘Hetonatlon might offer a large enough target to make thls reflectlon
possible (see Appendix). A calculation from the parameters of the set indicated that a target,

i received, would appear at 40,410 yards of the third PPI sweep. Figure 3.6 shows the return
at the fourth range marker, which represents 40,000 yards of range. The target remained visl-
ble on tte PPI scope for 75 seconds, as it continued to rise through the area illuminated by the
radar beam.

3.3.2 Radar Set SCR-584, A Scope, Rongelap. The first return appeared at H + 22.7 seconds.
This return reached maximum intensity within 4 seconds, and slowly faded out (Flgure 3.7). The
A-scope presentation had good time agreement with the PPI display. The low grazing angle of
the antenna brought in clutter, but the signal was discernible by the sudden increased amplitude
of the return. The amplitude of the return, which can be compared to the 1-volt calibration 1n-
put 1n Figure 3.7A, indlcated a small-size target.
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Figure 3.1 Shot Cactus, AN/MPG-1 B-scope returns, Fred radar site. The horizontal
grid lines represent 1,000-yard range markers with the center lLine at a range of 24,500
vards. The vert. .l grid lines are | degree azimuth markers with the center one located
at N 6° E. The 1sland 1s located at a range of 24,782 yards and an azimuth of N 4° E. Photo
A shows Site Yvonne at time zero. Photo C shows foliage disturbance on the 1sland at

H + 0.56 second. Photos B and D represent views, 3,000 feet wide and at a distance of
24,000 yards, obtained by the actual filming of the event at time zero and H + 0.56 seconds,
respectively.
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Figure 3.2 Shot Cactus, AN/MPG-1 B-scope returns, Fred radar site. The hoi1zontal
grid lines represent 1,000-yard range ma-'vers with the center line at 2 range of 24,500
yards. The vertical grid lines are 1-degr zimuth markers with the center one located
at N 6° E. The grid line photos show an arc  naped radar return growing radially in azi-
muth and range with respect to the island grou  zero poini of Figure 3.1. Photo A shows
the first return at H + 2.13 seconds. Photo C shows an arc-shaped return at H « 2.75 sec-
onds. Photos B and D represent views, 3,000 feet wide and at a distance of 24,000 yards,
obtained by the actual {llming of the event at the same 1nstarnces of time as A and C,
respectively.
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Figure 3.3 Shot Cactus, AN/MPG-1 B-scope returns, Fred Radar site. The area de-
scribed by the grid lines is explained in Figure 3.1. The grid line photos show the radar
return growing more annular with 2 center approximating the island ground zero point of
Figure 3.1 Photo A shows a semicircular return at H + 3.5 seconds. Photo C shows an
annular return at H + 5.25 seconds. Photos B and D, the time-equivalent optical views of
A and C, respectively, represent a 3,000-font width at a distance of 24,000 yards. The
optical views aid in the physical interpretation of the radar returns.
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Figure 3.4 Shot Cactus, AN/MPG-1 B-scope returns, Fred radar site. The area de-
scribed by the grid lines is explained in Figure 3.1. Photos A and  show persistency
of the annular returns at H + 6.0 and H + 7.0 seconds, respectively. Photos B and D,
time-equivalent motion-picture frames of photos A and C, respectively, represent a
3,000-foot-wide coverage of the event at a distance of 24,000 yards.
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3.3.3 Radar Set SCR-584, PPI Scope, Eniwetok. The results of the Enlwetok radar site' for
Shot Fir substantiated the findings of the Rongelap station in every detail and extended the time
study of the event because of the greater distance involved. The Eniwetok station was 402,340
yards from Site Charlie, which placed ground zero 21,200 feet below the radar horizot. The
atomic cloud would have to rise above the horizon about 7,200 feet to offer a large enough target
for a radar return. The distance to ground zero would then be 28,400 feet. On the basis of 2
rise rate of 350 ft/sec, it was estimated that the first return could be expected at approximately
H + 81.1 seconds. The flrst return was In fact received at H + 84 seconds (Figure 3.8A). Slace
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Figure 3.5 Graph of returns from Shot Cactus, B scope, showing fore and back radial
growth of the annular return w n respect to ground zero (see Figures 3.1 through 3.4). -

there was a considerable scope-blanking pulse, a calculation had to be made as to whether the
radar return would arrive during the blanking or unblanking portion of the sweep. The calcula-
tlon showed that the return could be expected at the 17,300-yard position of the fifth-time-around
sweep. The reception of this return was even more remarkable than the reception of the third-
time-around echo of the Rongelap statlon and indicated a detonation of

The first return appeared at the 15,270-yard position ana progressively advanced
along the steep line, indicating target rise. This rise was not vertical, but a slant-range varia-
tion of the moving target. The target was visible on the scope for 20 seconds, which correspond-
ed to H + 104 seconds, compared to H + 100 seconds for the Rongelap station.

3.3.4 Radar Set SCR-584, A Scope, Eniwetok. Since Shot Butternut was scheduled to occur E
at 25 minutes after Shot Fir, time would not allow al’ camera magazines to be reloaded. For

28

- Q
.

RIS Nl
P EaC R I . C M St N, AN
W W R WL, W SR WG WTE SR WIS U S

. . - - . L. . . -~ . " A P - - - - - . - - . .
N NG P P . ORI N ST, 0 S0 o g
= - AR LS A T S APl W P W SR R S




’
,

.
v T e

L

T s

W TR GBI G T\

Figure 3.6 Shot Fir, SCR-584 PPI-scope returns, Rongelap radar site. The photos show
a slant line whi 1 represents 70,000 yards of range, segmented by seven 10,000-yard
rauge markers. The llne’s length, width, and constant inclination angle of 58 degrees
represent a narrow area of interest as the radar antenna looks directly at Site Charlie of
Bikini Atoll. The radar return is a third-time-around echo at an actual range of 232,000
yards, when the scope blanking and unblanking time is considered for the three sweeps.
Photo A shows the first radar return at H + 25 seconds. Photos B, C, and D show target
persistency for H + 57, H ~ 97 and H + 100 seconds, respectively.
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Figure 3.7 Shot Fir, SCR-584 A-scope returns, Rongelap Site. Photo A shows the A-
scope’s voltage calibration for one volt. Photo B shows target acquisition at H + 22.7

seconds. Photo C shows amplitude growth, and photo D shows maximum amplitude and
intensity at ki + 26.7 seconds.
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Figure 2.8 Shot Fir, SCR-584 PPI-scope returns, Fred radar site. The photos show a
target acquisition within a search area described by a 70,000-yard range line sweeping
through a 60-degree angle. At approximately the middle of the sweep, the radar antenna
is looking directly at Site Charlie of Bikini Atoll. The radar return is a fifth-time-around =
echo at an actual range of 399,740 yards, when the scope blanking and unblanking time is

considered for the five sweeps radially. Photo A shows target acquisition at H + 84 seconds.

Photos B and C show target persistency at H + 87 and H + 91 seconds, respectively. The -
return faded out at H + 104 seconds.



this reason the high-gpeed camera film used in photographing the A scope was reserved for Shot
Butternut.

[t S

3.3.5 Radar Set AN/MPG-1, Eniwetok. The low power output and the inherent range limita-
tions of the radar set when operated B-mode resulted in no target acquisition.

3.4 SHOT BUTTERNUT

3.4.1 Radar Set AN/MPG-1, Eniwetok. During preshot time, the radar screen displayed a
barge at 170 yards above the central grid line of the B scope, whose line represented a range of
23,080 yards (Figure 3.9A). At approximately time zero, the radar screen viewed the barge as
being violently disturbed and also presented a bright-point return 170 yards south of the barge
(Figure 3.9C). This frame identified the barge as the actual shot barge, and pinpointed ground
zero to a high degree of accuracy. Ground zero was established at a range of 23,250 yards and

TABLE 3.2 TABLE OF VALUES FOR GRAPH OF FORE AND 3ACK
RADIAL GROWTH, FIGURE 3.13, SHOT BUTTERNUT

Distance readout measurements correct to + 9.1 ft.

Time Fore Radius Back Radius
sec ft ft
2.0 849 —_—
2.5 921 —_—
3.0 1,029 —_
3.5 1,102 1,098
4.0 1,136 1,139
4.5 1,183 1,174
5.0 1,200 1,200
5.5 . 1,211 1,220
6.0 1,237 1,234
! 6.5 1,237 1,237
b 7.0 1,239 1,235
b

(2

at a bearing of 4 degrees from the geographical site of the radar instailation. The bright-point
return immediateiy disappeared, and for the next 2 seconds there was no radar return, although
during this time 30 looks were made. On the 32nd look, or at exactly H + 2 seconds, the first
return from the detonation was evidenced. The 2-second delay substantlated the similar delay
for Shot Cactus.

The target presentation on the B scope followed the same pattern as that for Shot Cactus.
The return took the form of a small arc-shaped wave front that grew more semicircular (Figure
3.10). At H + 3.75 seconds it became annular and so remained until H + 6.81 seconds (Figures
3.11 and 3.12). The annular pattern disappeared in shorter time than the annular pattern for
Shot Cactus. This pattern gave way to a nondescript scope pattern that grew in size and intensity
and finaily faded out at H + 100.63 seconds. The size. intensity, and endurance of the latter
pattern were greater than for Shot Cactus and indicated a detonation of
The dimensions of range and azimuthal growth are listed in Table 3.2 and graphically represented
in Figure 3.13.
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3.4.2 Radar Set SCR-584, PPI Scope, Eniwetok. Immediately before time zero, the radar
beam swept over ground zero, revealing a barge as a target at a range of 30,400 yards. On the
next sweep, the FPI scope presented a bright-point return at approximately time zero (Figure
3.14A). This return appeared as a small dot and allowed range and azimuth to be measured
accurately. The low elevation angle of the antenna indicated this to be a water-surface shot.
The bright -point return immediately disappeared, and at H + 2 seconds the first persistent re-
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Figure 3.9 Shot Butternut, AN/MPG-1 B-scope returns, Fred radar site. The horizontal
grid lines represent 1,000-yard range markers with the center line at a range of approxi-
mately 23,100 yards. The vertical grid lines are l-degree azimuth markers with the center
one located at N 4° E. The barge 1s true ground zero of the shot and 1s geographically pin-
pointed 1n azimuth and at a range of 23,250 yards by the radar grid lines. Photo A shows
the shot barge before time zero. Photo C shows a radar bright-point return at approxi-
mately time zero. Photos B and D represent views, 3,000-feet wide and at a distance of
23,000 yards, obtained by the actual filming of the event at H ~ 0 and H -~ 1 seconds,
respectively.
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Figure 3.10 Shot Butternut, AN/MPG-1 B-scope returns, Fred radar site., The area
covered by the photos is explained in Figure 3.9. Photos A and C show semicircular ra-
dar returns at H + 2.5 seconds and H + 3.25 seconds, respectively, with a center of curva-
ture closely approximating the shot barge of Figure 3.9. Photos B and D are motion-
picture frames of the physical event and are time equivalents of the radar returns. They
present a 3,000-foot-wide view of the event at a distance of 23,000 yards.
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Figure 3.11 Shot Butt :rnut, AN/MPG-1 B-scope returns, Fred radar site. The area
covered by the photos is explained in Figure 3.9. Photos A and C show the radar returns
changing from semicircular to annular shapes at times H + 3.87 seconds and H + 4.37 sec-
onds, respectively, with a center of curvature closely approximating the shot barge of
Figure 3.9. The measurement of the radar returns are commensurate with those of a
fireball of this particular yield. Photcs B and D are motion-picture frames of the physical
event and are equivalent in time to the radar returns.
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Figure 3.12 Shot Butternut, AN/MPG-1 B-scope returns, Fred radar site. The area
covered by the photos is explained in Figure 3.9. Photos A and C display the annular ra-
dar return at H + 5.31 seconds and H + 6.5 seconds, respectively. The annular shape of
radar returns is characteristic of nuclear detonations, as observed on B scopes by ground-
based radar. Photos B and D are physical views of the event and are time-equivalents of

the rada: returns.
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turn appeared. Both the S band (SCR-584) and the X band (MPG-1) radars received the first
return from Shot Butternut at the same time, H + 2 secon?s. The target grew in size for 8 sec~
onds, remained at maximum dimensions for 17 seconds, then gradually grew smaller, fading
out at H + 2 minutes 25 seconds (Figures 3.15 and 3.16). The 8-second target growth agreed
well with the 6.81-second growth of the same target on the X-band radar. '
The barge target, acquired at H + 2.0 seconds, remained visible together with the burst tar-
get until H + 38 seconds, at which time the barge target disappeared. This effect indicated that
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Figure 3.13 Graph of returns from Shot Butternut, B scope, showing fore and back radial
growth of the annuiar return with respect to ground zero (see Figures 3.9 through 3.12).

a high water wave approached the barge from ground zero and finally hid it from radar view.
The barge appeared periodically as a radar targe: affording a count of the water waves passing
under it. The maximum size of the burst target revealed that the yield of Shot Butternut was

3.5 SHOT KOA

3.5.1 Radar Set SCR-584, A Scope, Eniwetok. The SCR-584 A-scope presentations compared
favorabiy with the PPI displays. The high-speed camera film rocorded the first return as a faint
line rising in amplitude (Figure 3.17A). A count of the l/m,-second time markers placed the re-
turn at H + 2.2 seconds. The growth of the target to maximum size was revealed by the rising
amplitude and intensity of the video return (Figure 3.17). The target fasted for the full length of
the film, which had a time equivalence of 2 minutes 40 seconds. The time resolution of the re-
cording was high, being dependent on the speed of the camera and the scope’s phosphorescent
persistency. The latter did not aliow resolution of the individual puise returns but integrated
them in a continuous line presentation. The primary purpose of the A-scope instrumentation
was to measure the amplitude of the return in terms of known calibration voltages. The ampli-
tude measurements and the maximum intensity reveaied a burst of at its great range
of 42,000 yards.
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Figure 3.14 Shot Butternut, SCR-584 PPI-scope returns, Fred radar site. Photos A and
C show a radar target acquisition within a search area described by a radial 70,000-yard
range line sweeping through a 40-degree angle. The radar site is represented by the cen-
ter of the black dot. A radial line drawn outward {rom the center through the target geo-
graphically locates the radar return at a bearing of N 4° E and at a range of 23,250 yards.
Photo A shows a radar bright-point return at approximately time zero. Fhoto C shows
the growth of the return at H + 5 seconds. Photos B and D represent views, 3,000-feet
wide and at a distance of 23,000 yards, obtained by tite actual {''ming of the event at the
same instances of time as the radar returns.
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Figure 3.15 Shot Butternut, SCR-584, PPI-scope returns, Fred radar site. The area
covered by the photos is explained in Figure 3.14. Photo A shows maximum growth at

H + 8 seconds. Photo C shows target persistency at H + 25 seconds. A radar retura of
abrormal size, intensity, and of relatively short life is characteristic of returns from a
nuclear detonation. Comparison may be made between it and a normal radar target such
as the barge or ship. Photos B and D are time-equivalent motion-picture frames of the

physical event.
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3.5.2 Radar Set SCR-584, PPI, Eniwetok. The chronological development of Shot Koa is pic-
torially illustrated in Figures 3.18 through 3.21. At time zero there was a chance orientation of N
the antenna directly at ground zero which resulted in a point return (Figure 3.18A). This effect NN
substantiated siualdr lindiigs by aik-bomme sadar on sevesa] previves operations. The small- s
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Figure 3.16 Shot Butternut, SCR-584, PPI-
scope returns, Eniwetok Site. Photos A and B
show target decay at H + 30 seconds and
H + 2 minutes, respectively.
point return aided in establishing ground zero to a greater degree of acruracy. On the following ‘@
sweep the radar beam illuminated the shot area at approximately H - 2 secornds, and revealed a
target of abnormal size (Figure 3.18C). A comparison may be made between the barge as a nor-
mal radar target at 28,000 yards, and the shot as an unusual target at 42,000 yards. The return
grew to maximum dimensions within 15 seconds and remained a large target {for 8 minutes 10
seconds (Figures 3.19 through 3.21). Both the maximum target size and the time duration of the e
return were indicative of high yield. The scope displays possessed no characteristics that could '"'6‘
40
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Figure 3.17 Shot Koa, SCR-584 A-scope returns, Eniwetok Site. Photo A shows target
acquisition at H + 2.2 seconds. Photo B displays amplitude growth at H + 5.0 seconds.
Photo C shows maximum amplitude and intensity at H + 14.8 seconds. Photo D shows
persistency of large target at H + 1.4 minutes.
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Figure 3.18 Shot Koa, SCR-584, PPI-scope returns, Fred radar site. Photos A and
C show a radial 70,000-yard range line sweeping out a small azimuth angle of search.

The location of the radar site is represented by the center of the black dot and a radial
line drawn from it through the target places the radar return at N 21° W and a range of
42,220 yards from the radar site. Photo A shows a chance orientation oi the antenna w'th
a barge in direct line of sight with ground zero. A point return is barely visible aleng
this line of sight above the barge. Photo C shows target growth at H + 2 seconds. Photos
B and D are time-equivalent motion-picture frames of the physical eveat, and represent

a view 8,000 feet wide at a distance of 42,200 yards.
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Figure 3.19 Shot Koa, SCR-584, PPI-scope returns, Fred radar site. The area covered
by the photos is explained in Figure 3.18. Photos A and C show the chronological growth
at H + 5 and H + 7 seconds, respectively. The striated lines in the search area indicate
interference from other equipment. Photos B and D, motion-picture frames of the physi-
cal event, are the time equivalents of the radar returns.
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Figure 3.20 Shot Koa, SCR-584, PPI-scope returns, Fred radar site. The area covered
by the photos is explained in Figure 3.18. Photos A and C are H + 1 minute and H + 2
minute displays of target persistency. The larger size and intensity at a greater distance
than previous shots are indicative of higher yield. Photos B and D are time-equivalent
motion-picture frames of the physical event.
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. differentiate them as returns from the fireball or from the after-effects of the detonation. This
condition was largely due to the particular look the radar was taking of the event, a hirizontal,
line-of-sight view. Air-borne radar takes a dowhward, slant view that gives a panoramic view
which even includes dimensional displays of the shock wave. The particular angle of view aids

Figure 3.21 Shot Koa, SCR-584, PPI-scope returns, Fred radar site. The area covered

L by the photos is explained in Figure 3.18. Photos A and C are H + 3 minute and H + 4

i minute displays of target persistency. Photos B and D, optical views of the physical

F event, are the time equivalents of the radar returns.

i the PPI resolution of the target. The returns possessed fair approximations of the dimensions

of the fireball in the range direction but not in the azimuthal direction.

t 3.5.3 Radar Set AN/MPG-1. The AN/MPG-1 operated B mode had a maximum range of only
28,000 yards. Shot Koa was at a range of 42,200 yards and, even though the shot afforded a large
target, it was not acquired as a second-time-around echo. This failure to acquire the target is
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explained by the fact that the return occurred at a time interval when the main bang and clutter
were displayed on the B scope.

3.6 SHOT WAHOO

3.6.1 Radar Set AN/MPG-1, B Scope. This,Tw‘;.s an underwater shot. Since there was no fire-
ball, the sole purpose of Project 6.5°s participation was to gather documentary film that would
serve as a basis of comparison among shots with and without fireballs. The data proved fruitful
because it differed from that of other shots. The return was earlier in time, it lacked the semi-
circular and annular configuration characteristic of the other returns, and it was more intense
and widespread than the other returns. The first return, corresponding to the water dome, ap-
peared at H + 0.81 second (Figure 3.22A). The next radar look presented the water plume at
H + 0.94 second (Figure 3.22B). At H + 1.08 seconds the base surge was well depicted on the
radar screen (Figure 3.22C). As early as H + 1.75 seconds, waves could be distinguished from
the base surge. The 69-second life history of the detonation is pictorially told in Figures 3.22
through 3.24. The barges were seen to appear and disappear as they rode in the crest or trough
of the spreading waves. They continued to do this on the film, even after the blast target disap-
peared from the radar screen.

3.6.2 Radar Set SCR-584, A Scope. The first faint target on the SCR-584 A scope appeared
even earlier in time than that on thmcope of the AN/MPG-1. The return was timed at H + 0.60
second (Figure 3.25B). The higher power output of the SCR-584 could easily account for this
fact, as there was no question of fireball absorption in this case. The development from first
return to maximum growth is shown in Figure 3.25. The amplitude and intensity indicated that
this shot presented a large target.

3.7 SHOT HOLLY

3.7.1 Radar Set SCR-584, PPI, Eniwetok. During Shot Holly, ground zero was pinpointed to
the actual shot barge in the lagoon. Before time zero, the camera was held open while the antenna
made a wide sweep over the target area. This action overexposed the fllm but revealed three
barges in the vicinity of the expected ground zero. Later measurements identified the central
barge as the shot barge. Because of the relatively short range of the shot, the PPI range sweep
was changed from long range (70,000 yards) to short range (35,000 yards).

The first return was received at app-oximately time zero and was another case of the bright-
point return (Figure 3.26A). The next antenna sweep at H + 2 seconds revealed a target that
possessed the familiar characteristics of a nuclear detonation (Figure 3.26C). The target reached
maximum dimensions within 7 seconds. The growth of the target and its persistency for 74 sec-
onds are shown in Figures 3.26 through 3.28.

\since both shots occurred at approx-
imately the same range. The resolution of the target as depicted on the PPI scope did not allow
a study of the nature of the return. The same may be said for all PPI presentations.

3.7.2 Radar Set SCR-584, A Scope. The A-scope presentations of this shot were in good
agreement with the PPI views. The immediate appearance and disappearance of the bright-point
return within 250 msec after time zero is shown in Figure 3.29. The target again appeared at
approximately H + 2 seconds. Its maximum growth was smalier in amplitude than that of Shot
Koa despite the fact that the latter was at twice the range. The antenna angle of elevation was
slightly less for Shot Holly than for Shot Koa. The lower grazing angle allowed more grass and
clutter to appear on the A scope.

If all shots had occurred at the same range, then relative amplitudes of the return would have
afforded good measurement of yield, provided that receiver saturation was not reached or cali-
brated dial settings were not disturbed. In the case of Shot Holly, only a comparative estimate
of yield could be made with respect to the known pa:ameters of Shot Koa.
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Figure 3.22 Shot Wahoo, AN/MPG-1 B-scope returns, Fred radar site. The horizontal
grid lines represent 1,000-yard range markers with the center line at a range of approxi-
mately 20,240 yards. The vertical grid lines are 1 degree azimuth markers with the
center one located at S 86° W. The water-dome radar return of photo A is located by the
radar grid lines at a bearing of S 87° W and a range of 19,743 yards from the radar site.
Photo A shows the wager dome as the earliest radar return of an underwater shot at

H + 0.81 second. Photo B shows the water plume as a growth of the target at H + 0.94
seconds. Photo C shows the base surge as a radar return at H + 1.06 seconds. Photo D
shows the base surge as a water disturbance at H - 1.37 seconds. Note the disappearance
of the closest barge in photos C and D.
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Figure 3.23 Shot Wahoo, AN/MPG-1 B-scope returns, Fred radar site. The area de-
scribed by the photos is explained in Figure 3.22. Photos A through D show the chrono-
logical development of the water disturbance and waves breaking away from it at H + 1.81,
H +2.75, H + 3.0, and H + 3.25 seconds, respectively. Note in photo D the disappearance
of the farthest barge, 1,500 yards from ground zero.
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Figure 3.24 Shot Wahoo, AN/MPG-1 B-scope returas, Fred radar site. The area covered
by the photos is explained in Figure 3.22. Photos A through D show the chronological de-
velopment of the water disturbance at H - 3.63, H-7.56, H-32.37 and H - 45.25 seconds,
respectively. Note the reappearance of some of the barges.

49

L R D A U T U A s g - . P S Ty . 2 o 0" : ] .
YR T T SR T WP U i P R LI - 1S it FYeRE S T o 2 Al et Lo S




*gpuodas [°T + H 18 ywoa3d apnujdwe wnw

-1xew ghAerdsip g ojoud pue ‘pucdes g'0 + H 1€ ymoald apnjjjdwe smoys J ojoyd ‘puodas
9°0 + H J® uInjaJa )sajjies gheidsip g ojoud °SI0A § 0} T WoJj adoos y Jo uonjeaqiied ade
-710A BMOYS YV 0j04d N8 HolPMjud ‘guanjea 8dods-y pEG-HIS ‘COUYEM I0US GZ'E aandig




e a4
v

_—
.

v""my

e
.
,

-

B i

o

pard

Figure 3.26 Shot Holly, SCR-584, PPI-scope returns, Fred radar site. In photos A and
C, the center of the black dot represents the location of the radar site. A radial line
drawn from it through the radar return would locate the target at N 5.5° E in azimuth and
a range of 23,105 yards from the radar site. Photo A shows a bright-point return at ap-
proximately time zero. Photo C shows a 2-second growth of the target, Fhotos Band D
are the time-equivalent motion-picture frames of the physical event, and represent a view
3,600 feet in width at a distance of 23,000 yards.
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Figure 3.27 Shot Holly, SCR-584, PPI-scope rsturns, Fred radar site. The area covered

in the photos is explained ln Figure 3.26. Photo A shows the chronological growth at H + 3
seconds. Photo C displays maximum target growth at H + 3.5 seconds. Photos Band D
are optical views of the physical event and time equivalents of the radar returns.
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3.7.3 AN/MPG-1, Local B Scope. The early return of Shot Hoily as viewed on the local B :
scope at H + 2 seconds placed ground zero at a range of 23,105 yards from the radar site and at Vs

a bearing of 5.5 degrees (Figure 3.30). These measurements were in good agreement with pre- e
dicted values. ,;'_
The drift of the target from its o
s
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t Figure 3.29 Shot Holly, SCR-584 A-scope returns, Eniwetok Site. The four photos re- =
present 250 msec of time and present a bright-point return acquired at approximately
B' time zero. The first faint return ls shown in photo A, amplitude growth 1s shown in .
3 photo B, maximum growth and intensity are shown in photo C, and decay ie shown in
] photo D.
original position across the 1-degree azimuth markers of the scope was indicative of the wind
velocity on that day (Figures 3.30C and D).
4
J.83 SHOT TEAK
The radar and the photographic instrumentation on board the USS Cogswell performed well.
The radar frequency used was 205 Mc. No useful A-scope recordings were obtained, because
of difficulties with the recording equipment. The radar on the USS DeHaven (operating ar 220
Mc) performed well, with the exception in intermittent fa:lure of the antenna to follow the manual ;?_,i
54
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scan pattern during the period from H - 30 to H + 30 seconds. This failure appeared to be due to
accelerations in the antenna structare caused by the roll of the ship.

At H + 56 seconds, a return at a range of about 192 miles appeared on the PPI scope of the
radar on the USS Cogswell. This time delay in receiving a return agreed well with the findings e
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h Figure 3.30 Shot Holly, AN/MPG-1 B-scope returns, Fred radar site. The horizontal

] line is a range marker, representing a range of 22,900 yards from the radar site. The K

top and bottom of the photos with reference to this line represent ranges of 23,900 yards
and 21,900 yards, respectively. The vertical grid lines are 1 degree azimuth markers
with the center one located at N 4.9° E. The radar grid lines locate the radar return at

§ N 5.5° E and a range of 23,105 yards frr.: «» . ‘ar site. Photo A shows the first return
. at H + 2 seconds (in the central portion, =" ... * . .age of Site Yvonne (at the lower right).
(] Photo B shows the nondescrip* :loud pattern : .lows the annular return. Photos C ‘®

and D show dispersion, wind-drift, and fadeou: of the return at H + 70 seconds.

of Project 6,11 (Reference 17). This echo appeared as two discrete concentrations of noise

centered approximately at bearings of 188 and 199 degrees. (The bearing at which the detonation

occurred was 198 degrees, and the slant range to the target at time zero was about 156 naut mi.)
® On the next scan (beginning at H + 60 seconds) the two discrete returns had moved toward each ®
other and appeared to be less intense. This total mass of signal was centered at about 192 de-
grees, at a range of about 192 miles. The succeeding scan, beginning at H + 64 seconds, showed
a small concentrated target centered at 194", degrees, at a range of about 204 miles. No further
returns wer2 observable. Figures 3.31, 3.32, and 3.33 are photographs of these targets on the
PPI display.

A completely satisfactory explanation cannct be given for the Shot Teak returns received on

the radar of the USS Cogswell. The returns appeared as large increases in the general back-
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Figure 3.31 Shot Teak, SRb PPI-scope returns, USS Cogswell. The photo shows a wide-
azimuth radar return at H + 56 seconds. A 130 nautical-mile range marker is given to
facilitate range determination.



{ N Figure 3.32 Shot Teak, SRb PPI-scope returns, USS Cogswell. The photo shows a wide-
azimuth radar return at H + 60 seconds. A 150 nautical-mile range marker is given to
facilitate range determination.
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Figure 3.33 Shot Teak, SRb PPI-scope returns, USS Cogswell. The photo shows a radar
return at H + 64 seconds. A 150 nautical-mile range marker is given to facilitate range
determination. '
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ground noise. Because of the good azimuth and time correlation and fair range correlation, the
returns seemed to be caused by the burst. Since Shot Teak was detonated at a 50-mile height,
the returns were probably not caused by water vapor or shock effects. Although missiles were
being fired through the burst region both before and aiter time zero, the rather primitive, low-
powered SRb radar was probably incapable f detecting these missiles at the range involved.

It seems reasonable to attribute the Shot Teak returns to reflections from increased ionization
in the neighborhood of the burst point. Electron densities of the order of 5 x 10 per cm® are
needed to reflect 200-Mc energy. At times less than 1-second postshot, electron densities con-
siderably higher than this figure probably existed in the fireball (Figure 3.34). The delay of
about 1 minute in receiving an echo was probably due to attenuation by the ionization present in
the denser atmosphere between the radar aud the burst point (Reference 18). Free electrons
disappear more rapidly in the absorbing layer, thus permitting the radar energy to penetrate to

~———

Figure 3.34 Graphs of equal electron density in the upp.er atmosphere at H + 1 second,
Shot Teak. Height (in km) is plotted against range (in km). Electron density is given in
electrons/cm®,

a depth where reflection and return to the radar set is possibie. At ranges of less than 10 km
from the burst, electron densities of the order 10% probably exisced between H + 56 and H + 68
seconds, thus permitting the reflection of radar energy from the vicinity of the burst (Figures
3.35 and 3.36). (For the source of these figures, ~ee Section 1,3.2.)

An explanation cannot be given for the apparent discrepancy between the slant range to the
burst point and the indicated range of the radar echo. It is possible, although unlikely, that the
sweep circuits or range-calibration circuits operated erratically. However, there was no evi-
dence to support this speculation, since the equipment had been carefully checked and adjusted
by qualified technical representatives within the 48 hours preceding Shot Teak. The lack of more
data from this shot precluded the formulation of definite conclusions.
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. ::9 ta:g:ts ‘{’e: lqlsce?jr:lble at the station aboard the USS DeHaven. Failure to obtain returns
at this station is believed to have been due to the hj . ' .
the detonation occurred with respect to the USS Dolg:vil:v“mn angle (about 35 degrees) at which
At time zero, both destroyers were within 1 OOE) ;
’ yards of their assigned stations
at 10 knots on a course of 108 degrees. This placed Johnston Island a::g: bearing of,lg; o:eege:el:f

true, or at 90 degrees relative to the ship’s head

. . ings. hip

into moderate awells, which produced rolls of from 3 toT::iesgre:swex: l:m:evii:g at an:ngleed
. was estimat

TABLE 3.3 CHRONOLOGICAL DEVELOPMENT OF SIGNIFICANT RETURNS

Shot Brxig:tt - Earliest A;mu" *  Annular Maximum
0 po Return eturn Return Growth Last
Return Appears Disappears on PPI Return
see aee sec sec sec
 Cactus — H+ 213 H + 3.69 H+17.94 -—_ He 7
Fir —_ H+ 84" - —
— H+22.7¢ — - — : . ig:;
Butternut yes H+ 2.0% H+ 3.5 H + 6.81 H+ 8 H+ 148
- G AU - - H + 100.63 4
Koa yes HEg2 - —  H+15  H+160%
—_ H+ 2.0% -— — -—_ H+4908
Wahoo -_— H+81% _— —_— H+ 6 H+ 69¢
— H+ 0.60% = -_ -—_ =
Holly yes * H+ 2.0% H+3.67 H +8.03 He+ 1 H+ 741
— H+ 2.03 _ — = H+ 748
_ H+ 2.0§ — _ -_ H+ 1708
Teak —_ H+608% = — -_ H+ 121
* Enuwetok
t Rongelap
1 PPI-Scope
§ B-Scope
1 A-Scope

degrees of the nocthwestern horizon, centered at about 265 degrees azimuth relative to the ship’s
heading. This phenomenon caused no observable effect on either of the shipborne SRb radare.

The SRb radars used durlng Shot Teak caused severe interference to beacon receivers located
on the destroyers and manned by Project 6.12 personnel. Consequently, Project 6.5 did not parti-
cipate in Shot Orange.

3.9 DISCUSSION OF RESULTS

3.9.1 Interpretation of the Data. The B- and PPI-scope displays with their symmetrlcal
time-growth patterns, duration, and decay established identifying characteristics of 2 nuclear
detonation. The A-scope presentations possessed no characteristics that could differentiate be-
tween various types of targets for the purpose of target identification.

- The time history of an atomic explosion as depicted by radar techniques was divided lnto dis-
crete time intervals (Table 3.3). First, the sporadlc occurrence of the bright-point return on
several occasions at H + 0.2 second, together with its immediate appearance and disappearance,
offered no opportunity for time-resolution studies of this phenomenon. Its appsarance, which
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depended on the chance orientation of the antenna at time zero, aided in establishing ground zero

to a greater degree of accuracy, but the extremely low probability of acquiring this return in a »:,.
gearch situation rendered it unreliable for this purpose. Second, there was a 2-second delay of
the earliest return for S- and X-band radar (used on surface shots), and a 1-minute delay for -

VHF radar {used on Shot Teak). The 2-second.delay indicated the absence of frequency depend-
sace for S-and-X-band returns. Third, maximum growth of the symmetrical scope patterns
aecurtad at 7 o 15 seconds after time zero, which was in good agreement with recorded results
of previous isste {References 16 and 19). Furthermore, measurements of maximum diameter
were indicat{ve of visid (Figure 3.37). Fourth, the unsymmetrical or nondescript pattern as-

Tt

PRI

sociated with the decay stage remained on the radar screen from 1 to 8 minutes, depending on
the yield of the detonation.

3.9.2 Reliability of the Data. Concerning time-resolution studies of the documentary film,
the greatest possible error was +0.03 second for the zero-time marker to score the passing
film frame. Sufficient time was allowed for the cameras to reach maximum speed. The error
in constant camera speed, by manufacturer’s specification, was less than the above-estimated
value.

With regard to measurement errors in determining ground zero and slant height, the follow-
ing points were considered. First, the radar site was surveyed to a geographicai point on Site
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Fred. This survey established a true north or zero-degree azimuth reference point. The radar
azimuth positioning system, which had a 36-to-1 gear ratio, was set to this zero reference with

a possible error of 1 mil. All islands of the atoll were viewed on the PPI scope as a clieck on

the zero azimuth setting. Seccad, the radar elevation system was set to a zero reference by a
level that was built ints tae antenna system. Known tower heights were viewed with a cross-hair
telescope, also a built-in feature of the antenna system, as a check on the zero elevation setting.
A posaible error of 2.5 mils was established for the antenna elevation system. Third, by design
the radar range was accurate to 10, 25, and 100 yards for radar sets AN/MPG-1, SCR-584, and
SRb,"'reSpectively. Fourth, map measurements used to predict the range value of ground zero
were correct to 33.3 yards. The accuracy of the map itself was not noted among the map indices.
P The correlation of map ranges and radar ranges averaged, over all shot partictpaiioar, to a ra-

! dar error of 46.8 yards in determining ground zero (Table 2.1). Fifth, a filmviewer with movable
; crogshairs (calibrated to 0.001 inch) was used as a data analyzer and measuring device for de-

k termining range, azimuth, diameter, and center of the radar returns. On the PPI-scope films,
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range was measured from the center of the scope to the center of the return with 2 maximum
readout error of 17.2 yards. On the B-scope films, range was measured perpendicularly from =
the center of the return to the central horizontal grid line, which was a range marker of known -
: valdd. The DRxiram feadow ertor was 3 yards. Tie axwoulh of the | presentutions wus :
- measured by the angular displacement of the center of the return from the zero-degree refer-
ence of the viewer’s graduated circle. This zero-degree reference was coincident with the zero-
degree setting of the PPI-scope flilm. The maximum readout error was 4.5 mils. The azimuth
of the B-scope presentativns was measured by he lmear displucement of the center of the return
from the known azimuth markers scored on the film as vertical grid lines. The maximum read-
out error was 1 mil. The diameters of the radar returns of the B-scope presentations were
mreavered 1a the FRnge Mreetion And 1124 the st TRALTRMN Feadont e£50F &8 Lhe range measure-
ments stated above. The center of the return was determined from the dlameter measurements.
Sixth, minimum target areas for possible reflectlons were calculated for discrete ranges that
were regresentative of all shots in which Proiect 6.5 participated. A summary of these calcula-
tions is given in the Aopendix.
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3.9.3 Correlations With Data From Previous Tests. The following are points of correlation
with data from previous tests. First, radar returns from surface shots were not received from
the fireball (Reference 11). Second, S- and X-radars detected surface shots of ,or more
(References 1, 2, 5, and 6). Third, bright-point returns were received at approximately H + 0.2
second (Reference 5). Fourth, the semicircuiar and annular returns of ground radar corre-~
sponded in time to .he horseshoe and ring patterns of air-borne radar (References 2 and §).
Fifth, che mitial 2-second delay ol e earliest retutin aglfeed with the time of the eatliest return
by air-borne radar (Reference 9). Sixth, the varying sizes of maximum growths for different 5
shots suggest that maxlmum diameter might be a measure of yield (References 9 and 11). Sev- i
enth, ground zero can be determined to a good degree of accuracy (References 3, 5, and 10).

Eighth, indirect bomb damage assessment (IBDA) can be made to a fair degree of accuracy by =
radar techniques (References 4, 5, 6, 8, 9, 10, and 11). Ninth, height-of-burst measurements .::
*

[ PR

can determine if the flreball touched or nearly touched the ground (Reference 5). Tenth, fast
scan rate proved etfective for tume resoiution and nigh intormation content studies (Relerences :
7, 11, and 20). NS

3.9.4 Estimate of Satisfaction of the Objectives. A study of the data indicated that radar re- -
turns were not received from the fireball. For surface shots, ground zero can be determined
(o an accuracy of = 140 feet by ground radar. The margia of error is based 4d Doth the range
accuracy of the radar set and the ability of the radar operator to place a range marker or scope
crosshairs on the center of the scope pattern. The proportionality between maximum target
size and yield of the device indlcated that maximum size might be used as a rough measure of o
yield (Figure 3.37). If devices of various yields were detonated at the same range, sufficient
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sampiing wouid afford data for a more accurate caiibration curve of maximum diameter versus
gieid. Concerning slant height, the data from one high-altitude shot afforded littie basis for
estabiishing this objective for high altitudes, but the zero eievation angle of the antenna for
known surface shots cieariy indicated that the fireball touched the surface.

3.9.5 Effectiveness of the Instrumentation. The effecliveness of the instrumentation is shown _
by the followlag considerations. First, the frequencies of the three radar sets were well spread -
over the radio spectrum to measure frequency-dependent characteristics of the burst as exhibited
by the timearrival of the eariiesi return, if such occurred. Second, the beam pattern of the an-
tennas afforded ampie volumetric coverage of a fast-growing target. Third, the fast antenna scan
rate of the AN/MPG-1 was effective in resoiving the coordinates of ground zero and in affording
a basis for high-information studies. Fourth, the high-speed cameras, together with the ;.-
second time markers, aliowed for good time-resolution study of each event. Fifth, the magnetic
tape recorder for the A scope of the SRb on the USS Cogswell was not adequately monitored. As
a result, the radar video couid not be satisfactorily distinguished from weak 80-cycie noise which
was present on the tape. Sixth, the antenna-positioning circuits were adjusted to give minimum
error for azimuth and elevation. Seventh, range dials, range markers, and range sweep circuits
of the various scopes were adjusted to give minimum error for range measurements. Eighth,
on preshot days, the radars were given peak-performance tests to assure maximum efficiency.
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Cﬂéﬁer 4
CONCLUSIONS and RECOMMENDATIONS

4.1 CONCLUSIONS

Based on the data obtained by Project 6.5, it i8 concluded that no radar echoes were received
from the fireballs of any Operation Hardtack detonations. For surface shots, radar techniques
can be used to determine ground zero to an accuracy of + 140 feet. The proportionality between
maximum target size and yield of the device indicated that maximum size might be used as a
rough measure of yield. Participation by this project in one high-altitude shot (Shot Teak) af-
forded no basis for a statement relative to the determination of height by radar techniques.

A number of unresolved difficulties should be mentioned. The shock wave was not detected by
this projeet during the Hardtack series. This could be due to the siting of ground radar {as op-
posed to air-borne radar). Also, the failure to receive an echo for the order of 2 seconds on
10,000 Mc remains unexplained. Although one may be tempted to attribute this failure to absorp-
tion, there were no targets within range of the set beyond the detonation point to serve as tests.
A completely transparent region would also yield no echo. Moreover, on the occasions when the
2,800-Mc radar received echoes from beyond the burst point prior to time zerc, the echoes did
not disappear at time zero.

A careful examination of successive photos for a particular shot yields the following conclu-
sions: (1) the signal is received not from a propagating front, but from a for ming front; and
(2) the target almost completes a ring with no signai received from the space interior to the
ring. Conclusion (1) does not exclude the observed slow rate of growth of the radar target; rath-
er, it emphasizes that the echo couid not be that which would resuit from the propagation of some
characteristic disturbance in air, as for example, a shock front. Typicai average rates of early
target growth are indicated by the following:

Shot Amount of Growth Time Rate
Butternut 137 ft 3.06 sec (49 frames) 45 ft/sec
Cactus 40 ft 3.69 sec (68 frames)- 11 ft/sec

These findings are totaiiy different from any previous ones, and suggest condensation around the
cooier periphery of the detonation. Further, the appearance of the back side of the ring, aibeit
weak, indicates propagation of radio waves through the fireball region a few seconds after detona-
tion. This phenomenon requires that the region be sufficiently not to prevent condensation of
vaporized materials (dust, bomb materiais, or water), and not hot enough to cause attenuation

of 10,000 Mc radio waves. This iast condition is not compatible with the existence of a shadow
pattern at $,000 Mc (Reference 5) about 10 seconds after detonation. The finai pattern before
break-up is expiainabie as due to condensation of cooied materiais throughout the region of det-
onation.

4.2 RECOMMENDATIONS

4.2.1 Surface Shots. It is recommended that, for future tests invoiving surface shots, a range
of frequencies be used (from 30 to 1,500 Mc). The experiment shouid include provisions for
transmitting and receiving through the burst point both before and after time zero. This type of
investigation may yieid more information about absorption. In addition, tests shouid be conducted
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in dry as well as in humid areas, and at several altitudes (some with the flreball touching, and

others with the fireball not touching the ground.
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4,2.2 High-Altitude Shots. Tests like that of Shot Teak should be repeated so that radar ob-
servations could be made at various frequeneies (from 50 to 700 Mc) in order to try to learn
more about the distribution of electron denslties with time. The radars us.d should have fast-
scan antenna systems in both azimuth and elevation.
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Appendix
MINIMUM DETECTABLE TARGET AREA

The effective area of the target which gives the
minimum detectable signal for a particular radar
set at a given range may be determined by use of
the radar equation. The minimum detectable signal
is given by:

P min = NkTAv (A.1)
if receiver noise is the limiting factor. In Equation
A.l:

N = receiver noise factor
k = Boltzmann's constant
T = absolute temperature
Av = receiver bandwidth.

The presence of a hot radiating noise source may
require a considerably higher signal for detection.
If the propagation path traverses an absorbing region,
the power received back at the iransmitter is given
by:
D o L L9 agt e..Jx(u)ds
T 4R 4R (A.2)

In Equation A.2:

Py = peak (pulse) power of the radar trans-
mitter

R = distance to target
Ay = receiving-antenna aperture
f = illumination factor (taken to be =~ 0.6).

Since the same antenna is used on transmitting and
receiving,

G = 4rA/\}

where A = A; = A, . Equation A.2 is written for
optimum bandwidth of the receiver, hence, modula-
tion loss is ignored. If one sets P, = Ppyi,, then
one may determine the minimum target area which
can be detected at a given range by a giver radar
set. From Equation A.2 one finds:

P

e = 4rR%\? min _Jx(s)ds
min " T B (A.3)

The minimum detectable areas are easily deter-
mined from the last row o tie table for the sets used
in the series of tests reporu.d here. For examnle,
if one considers a range of 100 km, the marginally
detectable targets have areas as follows:

2,380 edes m?

Jxds m?

AN/MPG-1  omijn
SCR-584  omin = 2.05 €

G = antenna gain £Rb * Omin = 95.5 e“f"du mt.
o = radar cross section of target
TABLE A.1 CHARACTERISTICS OF THE RADARS USED
IN PROJECT 6.5
AN/MPG-1 SCR-584 SRb
A 3.3¢cm 10.73 cm 146 cm
Av 10 Mc 2 Mc 1.5 Mc
18 10 6.3
6.6 x 107 1w 8.3 x 10 4w 3.9x 107 Hw
35 kw 210 kw 200 kw
1.73 m? 2.8 m? 3.9 m!
238 m~? 0.205 m™? 9.55 m™?
- ~ .
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